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PREFACE

In early 1977 a Sandia National Laboratories Report (SAND
76-0726) was issued by the first author under the title "Radiation
Effects in Optoelectronic Devices." 1In the ensuing six years a
significant amount of work has been done in our laboratory and
elsewhere in this area of research. It is therefore appropriate
at this time to update this report. Since the supply of SAND
76-0726 is now exhausted, we have retained most of the material
from the earlier report in the present document. The basic format
and the Dbackground discussions have been retained essentially
intact with new material appearing primarily in the discussions
of recent results.

The research work accomplished at Sandia National Laboratories
(SNL) in the field of radiation effects in optoelectronics which
is summarized in this Report was carried out while under contract
to Air Force Laboratories. Radiation effects studies of Plessey
AlGaAs LEDs were done for the Air Force Avionics Laboratory,
Wright-Patterson AFB, Dayton, Ohio. The Air Force Project Officer
at the Avionics Laboratory was Ken Trumble. The majority of the
work presented herein was performed while under contract to the
Air Force Weapons Laboratory (AFWL), Kirtland AFB, Albuquerque,
New Mexico. This latter contract extended over a period of
several years from the early 1970's until recently (1982). Be-
cause of the length of this contract, several Air Force personnel
at the AFWL have played an important role and provided valuable

assistance beginning with Ken Soda and Jake Tausch up to the



present Project Officer, Bob Simon. Others on this list include
John Mullis, Ed Taylor, Bob Dunn and Hilmer Swenson.

In addition to Air Force personnel, the authors are indebted
to many SNL colleagues for their advice and assistance. We wish
to thank Roger Chaffin, Ralph Dawson, Errol EerNisse, John Galt,
Len Hansen, Ray Hibray, Russ Keefe, Greg Lyons, Kim Mitchell,
Gordon Osbourn, Tom Plut, Ben Rose, George Samara, Jay Snelling,
Fred Vook, and Tom Zipperian. In addition, we are indebted to the
staff of the following radiation facilities at SNL: The Annular
Core Research Reactor (ACRR), the Gamma Irradiation Facility (GIF),
the High-Energy Radiation Megavolt Electron Source II (HERMES II),
the Relativistic Electron Beam Accelerator (REBA), and the Sandia
Pulsed Reactor (SPR). We are also indebted to others outside of
SNL for their advice and their important contributions to this
field of research. This list, while not complete, includes George
Sigel, Jr., Joe Friebele, Peter Lyons, Roger Greenwell, Stewart
Share, and Jim Wall.

An important point to be made concerning this document is that
this is not a "final report" in the usual sense of the phrase.
Rather, it was written to satisfy one of the task requirements
in the final year of the AFWL Contract. Consequently, the purpose
of this report is to provide not only a summary of radiation
damage studies at Sandia National Laboratories, but also of
those in the literature on the components of optoelectronic

systems: light emitting diocdes (LEDs), laser diodes, photodetec-



tors, optical fibers, and optical isolators. Because the report
also serves as a final summary of our work for the Air Force, we
have emphasized our studies at the expense of the discussion of
the work of others. This is especially the case in the Section
on fibers where the number of Sandia studies has been relatively
limited. To those who have made contributions to this field,
we apologize for our lack of balance.

This review of radiation damage in optoelectronic components
is structured according to device type. In each section, a brief
discussion of those device properties relevant to radiation effects
is given. These preliminary discussions are brief, however, and
one should consult other sources in the 1literature for more

general treatments.
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I. LIGHT-EMITTING DIODES

Light emission from semiconductors can be produced by several
excitation methods in a large variety of materials. However, our
discussion will be restricted to electroluminescence that results
from forward bias of a p-n junction. Further details and more
general discussions of electroluminescence can be found in several
excellent reviews on this subject which have appeared in recent
years (Refs.1-3). In addition, we will cover only the more common
types of LEDs which are generally commercially available and

which have been subjected to radiation effects investigations.
1. RELEVANT PRE-IRRADIATION PROPERTIES

In our previous review (Ref.4) of radiation damage in LEDs,
the basic characteristics of these devices were discussed.
Because of this previous paper and excellent reviews which have
appeared in the literature (Refs.l1-3) and because of the wide-
spread use of LEDs today, it is valid to assume that the reader
is familiar with the properties of LEDs. Therefore, we will
discuss only those characteristics which are affected by radiation
damage. Prior to detailed discussion, we list the more important
properties which determine device radiation sensitivity:

a. Nature of the radiative transition.

b. Nature of the radiative recombination center.

c. Concentration and distribution of radiative and non-

radiative centers within the device.



d. Radiative and total (including nonradiative) current
flow mechanisms.
e. The particular semiconductor from which the LED is made.

a. Radiative transition - Several types of radiative tran-

sitions can be responsible for the light output of LEDs. For
example, donor-acceptor pair (DAP) transitions, free-to-bound
transitions, radiative-tunneling transitions, band=-to=-band re-
combination, and exciton recombination are often observed in
the electroluminescence spectra of LEDs (Refs. 1-3). Generally
speaking, radiation damage is believed to degrade the output of
LEDs through the introduction of non-radiative recombination
centers which compete with the radiative recombination centers
for excess carriers. The effect of this relatively simple super-
position of additional recombination centers is usually inde-
pendent of the details of the radiative transitions. Important
exceptions do exist, however. For example, certain types of tran-
sitions occur over relatively large distances, such as distant DAP
recombination, and tunneling between deep localized tails in the
conduction and valence bands. If a radiation-induced recom-
bination center is interposed between thg DAP or tail states, then
overlap between the wavefunctions will be perturbed or destroyed
and recombination may very well take place at the radiation-
induced center. On the other hand, if the transition is highly
localized, this effect would not occur and once the carriers were
trapped at a close DAP, radiative recombination would be highly

probable.,



Another characteristic of transitions which occur over long
distances is that they are relatively slow. This fact will be
brought out in more detail in our discussion of the GaAs:Si LEDs.
If such a transition is a two-step process where the final re-
combination step is rate limiting, then the effect of radiation
damage may be quite different than it is on an ordinary free-to-
bound transition. To illustrate, consider a distant DAP recombina-
tion event in which the carriers are quickly trapped at the DAP but
the recombination takes place some time later. The lifetime for
the total process would be quite long, but would be unaffected by
radiation-induced recombination centers except in the manner
mentioned in the previous paragraph. This 1is true because the
lifetime is a spatially localized lifetime for the carriers trap-
ped at respective members of the DAP and is not associated with a
diffusion length. As we will show, the competing effect of the
radiation-induced centers is expressed quantitatively as a reduc-
tion in carrier diffusion length or minority carrier lifetime.
However, when the carrier spends most of its life in a localized
center, the diffusion length-associated lifetime characteristic
of the initial trapping process will be only a small fraction of
the total recombination time so that radiation-induced degradation
will be minor. Experimental verification of this effect will be
given in our discussion of damage effects in gamma-irradiated
GaAs:Si LEDs.

For a radiative recombination process which is slow, it is
also highly probable that one will observe saturation of the

centers through which this process occurs if the initial trapping



is fairly rapid and the concentration of the centers is low. Such
saturation effects can reduce the rate of degradation produced by
irradiation relative to a simpler, unsaturable transition. Sup-
pose, for example, that the radiative centers in a particular LED
are well-saturated at a given LED current. Following irradiation
the excess carrier density may still be large enough to saturate
the centers giving the same light output despite the presence of
additional non-radiative centers. Later, in our review of experi-
mental work, the effects of neutron damage on saturation in GaP:%Zn,
O LEDs will be discussed.

b. Nature of recombination center - The nature of the radia-

tive recombination center is important for several reasons. First.
there is the possibility that irradiation-induced mobile defects
will interact with the radiative centers directly, resulting in
annihilation or modification of the centers. The probability of
such an interaction will depend in part on the properties of the
radiative center, such as its net electrical charge, important
for Coulombic interactions, and whether or not the center, itself,
is associated with a lattice defect. The latter property is
important for another reason. If the radiative center is a
defect or a defect associated with an impurity there is the
possibility that irradiation will actually increase the 1light
output through the creation of additional radiative centers. As
will be shown, this effect has Dbeen observed in SiC LEDs.

The capture cross sections of the radiative recombination

center are also important. If these cross sections are small, a



relatively larger concentration of radiative centers will be re-
quired to effectively compete with the radiation-induced non-
radiative centers for excess carriers.

The depth of the energy level of the recombination center
may also affect the degradation produced by irradiation. If the
level is shallow, resulting in near-edge electroluminescence,
irradiation-induced self-absorption which is strongest near the
absorption edge (Ref.5) may add to the degradation of light output.
The proximity of the 1level to either band will determine, in
part, the mode of radiative current flow which, as we will see,
has an effect on the rate of degradation.

An important special case is for band-to-band recombination
in which the carrier concentration replaces the recombination

center density in the determination of the radiative recombination

rate, Rpg-

Rg = By Angp, , em3 g71 {(1zl)

where B, is a recombination coefficient, Anj, is the excess injected
electron density on the p side of the junction, and p, is the hole
density on the p-side. This mode of radiative recombination is
often dominant in direct-gap materials such as GaAs and AlGaAs.
Experimental values of B, for GaAs are near 1 x 107 %m3/s while
for an indirect material like GaP, B. is typically 1 x 10-14cm3 /s
(Ref.2). The significant point to note is that Ry, and hence the
light output of the LED, can be enhanced, within limits, by in-

creasing the doping level.



With regard to competing non-radiative recombination, in
addition to recombination wvia deep levels which dominates in in-
direct gap materials such as Si and GaP, the Auger process also
constitutes an important recombination path in heavily doped
regions. In this process the energy resulting from recombination
of an electron-hole pair is given to a third carrier. The Auger
process can be band-to-band or impurity related. A distinctive
feature of this non-radiative mechanism, often used to indentify
its presence, is that the Auger lifetime decreases as the square of
the carrier concentration. In very heavily doped LED and laser
diodes the Auger recombination rate can be significant.

c. Concentration and distribution of recombination centers -

The relative concentration of radiative recombination centers
within the LED is obviously an important parameter with regard to
radiation damage. Here, we use the word, "relative", to emphasize
the importance of the wvariety of other recombination centers
present in the device due to residual defects and impurities.
Indeed, in all but the most efficient LEDs the majority of the car-
riers recombine non-radiatively at room temperature. Intuitively,
one can expect that in a high-quality LED, such as a liquid phase
epitaxially (LPE) grown GaAs device containing a low concentration
of non-radiative centers, Nyp, due to residual defects and impur-
ities, and doped with a relatively low concentration of radiative
recombination centers, Np (lOlscm_a, for example), the irradiation-

induced degradation will proceed rapidly. In such a device the

pre-irradiation minority carrier diffusion 1length and, hence,



lifetime, 15, will be very long and it will not take many
irradiation-induced competing recombination centers to signifi-
cantly affect the lifetime. On the other hand, in a device con-
taining large values of both Ny and Nyi prior to irradiation,
large numbers of defects will have to be introduced to signifi-
cantly affect the expected small value of 1,. Hence, the radia-
tion sensitivity of the device varies with the pre-irradiation
lifetime.

This can be seen in a more quantitative fashion by noting

that the pre-irradiation radiative and non-radiative lifetimes,

ToR and ToNR '’ respectively, are given by6
1 _ -1
:[_o_ = UR vth NR r s (1.2]
R
e -1
T = oxr V¢h VR ¢ s (1.3)
NR

where og and oyr are the capture cross-sections for minority car-
riers at radiative and non-radiative centers, respectively, and vip
is the thermal velocity of the carriers. As indicated earlier,
band-to-band recombination is a special case since Np is replaced
by the carrier concentration. In this case, if the radiative

recombination occurs on the p side (Ref.2),

1 .
= = By (po *+ Onp) , s L (1.4)

R

At modest injection levels Anp<<pg in heavily doped LEDs so that



Tor 18 controlled by po as one would expect from Equation 1.1.

However, in high radiance LEDs in which the injected current
density is very high, one can have An, > po, and the lifetime
varies inversely with excess carrier density. This is called

the bimolecular recombination region because

- o 1.5
R T = Br (ﬁnp)z ¢y Cm 3 s 4 ( )

Note that in this region the lifetime is controlled by Ang and can
therefore be decreased merely by increasing the LED current.

The lifetimes for the various recombination paths add in a
reciprocal manner so that the total pre-irradiation minority car-

rier lifetime is given by

(o] (o]

1
r s (1.6)
R NR

Since irradiation-induced increases in Np are rarely observed,
the usual effect of irradiation is to add non-radiative recombi-
nation centers so that the post-irradiation non-radiative lifetime,

TNR’ decreases as

) "]
Tr MR Vth Nyr * 9%rr Vth Mnrr ¢ S
(1.7)
= L—- + o v c ]
T, NrI Vtn C1
NR

where the irradiation-induced centers are denoted by the sub-

script, NRI, and the proportionality constant, C;, is defined by



the rate at which the radiation fluence, ®, introduces recombina-

tion centers; Nypy = Cp &, em™3. The post-irradiation minority

carrier lifetime, 1, is then given by

1 1 i 1

= = = S

T o T T
R NR e]

v I r =]

NRI "th

This equation indicates that t will not differ significantly from
To until the second term on the right is comparable to 1/14.
Therefore, the effectiveness of the radiation in reducing the
lifetime is dependent on the relative value of the reciprocal of
the pre-irradiation lifetime.

To correctly judge the sensitivity of a device one must also
know the probability of producing a non-radiative recombination
center through interaction of the solid making up the LED with the
impinging radiation; that is, the proportionality "constant", Cjy.
Several factors play a role in determining C;: (1) the type and
intensity of the radiation, (2) the irradiation temperature, (3)
the relative level of ionization in the device during irradiation,
and (4) various material characteristics of the device, itself,
such as the cross section for interaction with the radiation. All
of these factors are usually lumped phenomenologically into a
parameter called the damage constant, K, which essentially gives
the number of non-radiative centers introduced per unit fluence or
dose of radiation, and also contains the factors oygry and vip SO

that

=1 (1.9)
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Hence, the sensitivity of the LED is also dependent on K. We see,

" in_

then, that the lifetime-damage constant product, 15K, is an
verse" figure of merit for radiation damage in LEDs. This is

clearly shown by a slight modification of Equation 1.9:

TO
— =1 + 1 _K¢o (1.10)
T o

As our review of the literature will show it has been common
practice to express the radiation sensitivity of LEDs using this
product.

With regard to the relative concentration of radiative cen-
ters, Np, the most desirable situation would be a large value of
N (or of py) but a small value of Nyr. In such a case, as indi-
cated by Equation 1.6, it might be possible to control 75 with the
radiative lifetime, Tog ¢ b ic: Tog could be made small enough.
One would then have the attractive combination of high light output
but a small value of 1oK. As we will show later, LEDs fabricated
in our laboratory and elsewhere approach these characteristics and,
hence, are relatively insensitive to irradiation.

For the opposite case where Nyr is large and Nyg >> Ng, one
would expect the LED to be highly inefficient but insensitive to
irradiation. However, it is usually not feasible to purposely make
the LED of poor quality (high Nygr) in order to achieve radiation
hardness, because the initial light output at reasonable LED cur-
rents may be too small to be of practical use. There is a tendency
in the literature to report the results of radiation damage studies

on LEDs in terms of normalized light output or efficiency; that is,



the light output at a given fluence or dose is divided by the
pre-irradiation value. This procedure essentially removes £from
consideration the initial output of the device. Indeed, it is
not that difficult to make an LED which is quite insensitive to
irradiation. The SiC devices mentioned later are a case in point.
However, the light output of such devices at reasonable currents
is usually too low to be of any practical value.

In addition to the relative values of N and Nygr, the location
in the LED of the radiative centers is important for damage consid-
erations. For most LEDs the light output originates in the p-
region through the radiative recombination of minority electrons
with holes at the radiative centers. In some LEDs there is also a
significant concentration of radiative centers in the space-charge
region. This is especially true at low temperatures where freeze-
out can cause widening of the space-charge layer. The presence of
radiative centers in the space-charge region is noteworthy because
light emission due to space-charge recombination (SCR) is insensi-
tive to irradiation for constant LED forward bias assuming that
the irradiation does not increase or decrease the concentration of
radiative centers. This is true because the recombination rate
through a particular type of center in the space-charge layer is
governed by the quasi-Fermi levels which do not change with irrad-
iation until significant majority carrier removal occurs in the
neutral regions.

The distribution of radiative centers (or the majority carrier

concentration for band-to-band recombination) in the neutral region

11
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near the junction is also of importance in determining the degra-
dation rate. 1In later paragraphs it will be shown quantitatively
that the rate of degradation is smallest for the radiative center
(majority carrier) profile which changes the least with distance
into the neutral region away from the junction; that is, for a
step increase at the junction to a constant concentration level
of radiative centers (majority carriers). The more rapidly the
profile changes, the faster the irradiation-induced degradation
will proceed. That this is plausible from a physical point of
view can be seen by recalling that the effect of radiation-induced
recombination centers is to reduce the minority carrier lifetime
and, hence, the diffusion length. If NR is increasing rapidly
over the order of a few diffusion lengths, then a reduction in
diffusion length through irradiation will mean that significant
excess carrier densities will exist only over a range where Ng
is much smaller relative to the pre-irradiation condition. On
the other hand, if Np is constant over the range of interest a
reduction in diffusion length will not affect the concentration of
radiative centers seen by the excess carriers. Thus, one expects
that an LED with a step profile in NR (or p,) will be more radiation-
resistant than a device with a distance-dependent Np (or p,) such
as a linearly-graded profile.

d. Radiative and total current flow mechanisms - The mode of

carrier injection which prevails in LEDs, as in most p-n junction
devices, depends critically on the material parameters, the
applied voltage, and the temperature. At high temperature and

high bias, thermal injection usually dominates while at low tem-



perature and low bias, tunneling processes are often observed.
Since most LED materials are wide band gap semiconductors,
other types of current mechanisms become much more probable
relative to the usual thermally injected diffusion current.

As already indicated, at high temperatures the radiative
efficiency is usually quite low so that the light intensity, L,
produced by the radiative current flow does not determine the
total current-voltage characteristic. For example, as shown in
Figure 1.1 for a typical GaAs diode at 300 K, the total current
at low voltages is often due to non-radiative recombination in
the space-charge layer while those few carriers which are injected
into the neutral region recombine radiatively so that the radia-
tive current is diffusion limited (Ref.7). As the applied voltage,
V, is increased, the total current, I, also begins to flow by
diffusion but this change is often masked in data such as those
in Figure 1.1 by Ohmic losses which cause a bend-over in the L~V
and I-V curves.

An expression for the light intensity, L, due to a diffusion
current can be obtained by integrating the differential recombina-
tion rate over the neutral region in which radiative recombination

occurs (Ref.8).

L = Cf ﬁnp NR dx, arbitrary units (1.11)
o

where Anp is the excess minority carrier density, C is a constant,
and x is the distance into the p-region. This equation describes
the electroluminescence due to diffusion for an LED in which the

light emission is due to recombination of electrons and holes at

13
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the NR radiative centers. Note that for band-to-band recombina-
tion, NR is replaced by pp (or Np) the majority carrier (or accep-
tor dopant) concentration. Assuming a profile of the form, Ny =
ax™, for the radiative centers, and using the usual expression for

ﬁnp due to diffusion (Ref.9) with eqv/kT >> 1, we have

o -x/L
L = cn__aeIV/KT f x"e € dx, arbitrary units (1.12)

where npo is the equilibrium electron density at the edge of the
depletion region on the p side, and L, is the electron diffusion

length in the p region. The value of the integral is

o ~x/L (1137
f xe = dx = n! Ln+l . cmn'i':L

o e

so that

L = Cn_ an! (D7) (n+1) /2 ,qV/kT (1.14)

, arbitrary units

In Equation 1.14 we have used the fact that Lg = Dgt where Dg is
the electron diffusion coefficient. With regard to radiation
damage the dependence of L on 1 should be noted. For a flat
profile of radiative centers L = 11/2, while for a linearly-

graded Np, L « 7. Substituting Equation 1.9 into Equation 1.14

2
n+l

()

where L, is the pre-irradiation light intensity. Equation 1.15

I
I—I

gives the radiation-induced degradation of the diffusion-controlled

15
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light output when measured at constant LED voltage. As discussed
earlier from a physical point of view, the lifetime-damage con-
stant product, 1K is an "inverse" figure of merit for the radia-
tion hardness of LEDs. This fact is readily apparent in Equation
1.15 since the product (1, K®) must be of the order of one before
significant degradation of L, is observed.

Equation 1.15 can be rewritten as

L T il
= ll ¥ Toml 2 (L 18)

lo

in order to show the dependence of the degradation on the radiative
center (or majority carrier) profile expressed as Ny = ax™. Equa-
tion (1.16) indicates that L,/L changes more rapidly for larger
values of n. Therefore, for a step profile with n = 0 one should
observe the least amount of degradation for a diffusion-controlled
radiative current at constant voltage.

As will be shown later, Equation 1.15 has been successfully
employed by several authors in their analysis of radiation-induced
degradation. The analysis is fairly simple in that all that is
required is a plot of (LO/L}2/(n+l) - 1 versus @ for L values
taken at constant voltage in order to test the validity of Equation
1.15 and obtain a value of 1goK. This procedure is most easily
carried out at low LED voltages where resistive losses across
the neutral regions are insignificant. As we will show, however,
this can lead to problems if there is a significant change in

the radiative current flow mechanism in going from low bias to



the higher currents and voltages required for practical operation
of the devices.

The total current, I, observed in LEDs at low voltages usually
varies with voltage as qu/2kT' as shown in Figure 1.1, indicating
a space-charge recombination (SCR) mechanism (Ref.l). This is
not surprising since one can show that the ratio of SCR current
to diffusion current increases with the energy gap, Eg (Ref.10),
and many of the LED materials possess relatively wide band gaps.
Using the total SCR current, an analysis similar to that given
above for the diffusion-controlled radiative current can be
carried out to obtain toK values characteristic of damage effects
in the space-charge region. The total current, I, due to SCR is
given by (Ref.ll)

;= DyWR qu/2kT g ()
21

SCR
where w is the space-charge region width, A is the device area,
n; is the intrinsic carrier density, and 1gcgp is the effective
lifetime in the space-charge region. Unlike the radiative current
which flows only through recombination at a particular type of
center, the total current is due to recombination at all centers.
Therefore, a reduction in lifetime through the addition of
radiation-induced recombination centers will result in an increase
in I as shown in Equation 1.17 by the inverse dependence of I on
tgcr+ The effect of radiation-induced recombination centers
is introduced by substituting Equation 1.9 with 1gcr replacing

t into Equation 1.17:

17



18

P e 1.18
T 1+ Tscr_ Kscr ¢ ( )

Note that Kggor has replaced K in order to emphasize possible dif-
ferences in net defect introduction rates Dbetween the neutral
regions and the space-charge region. Equation 1.18 1like its
analogue, Equation 1.15, has been used successfully to account
for the additional radiation-induced currents observed in damage
studies. This is especially true for neutron damage which almost
always manifests itself as additional SCR current.

The analysis of light intensity degradation using Equations
1.14 and 1.15 is done at constant forward bias. It is also
possible to study the degradation rate at constant forward current.
Since the external efficiency, 7, of the device is proportional
to the radiative current or 1light intensity, L, divided by the
total current, I, the constant current analysis is essentially
the same as an efficiency degradation analysis. To obtain an
equation for L in terms of I instead of V, the relationship
describing the total current in terms of voltage is solved for V
and substituted in Equation 1.14. Since radiation-induced current
is usually due to SCR we use Equation 1.17 for this purpose and,
assuming tgogp * T, obtain

n+5
2

L =C't 12, arbitrary units (1.19)

where C' contains the remainder of the terms in Equations 1.14

and 1.17. Substituting Equation 1.9 into Equation 1.19,
2

1, n+5
o] 1.20
T, =1 + TOKQ ( )



at constant I. Since the efficiency, n, is merely L normalized by I,
Equation 1.20 is equally valid when ng/n is substituted for Lg/L.
At larger forward bias, I is often due to diffusion as is the
radiative current. If the radiation fluence is not too large, I
will still be due to diffusion following irradiation. To derive
equations similar to Equations 1.19 and 1.20 but for I due to dif-

fusion we use, rather than Equations 1.17, the following (Ref.12).

gAD n
VAT - a (1.21)

and obtain the following analogues to Equations 1.19 and 1.20:

n+2
L=cle 2 1 , arbitrary units (1.22)
and
_2_
Lo n+2
L_ =1 + 1t Ko (1'23)
(9]

at constant I. Comparison of Equations 1.19 and 1.22 with Equation
1.14 indicates that L varies with t to a larger power for constant
current than for constant voltage. Therefore, the radiation-
induced degradation of 1 will cause a stronger reduction in L at
constant current than at constant voltage. Intuitively, this is
plausible since, at constant voltage, additional current can be
supplied to partially make up for the greater number of recombina-
tion centers. However, at constant current this cannot be done and

the additional centers have a stronger effect.
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Comparison of Equations 1.19 and 1.22 shows that the depen-
dence on 1t differs by a factor of 11'5 between I due to SCR
and I due to diffusion. Therefore, care must be taken in analyz-
ing constant current data because of the variation in total cur-
rent flow mechanisms. Usually, there is a significant intermediate
I-V range where I flows by both SCR and diffusion. In this case,
one could not use simple equations such as Equations 1.19 or 1.22.
Of greater concern, especially for neutron damage, is the fact
that irradiation can alter the total current flow mechanism.
For example, in neutron-irradiated LEDs one observes a greater
and greater fraction of I due to SCR as & increases. An addi-
tional problem with efficiency measurements is that when there
is a significant SCR component of I, 7n is not independent of the
current as one can see by dividing both sides of Equation 1.19 by I.
This, combined with the possibility that the SCR fraction of I
can change with &, means that one must exercise caution in ob-
taining 1K products using efficiency measurements. Statements
concerning the measured 10K values should be accompanied by
ranges of I over which these numbers are valid and a discussion
of the effect of irradiation on total current flow mechanisms.

Radiative current flow mechanisms other than diffusion-
controlled flow are possible. These other modes of current flow
can differ drastically from diffusion currents in their response
to irradiation. Therefore, they merit some discussion.

It was noted earlier that when there are radiative centers
within the space-charge region, one can observe radiative SCR cur-

rents. Further, it was pointed out that such currents are insensi-



tive to irradiation at constant voltage and at fluences or doses
where majority carrier removal does not occur. Usually, radiative
SCR currents are observed at low temperatures where there is in-
sufficient thermal energy for injection into the neutral regions
and where the space-charge region has broadened due to freeze-out.
In large band gap materials, such as SiC, radiative SCR can be seen
at room temperature. If this mechanism was efficient at room
temperature, one would have a highly radiation-hardened LED. Un-
fortunately, there are usually many types of recombination centers
in the space-charge region. In addition, the very large gap mate-
rials such as SiC and GaN are less pure than GaAs and LEDs from
such materials are more difficult to manufacture.

The possible existence of radiative SCR can pose difficulties
in deciding whether or not the light output of a particular LED is
due to diffusion or SCR. This is due to the fact that the detailed
theory (Ref.l10) of SCR currents shows that m in exp gV/mkT can be

either 1 or 2. Gershenzon, et al. (Ref.l3), have shown that the

green light output from certain GaP LEDs is due to SCR. In addition,

Nelson (Ref.l14), has demonstrated that over a large range of injec-
tion levels for radiative diffusion currents, m can equal 2 rather
than 1 as in Equation 1.14. Thus, the values of m = 1 for diffu-
sion and m = 2 for SCR are not unique and do not provide a com-
pletely reliable method of discerning the two types of radiative
current flow. Here, then, is one instance where radiation damage
studies can provide confirming evidence for the characteristics
of an LED prior to any irradiation. The drastic difference between

the susceptibilities of SCR and diffusion-controlled radiative
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currents to irradiation easily demonstrates whether a given light
output is due to an SCR or diffusion mechanism.

Because of the large energy gaps and narrow space-charge re-
gions often encountered in LEDs, tunneling mechanisms can play an
important role in radiative current flow, especially at low temper-
atures and low voltages. The tunneling probability, Py, for an LED

can be written as (Ref.15)

p 3/2

e (1.24)

Pt = Pto exp

where P, and P, are slowly varying "constants", Ey is the height
of the energy barrier and e is the electric field across the junc-
tion. For a given type of junction, Ep and e can be expressed in
terms of the junction voltage so that one obtains the following
equation for total current or light intensity (Ref.15):
atV

I or L =Be (1.25)
where B is a constant which contains the dopant concentration (or
gradient). The coefficient in the exponential, a., does not
depend on temperature and also contains the dopant concentration.
The form of «. depends on the shape of the Jjunction and for
linearly graded diodes is weakly voltage dependent (Ref.l5). The
temperature independence of ay is an important clue in the
observation of tunneling currents since it is in marked contrast
with the temperature dependence of the voltage coefficient for
SCR and diffusion currents.

In addition to the temperature independence of «y, radia-



tive tunneling currents possess a second important property. The
peak energy of the emission band shifts with applied voltage lead-
ing to the observation of "shifting peak" spectra. The peak shift
arises because the tunneling probability is highest for carriers
near their respective quasi-Fermi levels, the separation of which
is determined by the junction voltage.

The various models (photon-assisted tunneling, band-filling)
employed to explain light emission due to tunneling in LEDs have
been discussed in detail by several authors (Refs. 16-20) and
will not be reviewed in this report.

As in the case of light emission due to SCR, one would not
expect irradiation to significantiy affect the 1light intensity
due to recombination of carriers tunneling into the space-charge
layer. In the various models used to describe tunneling currents
the only radiation sensitive quantity is the dopant concentration
which usually enters as a square root or cube root dependence.
Since LEDs are usually heavily doped (1017 em™3 to 1019 cen~3),
large amounts of radiation would be required to produce signifi-
cant carrier removal and accompanying decreases in radiative
tunneling.

On the other hand, if the excess carriers tunnel all the
way through the space-charge layer to either the conduction band
or valence band in the neutral region and then recombine there,
the radiation-induced degradation of the diffusion length will
once again govern the light output as a function of fluence or

dose.

Recently, we have found that radiative space-charge-limited
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current (SCLC) flow can exist in commercially available LEDs at
practical operating currents. The experimental details of this
work will be given later. Here, we wish to briefly present some
background for this current flow mechanism. SCLC is usually ob-
served in highly compensated or low-doped semiconductor materials.
When a voltage is applied across such a material and a sufficient
number of carriers have been injected, the carriers themselves
create a space-charge cloud as they drift across the material.
For example, in a highly compensated p-region of an LED, voltage
drops across this region will become significant at relatively
low currents and injected electrons will begin to drift across
the p-region resulting in the buildup of a space charge. The SCLC
theory of Ashley and Milnes (Ref.21) and Lampert (Ref.22) gives

the drift current, Igcpc, for this process as

- v.,)°
A~V

_ 9
Iscrc = @ A4¢ Yn*pPo P r A

(1.26)

where Vj 1is the wvoltage drop across the junction, pp and
are the electron and hole mobilities, respectively, pp is the
hole density in the p-region and % is the thickness of the
p-region. Two important points are to be noted about Equation
1.26. First, Igecrc varies as the square of the voltage drop
across the neutral region, (V - Vj}. Second, 1in contrast with
SCR (Equation 1.17) and diffusion (Equation 1.21) where the cur-
rent is inversely proportional to =, Igcrc is directly proportional
to t. This difference occurs because in SCLC flow, the electrons
must drift all the way across the p-region to contribute to

Iscce If they recombine on the way across, the chance of



which is inversely proportional to <, they will not contribute

to ISCLC .

With regard to radiative output in the SCLC range, Byer
(Ref.23) found a sublinear dependence of the light intensity, L,
on current in correspondence with the L « I1/2 dependence pre-
dicted by the SCLC theory. The sublinear dependence occurs be-
cause many of the electrons reach the p-region electrode before
they can recombine resulting in a decreasing quantum efficiency
as I is increased. 1In a later examination of GaAs:Mn LEDs, Ashley
(Ref.24) and Ashley, et al. (Ref.25), showed that L can vary lin-
early with I in the SCLC range. This dependence agrees with the
theory if one assumes that double injection is occurring in the
p-region. In this case, the reduction in guantum efficiency due
to the loss of electrons at the electrode is compensated for by hole

injection. For the double injection case, L is given by (Ref.25)

L = "ISCLC ié—%—hl , arbitrary units (1:27)

where 7 is the external quantum efficiency and b is the ratio of
the electron mobility to the hole mobility. 1In the derivation of
Equation 1.27, diffusion was neglected and only drift was consider-
ed. In addition, it was assumed that the hole capture cross sec-
tion of the recombination center was much larger than the electron
capture cross section. TImplicit in the quantum efficiency is the

fraction, f, of carriers which recombine radiatively:

@ l/TR =1/TR=T_ - {1.23)
(1/tyg) + (1/1g) 1/t Ty
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Recall that the effect of irradiation is to decrease tygr by add-

ing nonradiative recombination centers. Equation 1.27 then becomes

gon s B (1 + b) (1.29)

T = T2, i its
" g SCLC q , arbitrary units,
where n = C,f.

Finally, Equation 1.26 for Igcpc is substituted in Equation

1.29 in order to obtain an expression for L in terms of (V - Vj):

L =Cp rz{V - Vj)2 , arbitrary units (1.30)
where
P
c, =2 oo + u)
L 8 n 3 n P
TRQ

The important point to note is that L varies as the square of the
electron lifetime. Recall that for a diffusion-limited radiative
current, Equation 1.14 indicates that L varies as 1 for a linearly-
graded profile (n = 1) and as 71/2 for a step profile (n = 0),
the two most common profiles. Consequently, one can expect that
radiative output due to SCLC will degrade faster with irradiation
than the light output due to diffusion near the junction. There-
fore, these results suggest that LEDs containing radiative SCLC
components should not be used in a radiation environment.

e. Semiconductor material - As one would expect, the parti-

cular semiconductor from which an LED is made will affect the
amount of degradation produced by a given amount of radiation.
First of all, the interaction cross section between the material

and the radiation can vary. For example, the Compton scattering



cross section for gamma rays depends on the atomic number of
the material. In addition, the net defect concentration created
in a particular material depends on defect mobilities, thermal
annealing temperatures, and sensitivity to ionization, all of
which vary between materials. These various factors, as stated
earlier, appear as differences in damage constants between
materials.

The variation in response to irradiation from one material
type to another depends critically on the type of radiation.
Consider for example, the dependence on mass and atomic number of
the ratio of the proton to neutron degradation rates in the two
important semiconductor materials, Si and GaAs. For neutrons and
protons of the same energy, the ratio of the average energy trans-
ferred to the primary knock-on by a proton to that imparted by a

neutron is given by (Refs.26 and 27)

Kl

E

ST <
R=%
n

where r = Ep/Eq, Ep is the maximum energy transferred, and Eg is
the displacement energy of the lattice atom. When the mass of
the target atom differs markedly from the irradiating particle
mass, as in the case of proton or ﬁeutron irradiation of semi-
conductors, the ratio r varies inversely with the mass of the semi-
conductor elements, M. Therefore, ignoring the slowly varying in
function, R increases with M. Consequently, the value of R for
GaAs will be greater than for Si since the atomic masses for GaAs

are somewhat more than twice that for Si. It should be noted,
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however, that since r is a large number for bombarding particles
in the MeV range, R is always much less than one. In addition,
while the neutron scattering cross section is relatively indepen-
dent of target mass, the Rutherford scattering cross section a,
for protons varies as the square of the atomic number of the
target (Ref.27). Therefore, «, for Ge or GaAs (Z =~ 32) is four
times that for Si(Z = 14) (Ref.27). One can then anticipate
that the ratio of the proton-induced degradation rate to the
neutron-induced degradation rate will be greater for a GaAs
device than for a Si device since both R and a« increase with
target mass.

Other material properties could be listed such as the quality
of the material, but most of these have been mentioned earlier.
In addition, more important factors such as maximum possible light
output and wavelength range of light output, will dictate the
selection of an LED rather than the inherent sensitivity of the

material to irradiation.

2. PERMANENT RADIATION EFFECTS

Generally speaking, the effect of radiation on LEDs is similar
to that in Si devices in that pure device materials of high quality
are most sensitive to irradiation while materials with large num-—
bers of impurities such as SiC are least sensitive. This is illu-
strated in Figure 1.2 in which light output for various types of
LEDs is plotted versus electron fluence (Ref.28). Notice that high
quality (epitaxial) GaAs is most sensitive while SiC actually shows

an increase in output with irradiation. With the exception of SiC
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one usually observes that the light output decreases and the total
current increases with irradiation for electrons, gamma rays, and

neutrons.

a. Silicon carbide =~ Although elegant photoluminescence

experiments have been conducted on SiC (Ref.29), little is known
about the characteristics of unirradiated SiC LEDs in comparison
with LEDs made from other materials. This statement is even
more applicable to radiation effects in SiC LEDs. We have already
referred to the interesting results obtained by Stanley (Ref.28)
and shown in Figure 1.2 which indicate that light output increases
with electron irradiation. Similar increases in luminescence
intensity following electron irradiation have been obtained in
bulk samples of 8SiC (Refs.30 and 31). Several papers on ion
implanted SiC have demonstrated that intense luminescence can
be produced in SiC by annealing the ion-implanted material at
approximately 1000°C (Refs. 32-37). All of these studies lead to
the conclusion that radiation-induced defects can act as radiative
recombination centers in SiC.

Although these LEDs are not in widespread use at this time,
the radiation damage study (Ref.38) briefly reviewed below is
of interest because it centers on radiative tunneling into the
space charge region. This type of radiative current flow responds
in a unique way to irradiation.

We have studied the effects of neutron damage on SiC LEDs in
our laboratory (Ref.38). Devices obtained from Norton Co. were

irradiated at 300 K in the Sandia Annular Core Research Reactor



(ACRR). The results for one diode are shown in Figure 1.3 in which
integrated light intensity 1is plotted versus diode voltage for
five different temperatures. At low voltages, the pre-irradiation
curves (and also the post-irradiation curves in most cases) are

parallel straight lines indicating that

L ~ e , arbitrary units (X.32)

where ay has the value 30 V™1, Recall that for a thermal injec-
tion mechanism, «{ should depend on temperature while for tunnel-
ing, at is independent of temperature. Consequently, the results
suggest that radiative tunneling currents persist in these diodes
up to 300 K. This is consistent with the fact that Eg for SiC is
fairly large (2.9 eV) so that thermal injection would only become
significant at temperatures higher than those required for GaAs.
A radiative tunneling current with recombination in the space-
charge region is consistent with the insensitivity of the light
intensity in the low voltage regions to the large neutron fluence
of 1015 n/cm2.

At higher voltages the light intensity decreased significantly
with irradiation. This is especially true for the 300 K case
where one might expect thermal injection to start at voltages
lower than for the low temperature curves. The type of thermal
injection cannot be ascertained from these curves without correct-
ing them for the series resistance voltage drop.

More recent work (Ref.39) in our laboratory on the same SiC

diodes used in the neutron damage study (Ref.38) confirmed the
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presence of radiative tunneling at temperatures as high as 300
K. This conclusion was based on the observation of shifting
peak spectra, the temperature-independent slope of the L-V curves
and the agreement between the experimental a; and that calculated
from capacitance data.

Figures 1.2 and 1.3 suggest that SiC LEDs are good candidates
for applications involving exposure to radiation environments.
However, other factors tend to negate the attractive radiation
hardness characteristics of these devices. First, they are
simply not commercially available because of the very difficult
materials problems associated with the growth of good crystals
and subsequent formation of p-n Jjunctions (Refs. 40 and 41).
Even in the case of vapor or liquid epitaxial growth of SiC, the
processing temperatures are often greater than 1700°C (Ref.4l).
SiC LEDs are also characterized by low light output efficiencies
and high defect densities relative to III-V LEDs. In addition,
while the short, visible wavelength emission may be attractive
for display applications, it is undesirable for use with Si

detectors and glass fibers exposed to nuclear radiation.

b. Gallium phosphide - Logan, et. al. (Ref.42) have studied

the effects of gamma irradiation on GaP LEDs. Exposure to gamma
rays reduced the intensity of both the green and red electrolumi-
nescence bands and also the minority carrier lifetime. Because
of the similarity in lifetime and light output degradation, they
concluded that both the green and red emission bands were due to

recombination in the neutral region and, hence, were diffusion-
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controlled., From the data presented in their paper an approximate

1

1. K., value of 2 x 1078 rads™! can be calculated.

oy

The annealing of the GaP diodes observed by Logan, et. al.,
(Ref. 42) 1is interesting in that it appeared to be athermal.
Little recovery was found upon annealing to 125°C but a 40%
recovery was observed following a 50 mA forward bias at room
temperature. This annealing was not due to Joule heating in the
device. Logan, et. al., (Ref. 42) suggested that it resulted
from the movement of impurities under forward bias.

More recent work on athermal defect annealing in electron-
irradiated GaP diodes by Lang and Kimerling (Ref. 43) has esta-
blished a different annealing mechanism than that suggested by
Logan, et. al. (Ref. 43). Under forward bias, six deep levels
observed by capacitance spectroscopy following irradiation, an-
nealed at greatly enhanced rates. It was shown that electron-hole
recombination at the defects was responsible for the annealing
enhancement. The mechanism for this process is the transfer of
recombination energy into highly localized vibrational energy
at the defect which promotes defect motion. Lang and Kimerling
(Ref. 43) also demonstrated that this process is more effective
in materials with large energy gaps. This 1is in accord with
their (Ref. 44) earlier observation of recombination-enhanced
defect motion in electron-irradiated GaAs diodes in which the
enhancement was less than that seen in GaP.

Recently, (Ref. 45) we have examined the effects of gamma ir-
radiation on GaP:Zn,0 red-emitting LEDs. At low constant voltage

the degradation of the diffusion-controlled light output led to



an average value of TOKT ~3.6 x 1078 rads™l for five LEDs.
This is somewhat higher than that found by Logan, et. al. (Ref.
42)., The difference can probably be attributed to a greater
lifetime in our devices because they were made at Bell Labora-
tories by advanced liquid phase epitaxial (LPE) techniques whereas
Logan, et. al.'s (Ref. 42) work was done earlier in 1964,

Forward bias-enhanced recovery of the light output, analogous
to the effects observed by Logan, et. al., (Ref. 42) and Lang
and Kimerling (Ref. 43), was also observed in our diodes (Ref.
45). However, the degree of recovery depended strongly on the
operating conditions under which the light output was observed
following bias recovery. At low constant voltage and 300 K, the
effect was minimal even for attempted bias enhancement with
large DC currents applied over 20 to 30 hours. At high constant
current and 300 K, however, the forward bias-induced recovery
was somewhat device-dependent but always fairly strong, as much

2 applied for

as 50% of L, for a DC current density of 2.8 A/cm
24 hours at 300 K.

In our study (Ref. 45) of gamma irradiation effects in
GaP:Zn, 0 LEDs, the technique of deep level transient spectro-
scopy (DLTS) was used in addition to the measurement of 1light
output. Several traps were observed including the Zn-0 radiative
recombination center present prior to irradiation. The DLTS
peak due to the Zn-0 center is shown in Figure 1.4 along with an
irradiation-induced trap with an energy level depth of 0.55 eV.

Note that neither irradiation nor room temperature forward bias

affect the Zn-0 band. However, the 0.55 eV trap is sensitive to
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forward current. In addition it was shown that the Zn-0 band
could be reduced by forward bias at elevated temperatures as
shown in Figure 1.4. Thermal anneal below 160° C without bias
did not affect the Zn-0 centers. These results definitively
show that gamma-induced light output degradation was not due to
an irradiation-induced reduction in Zn-0 concentration. They
also show that the mechanism for forward bias induced 1light
output degradation at elevated temperatures is quite different;
the Zn-0 centers appear to be directly affected.

Investigation of the GaP:72n,0 LEDs also included a study
(Ref. 46) of the effects of forward bias-enhanced recovery on
the light emission spectra at 76 K. At this temperature, spectral
measurements show that at low currents the spectrum is dominated
by green emission rather than the usual red emission due to recom-
bination at the Zn-0 pair center. Following gamma irradiation
and extended forward bias at 300 K, the 76 K value of the total
light output, L at constant voltage often exceeded Ly, the pre-
irradiation value. As shown in Figure 1.5, a portion of this
increased light output is due to the appearance of two unique
sets of triplets in the electroluminescence spectrum. Note that
the intensity 1is greater than that prior to any irradiation.
These triplets cannot be produced at this intensity by forward
bias of an unirradiated diode or by thermal annealing of an irrad-
iated diode. Thus, the formation of the centers responsible for
this emission is very likely the result of athermal recombination-
enhanced defect motion as observed by Lang and Kimerling (Ref. 43)

in similar LEDs. These luminescence lines have been observed
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previously (Ref. 47) in Zn diffused GaP but are very weak, as
in our case, in LPE GaP (Refs. 48 and 49). Dean (Ref. 49) has
associated this emission with bound exciton recombination at a
Zn-associated center. The explanation of the growth of these
bands following forward hias of gamma irradiated LEDs would then
center on the recombination-enhanced motion of the defect with
subsequent trapping of the defect at a Zn-associated complex
resulting in the formation of the recombination center responsible
for the triplet emission.

Epstein, et. al. (Ref. 50) have also examined the effect
of gamma irradiation on GaP LEDs except that their diodes were
heavily doped with nitrogen. These GaP:N devices emit the
characteristic green light associated with the isoelectronic N

center. A 71 K product of 4 x 1078 rads™! was found for these

Y
diodes, a wvalue very close to that found in our GaP:Zn,0 LEDs.
While Epstein, et. al., (Ref. 50) opbserved a recovery of 75%
for thermal annealing between 250°C and 500°C, no forward bias
induced recovery was observed following the application of 10
A/cm? for several hours at room temperature.

Measurements done in our laboratory on gamma irradiated
green emitting GaP:N LEDs reveal an average TOKT of 1.1 x 10~/
rads™1, somewhat larger than Epstein, et. al.'s (Ref. 50) result.
We also differ with their results in that considerable forward
bias induced recovery of 1light output has been observed at
constant high voltage.

Turning our attention to neutron damage in GaP LEDs, previous

studies (Ref. 51) in our laboratory illustrate the dramatic
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difference between damage effects on radiative diffusion current
and radiative SCR current. GaP LEDs obtained from Electro-Nuclear
Labs, Inc., were measured at 300 K and then irradiated at the
same temperature in the Sandia Annular Core Research Reactor
(ACRR). The red and green emission bands were measured prior to
and following each irradiation. The green band intensity, Lg,
was proportional to exp [gV/ kT] and decreased drastically fol-
lowing irradiation. These results indicated that Lg was diffusion
controlled. In contrast, the red emission intensity, Lg, varied
as exp [gqV/2kT] at low voltage and was unaffected by a neutron
fluence of 3 x 1014 n/cm? below a voltage of about 1.75 V. On
the basis of previous discussion, both of these facts suggest
that the red band is due to radiative recombination in the space-
charge region. Above 1.75 V, Lp decreased significantly with @
suggesting that the red emission above this voltage contained a
significant diffusion component. However, this was not obvious
from the Li-V curves because neutral region voltage drops also
became significant above 1.75 V and distorted the Lyi-V character-
istic.

The dependence of the effect of damage on the radiative cur-
rent flow mechanism was confirmed by plotting log Ly versus log
Lg. Assuming that Lg is « exp [qV/kT] at all voltages the log of
Lg is a measure of the junction voltage. Therefore, a plot of log
Lgr versus log Lg is essentially a semi-log plot of log Ly versus
V with a slope of 1/m where m is defined by Ly « exp [qV/mkT].
A plot constructed in this manner for an unirradiated LED is shown

in Figure 1.6. Note that there is break point at 1.75V to 1.80 V
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above which m ~ 1.0 indicating Lr was due to diffusion above this
voltage. Below 1.75 V, m is approximately 2 indicating fhat at
lower voltages Lr was due to recombination within the space charge
region. Note that the break point voltage agrees with the voltage
at which neutron-induced degradation of Lr becomes significant.

Epstein, et. al. (Ref. 52) have examined the effect of
neutron damage on the quantum efficiency and minority carrier
lifetime in green emitting GaP LEDs. The diodes were formed by
diffusing Zn into vapor phase epitaxial n-type GaP doped with Te
and nitrogen. Following irradiation to a fluence of & = 3.5 x

K. of 4.7 x 10714 cmz/n was found for lifetime

1013 n/cmz, a 1K,

degradation as expressed by Equation 1.9.

Following our earlier study (Ref. 51) of GaP LEDs, a more
detailed investigation (Ref. 53) of neutron damage was carried
out at 300 K on red emitting GaP:Zn,0 LEDs obtained from Bell
Laboratories (Ref. 54). 1In these devices, the red emission is
due to recombination at 2Zn-0 pairs present in concentrations of
approximately 1016 cm=3, about an order of magnitude less than
the Zn dopant concentration (Ref. 1). Because of their relatively
low concentration, the Zn-0 centers can become saturated at high
currents. The emphasis in this work (Ref. 53) was placed on the
study of the effects of neutron damage on the Zn-0 saturation.
Prior to the analysis of the saturation effects, 15K, values
were calculated for the total neutron-added SCR current, I, and
the degradation of light intensity, L, at low constant voltage.
o~ 14 2

Using Equation 1.18, TSCR KSCR was found to be 2.2 x 1 cm“,

while Equation 1.15 was found to €fit the degradation of the



diffusion controlled light output for a linearly graded radiative
center profile with 1K, = 2.7 x 10714 cm2. This value is close
to that (4.7 x 10714 cm2) found for the green emitting GaP diodes
by Epstein, et. al (Ref. 52).

In order to examine the saturation effects, the results were
plotted as the ratio L/I, which we refer to as the efficiency, 7,
versus I as shown in Figure 1.7 for a typical diode. Note that
each curve possesses a maximum due to the saturation of the Zn-0
centers. This occurs because as the Zn-0 levels become saturated,
additional current must flow by recombination through other
centers. After successive neutron irradiations, the efficiency
maxima decrease in magnitude and move to higher currents. These
results were analyzed by writing an expression for L which takes
saturation into account (Ref. 55). The efficiency was then
taken as the ratio L/I and calculated by using Equation 1.17 for
the neutron-induced SCR current. An expression for Iy, the
current at the efficiency maximum, Tms was then found by dif-

ferentiating the equation for 1 with respect to I and setting it

equal to zero. The resulting Ip's were then used to calculate mny's.

For a linearly graded Zn-0 profile the following result was ob-

tained:

(1.33)

where <R 1is the radiative lifetime of an electron trapped at a
Zn-0 center, ny is the excess electron density required to fill

half of the Zn-0 centers, G is a constant, and a is defined by the
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linearly graded Zn-0 profile: Ngp-g £ ax. Since measurement of <
is a constant current measurement and we have used an SCR current
for I, we can compare Equation 1.33 with Equation 1.19 which gives
the degradation of L at constant SCR current. For a linearly
graded profile Equation 1.19 indicates that L is proportional to
1> so that L will decrease more rapidly than n, = % with ir-
rradiation because of the stronger dependence on t. This result
agrees with our earlier qualitative conclusion that saturation of
radiative centers reduces the degradation rate.

The effect of neutron irradiation on <t was taken into account

by substituting Equation 1.9 for 1/t into Equation 1.33:

1/2

- 1 =1,K8® (1.34)

where mnyn is the maximum efficiency (L/I ratio) prior to irradia-
tion. Uging results such as those shown in Figure 1.7, it was
found that Equation 1.34 provided a satisfactory fit to the data
and gave an average toKp, for 5 LEDs of 2.0 x 10714 em? in good
agreement with the values derived from the 1low voltage total

current (tgog Kgep = 202 X 10714 cm?) and the low voltage light
o

output (7 K, = 2.7 x 1074 em?),

c. Gallium arsenide phosphide - Schade and co-workers (Refs.

56 and 57) have studied the effects of electron irradiation on
GaAs;_,P, LEDs. Irradiation to & =1 x 1017 e /cm? drastically

reduced the light output of the devices. As in most of the
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studies discussed thus far, the 1light emission originated in
the neutral p-region and the radiation-induced degradation was
due to the introduction of nonradiative recombination centers.
The center primarily responsible for the decrease in emission
is an acceptor center whose influence on light degradation is
independent of alloy composition. In the second paper (Ref.
57), the authors described a second type of radiation-induced
center, found by thermally stimulated current measurements,
which is a trapping center 0.20 to 0.35 eV away from a band.
Unlike the first center mentioned, the trapping center concentra-
tion increases with alloy composition, that is, with increasing
X. It was found that both types of defects anneal below 550°C
with most of the annealing occurring between 200 and 300°C. The
defects responsible for light output degradation were found to
anneal out faster for larger values of x.

Epstein, et. al. (Ref. 52), examined the effects of neutron
damage on the external efficiency, n, and the minority carrier
lifetime, =, in GaAs;_yPy LEDs as a function of alloy composi=-
tion, x. The pre- and post-irradiation efficiency results for & =
3.5 x 1013 r’:/cm2 are shown in Figure 1.8. These data are charac-
terized by a sharp drop in n, both before and after irradiation,
at a value of x = ,4 to .5 which corresponds to the transition
from a direct band gap characteristic of GaAs to an indirect

band gap characteristic of GaP. Neutron irradiation decreases 1

over the entire range of x. If the data is replotted as n/ng,

where ny, is the pre-irradiation value, this ratio is a maximum

for intermediate values of x. The authors therefore conclude
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that degradation is less for such values of x. It is interesting

to note, however, that if one does not include the data for x
0, 0.9, and 1.0, then the remaining results do not really show a
maximum. We point this out because the LEDs for these three x
values were different from the remaining devices. The GaAs (x
= 0) LED was made from boat grown, Si doped material whereas the
intermediate x value devices were made by diffusing Zn into Se
doped VPE n-type material. For x = 0.9 and 1.0, while the growth
method was the same, the substrate was doped with Te rather than
Se, and the devices contained nitrogen which produces an efficient
radiative center. This latter fact is reflected in the pre-
irradiation data in Figure 1.8 by the large increase in 1 for x
= 0.9 and 1.0 relative to x values between 0.5 énd 0.7. Based
on these differences and our previous discussion of the influence
of device properties on the degradation rate, it is possible that
the maximum in n/n, seen at intermediate x values may be due to
factors other than the change in alloy composition. This is
supported by later work by Epstein, et. al. (Ref. 58), in which
TOKY for gamma irradiated GaAs devices was found to depend on
the donor dopant and was larger for Te than for Se. Included
in this recent study (Ref. 58) are measurements of damage constant
as a function of x which show that KY decreases with increasing
x and levels off at a constant value of 0.3 (radses)™! for «x
greater than 0.5. The authors (Ref. 58) concluded that the
dopant and alloying effects sufficiently perturb the lattice so
that the effects of damage are minimized. Isochronal annealing

results for the gamma irradiated devices were also quite dependent



on the wvalue of x. For alloy compositions near GaAs a large
annealing stage near 250°C was observed. However, this stage
rapidly disappeared so that for x > .15 annealing at this temper-
ature was minimal.

In the earlier study already mentioned in the discussion of
GaP, Epstein, et. al. (Ref. 50), measured various properties of
yellow-emitting GaAsg 1Pp,9 LEDs following gamma irradiation to
108 rads (si). As in several other studies cited thus far, the
efficiency for yellow light emission and the minority carrier
lifetime both were degraded. Therefore, an equation similar to
Equation 1.23 was used with n = 0 (step profile) to determine a
10Ky value of 3 x 1078 radas™l. This value is approximately
the same as other 1OKT values previously mentioned for GaP
and GaAsj.yPy. As in the case of the GaAsj_yPy diodes with x >
.15 the thermal annealing of the damaged yellow emitting diodes
was insignificant below 250°C. However, annealing to 500°C did
produce recovery to 75% of pre-irradiation levels.

In a more recent study, Lambert, et. al. (Ref. 59) examined
a variety of GaAsP LEDs prior to and following a series of neutron
irradiations. These devices contained from 40% to 100% P with
electroluminescence peaks varying from 0.59 pym to 0.69 um. Spectra
were measured at room temperature and at low temperatures. For
all of the LEDs the light output degradation was less at the
lower temperatures. At all temperatures, the 87% P LEDs (yellow
emitting) were the most sensitive to irradiation, the 39% P

devices (red emitting) were the least sensitive, and the 100% P

(green) and 65% P (orange) LEDs had intermediate sensitivities.
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The data were successfully analyzed with an equation of the form
of Equation 1.23 for measurements taken at constant current.

d. Gallium arsenide, gamma and electron irradiation - Most

of the investigations of radiation effects in LEDs have been con-
cerned with GaAs primarily because more is known about the physics
of GaAs than the other LED materials. Aukerman and coworkers
were responsible for the early work in this area (Refs. 8,60-62).
These studies, again demonstrate the usefulness of radiation damage
as a tool in determining the basic characteristics of LEDs.

In the first of these papers, Millea and Aukerman (Ref. 60)
studied the effect of electron irradiation on the near edge
emission band in moderately doped (2 x 1017 cm~3) GaAs LEDs.
Although the dependence of total current on voltage was complex
in these diodes, the 1light intensity, L, was proportional to
edV/kT over several orders of magnitude between 78 K and 298 K.
This fact, combined with the observed radiation-induced decrease
in L at constant voltage led to the conclusion that L was diffu-
sion controlled. Using Equation 1.9 a 1K, value of 2 x 107153
cm2/electron was found.

In a second paper, Aukerman and Millea (Ref.6l1) examined the
near-edge emission band in heavily doped (2 x 1018 cm~3) GaAs LEDs
at 77 K before and after electron irradiation. They observed a
substantial increase in total current, I, following irradiation
but only a small decrease in L. In our discussion of tunneling
phenomena, it was pointed out that low temperatures and heavy

doping both enhance the tunneling probability. On the basis of



such reasoning and additional experimental results, the authors
concluded that the electroluminescence was due to tunneling of
carriers to band tail states within the space-charge region with
subsequent radiative recombination in this region.

In later work, Millea and Aukerman (Ref. 62) studied the
effect of electron irradiation on two low energy emission bands
at 1.0 ev and 1.28 eV in GaAs LEDs. These bands responded
similarly to the near-edge electroluminescence studied earlier
(Ref. 60). It was concluded that the 1.28 eV band was due to
donor-acceptor pair recombination in the neutral region.

The last in this series of papers (Ref. 8) summarized earlier
work and provided a more detailed examination of the effects of
electron irradiation on both moderately and heavily doped GaAs
LEDs. The authors reached conclusions similar to those in the
earlier papers concerning diffusion controlled 1light output in
the moderately doped devices and tunneling in the heavily doped
devices. In the devices used for this study, the Te doping
level in the n-type substrate was varied between Np, = 5 X 1016
cm™3 and Npg = 2 X 1018 cm™3. The LEDs were formed by diffusing
Zn into these substrates. The value of 15Kg was inversely propor-
tional to Nq, varying from 1.0 x 10~13 cmz/electron for 5 x 1016
Te/cm3 to 3.9 x 10715 cm2/electron for 2 x 1018 Te/cm3., These
toKe values characterize the degradation of 1light output from
the p-region. Unfortunately, 2n doping levels, Ngzp, in the p-
regions were not obtained for the various n-type dopant concen-

trations. However, if the profiles are sharp, one can reasonably
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assume that Ny, is about the same as Ny since Nz must approxi-
mately equal Npo when the junction is formed and the material
becomes p-type. Consequently, one can assume that toKeg is also
inversely proportional to Ngz,, a fact we have used as a basis for
hardening GaAs LEDs. The experimental work concerning this harden-
ing technique will be discussed in the next section.

Later work (Ref. 7) in our laboratory on the sub-threshold
properties of GaAs laser diodes was primarily concerned with the
annealing characteristics of defects introduced by cob0  gamma
irradiation. These defects were studied by observing the degra-
dation and recovery of the near-edge emission following irradia-
tion and subsequent thermal and forward bias annealing. The
diodes examined were heavily doped, and the effect of irradiation
on the intensity and total current was similar to that observed
by Aukerman and Millea (Ref. 61) on their heavily doped diodes.
At room temperature the intensity degradation followed Equation
1.15 for a linearly graded profile indicating a diffusion mechan-
ism, while at 76 K, a tunneling mechanism was apparent. The

TOKT value obtained at 300 K was 3.3 x 1078 rads™l. The
nonradiative recombination centers which caused a decrease in
radiative recombination in the diffusion region annealed out in
a single stage centered at 237°C. The annealing kinetics were
first order with an activation energy of 1.70 eV and a preexp-
onential factor of 1.2 x 1013 g1,

As in the case of studies (Refs. 42 and 43) mentioned earlier
on GaP, these defects could be removed at room temperature by

heavily forward biasing the diode. The injection annealing was



studied as a function of temperature, injection level, and time
after an injection annealing pulse. These results led to the
proposal of an injection annealing model based on charge state
dependent defect stability. However, in view of the more recent
results of Lang and Kimerling (Ref. 44) it now appears that the
injection annealing was due to recombination-enhanced defect re-
ordering.

On the basis of the injection annealing and the kinetics of
the thermal annealing, a complex defect was proposed in which an
As interstitial is one component and an impurity is the other.
The rate limiting step in the thermal annealing of the defects is
the breakup of the complex. For the case of injection annealing,
the dissociation of the complex is due to the transfer of non-
radiative recombination energy to lattice energy near the complex.

In a study of gamma irradiation effects in optical isolators,
Epstein and Trimmer (Ref. 63) also examined degradation of a
GaAs LED similar to the emitter contained in the optical isolator.
Relatively slow degradation of the LED efficiency was observed
up to a dose of 107 rads with a sudden drop in output by a factor
of 200 in going from 107 rads to 108 rads. Thermal annealing
recovery of the light output was noted between 225°C and 300°C.
A similar type of degradation of the efficiency was seen in a
later study (Ref. 64) of gamma irradiated GaAs LEDs. Herein,
minority carrier lifetime measurements were also made and the
efficiency was observed to decrease at a faster rate than tv. The
efficiency degradation rate was found to be exponential in nature

and this rapid reduction in n was attributed to the introduction
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of so-called "killer" centers which actually reduce the number
of active radiative centers. It is 1interesting to note that
these changes were accompanied by large increases in the diffusion
component of the total current. Efficiency measurements inherently
contain the efficiency of electron injection into the p-region;
that is, they are essentially light output divided by total cur-
rent. Therefore, it 1is not clear whether or not part of the
rapid efficiency degradation could be due to gamma-induced in-
creases in total current.

Share, et. al. (Ref. 64), developed a quantitative model to
account for both the exponential degradation due to radiative
center annihilation and the more usual degradation due to com-
peting nonradiative centers. This analysis gave a oKy value of
9 x 1078 rads™l for the non-exponential portion of the degrada-
tion.

Similar effects were examined in more detail in a later paper
by Share, et. al. (Ref. 65) in which the exponential efficiency
degradation was again observed in closely compensated Zn diffused
GaAs LEDs. These results were explained as before by postulating
the annihilation of radiative centers so that following irradia-
tion, N is decreased while =1, the radiative lifetime, is in-
creased. In this paper (Ref. 65) the authors also present L-V
and I-V curves. Interestingly, at constant voltage there is
very little decrease in light intensity, L, following an irradia-
tion of 108 rads. This small decrease fits in with the observa-
tion that the degradation of the minority carrier lifetime, =,

is small relative to the efficiency, 7, degradation. It is also



interesting to note that the increase in total current, I,
following 108 rads is about the same as the difference between
the 1 degradation and the n degradation after 108  rads. This
result suggests that the gamma induced increase in I is responsible
for the observed decrease in 7 rather than a decrease in the
radiative recombination rate. In fact, it would seem just as
plausible to attempt to explain the results on the basis that
there is essentially no change in relative light output, as the
L-V measurements show, and the only damage effect is an increase
in I. This would eliminate the need to invoke the somewhat
controversial killer center model.

In their study of gamma irradiation effects in Gaj_yxAlgAs
LEDs, Polimadei, et. al. (Ref. 66), included a Zn diffused GaAs
LED. Unlike the previously mentioned work (Refs. 64 and 65),
the efficiency degradation in this case was not exponential and
could be described by Equation 1.23 with n = 1 for a linearly
graded radiative center profile. This difference was apparently
due to the close compensation present in the diodes which showed
exponential degradation. The toKy value found for the GaAs LEDs
using Equation 1.23 was 4.5 x 10~7 rads~l, a value considerably
larger than that found by Barnes (Ref. 7) for laser diodes. Auker-
man, et. al.'s (Ref. 8) results which showed that tgKg was in-
versely proportional to the doping concentration, agree with the
difference between Polimadei, et. al.'s (Ref. 66) results and
Barnes' (Ref. 7) results since the laser diodes were very heavily

doped.
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Included in Soda, et. al.'s (Ref. 67) study of gamma ir-
radiation effects on optical isolators and their separate emitters
and detectors, was a Hewlett-Packard GaAs LED with a Zn doped
p-region. As 1is often the case, pre-irradiation L-V and I-V
measurements indicated that the light output was diffusion con-
trolled and L was « exp [qV/mkT] with m = 1, while I was due to
SCR at low voltages with a diffusion component growing in at
higher voltages. Following irradiation, the m = 1 component of
I increased and L decreased at a rate described by Equation 1.15
for a linearly graded diode, as confirmed by capacitance measure-
ments. The determination of toKT is illustrated in Figure 1.9
for these LEDs. Here the quantity (Lg/L) - 1 is plotted for
two diodes at different constant voltages. The straight 1line
drawn through the data with slope = 1.0 confirms the applicability
of Equation 1.15 and results in a value of rOKY = 9 x 1078
rads~l. This value agrees with that found by Share, et. al.
(Ref. 64) for the non-exponential portion of their gamma induced
efficiency degradation. It should be emphasized, however, that
Soda, et. al. (Ref. 67) did not observe any exponential degrada-
tion of L with dose, & This can be accounted for, in part,
by the difference in measurements. Soda, et. al.'s (Ref. 67)
degradation rate was determined by constant voltage measurement
of L. whereas the efficiency measurements of Share, et. al.
(Ref. 64) included the effects of gamma irradiation on the
total current. 1In order to check for the presence of exponential
degradation in Soda, et. al.'s (Ref. 67) LEDs, measurements of

lifetime as a function of dose were made by the reverse recovery
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method and by observation of the radiative decay time. Both of
these quantities decreased with dose at a rate that agreed with
the degradation rate predicted by the rOKY value of 9 x 1078
rads~l further indicating that exponential degradation was not
present.

In another study, Epstein, et. al. (Ref. 58) have examined
the effect of varying the type of donor dopant in GaAs LEDs on
the gamma induced efficiency degradation. The TOKY values were
calculated from Equation 1.23 with ne/n substituted for Lo/L and
n= 1 (linearly graded Ng). Their results are reproduced in
Table I, presented in the summary on damage in LEDs, which shows
that Se gives the smallest 7oK, while the amphoterically Si
doped devices give the largest 1OKY‘5. This latter result agrees
agrees with our experiments on GaAs:Si LEDs as we will show in
detail in a later section. Epstein, et. al. (Ref. 58) did not
find any dependence of TOKY on donor dopant concentration Np.
No information was given on what the corresponding p-type dopant
concentrations were as a function of Np. This result contrasts
with that of Aukerman, et. al. (Ref. 8) who found an inverse

dependence of toKg on Np.

e. Gallium arsenide, neutron irradiation - Turning our at-

tention to neutron irradiation effects in GaAs LEDs, Petree (Ref.
68), in the first investigation of these effects, found a threshold
for light output degradation at 1 x 1012 n/cm2., 1In a later study,
Noel, et. al. (Ref. 69) examined the effects of neutron damage

on various sub-threshold properties of diffused GaAs laser diodes.



Pre-irradiation measurements indicated that the total current,
I, was due to SCR at room temperature and the light output was
due to diffusion-controlled radiative current flow in the p-region.
Spectral data showed that in addition to the main, near-edge
emission band, there was a prominent lower energy band centered
at 1.28 eV as seen earlier by Millea and Aukerman (Ref. 62).
Following irradiation the total SCR current increased and the
constant voltage 1light intensity from the main band decreased
at a rate such that Equation 1.15 with n = 1 (linearly graded)
provided a satisfactory fit to the data with tokp = 3.2 x
10-15 cm2/n.

Pre- and post-irradiation results obtained by Noel, et. al.
(Ref. 69) for the 1.28 eV band are shown in Figure 1.10. We
present these results because they are quite interesting for
two reasons. First, they illustrate the fact that it is possible
to have a radiative SCR current with m in exp [qV/mkT] equal to
1.0 in accordance with the detailed SCR theory (Ref. 10). Note
that a change in m from 1 to 2 occurs at about 1.19 V. This
so-called "kink" voltage, Vg, 1is approximately proportional to
the distance in energy of the recombination center energy level
from the center of the energy gap (Ref. 13). Consequently, for
the deep levels usually observed in the space-charge region, Vg
is very small and only the portion with m = 2 is seen. However,
if the recombination center is relatively shallow as for the
main near-edge emission and also for the 1.28 eV emission band,
Vg will be large and one can observe a significant range of

forward bias over which m = 1.0 for an SCR current.
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The second important feature of Figure 1.10 is the insensiti-
vity of the 1.28 eV emission to neutron irradiation. After & =
1.8 x 1015 n/cm2, the intensity still has not decreased. As we
have pointed out earlier, this behavior is expected for a radiative
SCR current in which the number of radiative centers is unaffected
by the irradiation.

The results in Figure 1.10 are similar to those obtained by
Share, et. al. (Ref. 69) for gamma irradiated, closely compensated
GaAs LEDs. Recall that the L-V curve, for which m = 1 as in
Figure 1.10, did not change significantly after 108 rads. With
a closely compensated diode, it is reasonable to assume that Ng,
in this case, Ngn, 1s significant in the space-charge region.
An analogy with Noel, et. al.'s (Ref. 69) work in Figure 1.10
would then explain the insensitivity of the light output in Share,
et. al.'s (Ref. 65) experiments to gamma irradiation.

In our laboratory, similar studies (Ref. 70) were conducted
on the effects of neutron damage on the sub-threshold properties
of epitaxially grown GaAs laser diodes. As in Noel, et. al.'s
(Ref. 69) case, the total current at room temperature was due to
SCR, and this current increased following neutron irradiation
due to the introduction of nonradiative recombination centers in
the space-charge region. Analysis of the increase in SCR current
with @& using equations similar to Equations 1.17 and 1.18 gave
a 1ger Kger value of 1.3 x 10715 cmz/n. A somewhat larger value
larger value of T;kn = 7.1 x 10715 cm?/n was obtained for the
constant voltage degradation of L using Equation 1.15 with n =

1. This difference may be accounted for by variations in lifetime
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between the space-charge and neutral regions. The vaiue of
1oKp is roughly twice as large as that obtained by Noel, et. al.
(Ref. 69) (3.2 x 10715 cm2/n) for diffused laser diodes. This
difference is probably due to a greater lifetime in the higher
quality epitaxial material used in constructing the diodes measured
in our study.

In general, the effects of neutron irradiation on the diode
properties at 76 K in our study (Ref. 70) were smaller than the
corresponding changes at room temperature. Irradiation to fluences
of 1015 n/cm2 did not significantly decrease the light intensity
at constant low voltage. This result suggested that the radiative
current at 76 K was due to tunneling into the space-charge region.
This was verified by the observation of "shifting-peak" spectra.

In their study of gamma and neutron damage in optical iso-
lators, Epstein and Trimmer (Ref. 63) also briefly examined
neutron irradiated Zn diffused GaAs LEDs similar to those con-
tained in the isolators. After an irradiation of & = 3.7 x 1013
n/cm2, the efficiency of the LEDs decreased by about a factor
of 30 at an LED current of 50 mA.

Share, et. al. (Ref. 64) also included neutron damage studies
in their examination of radiation effects in closely compensated,
Zn diffused LEDs. As indicated earlier, gamma irradiation re-
sulted in an exponential decrease in efficiency with dose. 1In
contrast, neutron irradiation did not produce this effect, pre-
sumably due to the "killer" center properties of the relatively

simple gamma-induced defects. Rather, the neutron-induced degra-



dation of the efficiency was adequately described by Equation
1.23 with n = 1 resulting in toK, = 2.5 x 10713 cm?/n, a value
much larger than those obtained for the laser diodes (Refs. 69
and 70). However, Epstein, et. al. (Ref. 52) in a later study
of neutron damage in GaAs]-xPy LEDs included a GaAs LED very
similar to those examined in the earlier work (Ref. 64). In
this later study (Ref. 52) they obtained a value of 4.7 x 10~15
em2/n, significantly smaller than the previous value. It is
possible that the difference is due to the different experimental
methods used in each case. In their later work (Ref. 52), rather
than measuring the efficiency and using Equation 1.23, the authors
measured 1 before and after neutron irradiation and used Equation
1.9 directly to calculate 1oKp. In a third study, when the
efficiency degradation method was used to determine oK, Poli-
madei, et. al. (Ref. 66) obtained a value of 4.0 x 10-13 cm2/n in
good agreement with the previous determination of 2.5 x 10-13
cm?2/n.

Experiments (Ref.71) were conducted in our laboratory, the
objective of which was to develop efficient, radiation insensitive
GaAs:Zn LEDs. We have noted repeatedly that the oK product
is an inverse figure of merit for LEDs. The central idea behind
this study was to reduce 1ok by decreasing 1o through the intro-
duction of large concentrations of radiative centers so that the
radiative lifetime, 1R, is so small that it controls 5. In GaAs
this essentially means increasing the concentration of the p-type
dopant, in this case Zn, since the Zn acceptor level can participate
in the radiative recombination process. This technique is also

appropriate if the light output is due to band-to-band recombina-
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tion without the involvement of the shallow acceptor center. As
indicated by Equation 1.4, g is inversely proportional to pg
so that an increase in doping level will decrease 1. As we
will show in our summary of 1oK values for GaAs LEDs, there is
evidence in the literature which shows that 15K decreases with
increasing p-type dopant concentration. For example, recall the
work of Aukerman, et. al. (Ref.8) discussed earlier, and the com-
parison of 1oK values for heavily doped laser diodes with those
for other LEDs. The possibility of decreasing 1o by increasing
Nzn is supported by the measurements of Casey, et. al. (Ref.72)
of the electron diffusion length, Lg, in p-type GaAs as a function
of dopant concentration. In Ge-doped, p-type GaAs, Lg was constant
with increasing Ge concentrations, Ngo, up to Ngo =~ 1 x 1018 cm—3.
However, above this concentration, Lg was observed to decrease
with increasing Nge. This was attributed to a decrease in the
radiative lifetime at large hole concentrations. Below 1018 cm'3,
Le was controlled by nonradiative recombination centers, but above
1018 cm=3, the radiative lifetime decreased to the point where it
determined Lg and hence =4.

If, indeed, R can be reduced to the point where it controls
Tor this would mean that the majority of the electrons would
recombine radiatively giving a greater radiative efficiency, and
hence a greater light output while at the same time, achieving
a smaller value of 1oK. This is to be contrasted with radiation
hardening of many types of Si devices in which shortening of the
lifetime to achieve radiation resistance results in poorer device

performance. Similar problems are expected with ternary LEDs,



such as GaAlAs, in which 1 K is small but the radiative effi-
ciencies are low (Ref.66).

In order to test this hardening technique, four sets of ten
epitaxially grown GaAs LEDs each were purchased from Texas Instru-
ments. In three of the sets, the n-type region was doped with
3w lOla‘Te/cms. The p—-type regions contained the following varying
amounts of Zn between the three sets: 2 x 1018 Zn/cm3, 7T x 1018
Zn/cm3, and 2 x 1012 Zn/cm3. In addition to LEDs from these three
sets, measurements were also performed on the fourth set with
3 x 1017 Te/cm3 and 2 x 1018 zZn/cm3 and on amphoterically Si
doped GaAs LEDs which are quite sensitive to irradiation because
of the large value of 1, found in these devices.

Pre-irradiation results agreed with the proposed hardening
mechanism in that the radiative decay time was shortest (=~ 15 ns)
in the most heavily doped devices while the 1light output at
typical operating currents (10-50 mA) was greatest in the devices
with largest Ny, and was comparable with that from the highly
efficient GaAs:Si LEDs.

Pre- and post-irradiation measurements of light output at a
constant typical operating current of 50 mA for the various LEDs
are shown in Figure 1.11. The post-irradiation results also tend to
confirm the hardening technique in that the light output, as shown
in Figure 1.11, of the GaAs:Si devices, has been strongly reduced
relative to that in the heavily Zn doped devices. Similar obser-
vations were made for radiative decay time degradation. Smaller,
but significant reductions were also noted in the most lightly Zn

doped devices, but, in contrast, the most heavily doped GaAs:Zn

LEDs do not show significant reduction in 1light output below
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fluences of 1013 n/em?. Additional support for this model in
which the p type doping level is the principal determining factor
for the pre-irradiation light output and the radiation sensitivity
is provided by the similarity in behavior for the LEDs containing
the same Ny, = 2 x 1018 cm™3 but Npe's differing by a factor of
10 (3 x 10 en™3 and 3 x 1017 em™3). values of K, for each
set of LEDs are given in Table III.

More recently, we have examined neutron damage effects in
both planar and high radiance GaAs LEDs in which the p side was
heavily doped with Ge (Refs.73 and 74). These devices were in-
cluded as part of a study of GaAlAs LEDs which will be discussed
in more detail later. Typical results of efficiency (L/I) as a
function of neutron fluence and LED current are shown in Figure
1.12. The planar devices are the Texas Instruments (TI) LEDs,
while the high radiance LEDs are from Plessey, Inc. (PL).
These data demonstrate the importance of wusing high radiance
LEDs to minimize damage effects. As will be shown in more detail
later, such LEDs exhibit almost no neutron-added current at high
currents. This is shown in Figure 1.12 by the decreased sensiti-
vity to neutrons of the PL GaAs devices at the higher currents
of 50 mA and 100 mA. Note that at 10 mA both LED types degrade
at the same rate.

f. Amphoterically Si doped GaAs LEDs - We have chosen to

devote a separate section to GaAs:Si LEDs because they are unique
for several reasons. First, because of their high efficiency
relative to other devices, they have dominated the commercial
market for GaAs LEDs. Therefore, their radiation sensitivity

must be carefully evaluated since the designer may be restricted
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in his choice of LEDs to this particular type of device. Second,

the GaAs:Si LEDs possess unique properties, both at low and
high currents, which are a result of the growth method used in
making the devices. As will be shown in some detail, these
properties significantly affect the GaAs:Si LEDs response to
irradiation. The minority carrier lifetime 1, in these devices
is typically quite long (hundreds of nanoseconds) and is inversely
proportional to LED current and emitted photon energy. The peak
photon energy can be varied by changing the Si doping level. A
typical commercial device has an emission wavelength peak at .93
to .94 um, 30-40 nm above that for LEDs not amphoterically doped.
At large currents, space-charge limited currents (SCLC) are
observed and light is emitted from the entire p-region. Because
of the long lifetimes, the radiative rise and fall times of
these LEDs as specified in a typical catalogue of LEDs are quite
long. Further discussion of these properties and the structure
of the devices is postponed until our review of current work in
our laboratory. First, we will review past work on both gamma
and neutron damage in the GaAs:Si LED.

Share, et. al. (Ref.64) in their study of compensated GaAs LEDs
examined gamma and neutron damage effects in amphoterically Si
doped devices. 1In contrast with the Zn diffused LEDs, no gamma
induced exponential degradation was observed. Rather, the effi-
ciency degradation was due to the introduction of competing non-
radiative centers whose effect was successfully explained using
Equation 1.23 with n = 1. A value of oKy = 8.4 x 10”7 raas™!

was obtained from this analysis and is quoted in a later paper by

these authors (Ref.58). A similar analysis of neutron degradation
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resulted in 1oKp = 3.5 x 10~ cmz/n. The value of 15K, is larger

y
than any mentioned previously because of the large values of
To in these devices. For example, Share, et. al. (Ref.64)
measured a value of 15, = 270 ns, whereas typical values of
1o in other GaAs LEDs are 10 to 20 ns.

In a later report, Polimadei, et. al. (Ref.75) studied the
effects of both gamma and neutron irradiation on high power
(> 200 mW) GaAs:Si LEDs. External gquantum efficiency, power
output, minority carrier lifetime, and power efficiency were
measured after both types of irradiation. Typical results are
shown in Figure 1.13 which gives power output at an LED current

of 1 A, Note that neutron degradation begins at about 1 x 1012

2 yhile gamma degradation begins at about 10 rads. Lifetime-

n/cm
damage constant products were calculated €from the efficiency
degradation using Equation 1.23 with n = 1 and the following
values were obtained: TOKY = 8.4 x 10_7 r:ac?ls-l and 15K, = 3.5 x
10-13 cmz/n. Lifetime measurements were also used to determine
10K values by way of Equation 1.19 yielding the value, TOKY =

1.2 x 107% rads™l ang ok = Lol % 10712 cmz/n. While the

TOKY values determined by the two methods are in fairly good
agreement, there 1is a significant difference between the two
70Kp Products.

Hum and Barry (Ref.76) studied damage due to 100 MeV protons,
gamma rays, and 2 MeV neutrons in GaAs:Si LEDs. Special care
was taken to avoid injection annealing during the measurements
and the 15K values were determined at low constant voltages

using Equation 1.15 for light intensity degradation with n = 1

for linearly graded diodes. The following values were obtained
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for the three types of irradiation: toKp = 1.2 x 10" cmz/proton,

oKy = 6.1 x 107/ rads™', and 10K, = 3.6 £ 0.8 x 107 cm’/n
(the uncertainty in 15K, is due to the fact that the authors
give a value for K, but not for 1, for the LED used in the
neutron irradiation experiment). The authors also measured degra-
dation of light intensity, L, at high currents and observed that
the rate was about the same as that for the low voltage degrada-
tion of L. Therefore, they concluded that it was valid to use
the 1K values at both high and low currents.

Hum and Barry (Ref.76) also observed radiation-induced in-
creases in total current. Measurements of radiative decay time
and of lifetime by the reverse recovery method, revealed that
these two parameters decreased at different rates with gamma
dose. The rate of degradation of the radiative-decay time
matched that of the light intensity degradation while the reverse
recovery lifetime decreased more rapidly than L. The authors
attributed this more rapid decrease to problems with the reverse
recovery measurements due to an SCR component of the forward
current whose relative magnitude depended on 3.

In their study of gamma damage in optical isolators, Soda,
et. al. (Ref.67) included the TIL-26 amphoterically Si-doped LED
which made up the emitter portion of the TIL-107 optical isolator.
Analysis of the constant voltage light intensity using Equation

1 which is between the values

1.15 revealed a 75K, = 7.5x 1077 rads”
found by Hum and Barry (Ref.76) and Share, et. al. (Ref.64). This
value is almost a factor of ten greater than the TOKY found for
the Zn diffused device in the same study. This difference is due

to the comparatively long initial lifetime in the GaAs:Si device.



We now wish to turn our attention to a series of experiments
that have been conducted in our laboratory on damage effects in
amphoterically Si doped GaAs LEDs. Before discussing this work
we will provide additional background material on the properties
of these devices.

Explanation of the properties mentioned earlier of the
GaAs:Si LEDs is based on a model developed through studies of
photoluminescence in n- and p-type bulk GaAs:Si material (Refs.
77-80) and of the amphoteric LEDs themselves (Refs.23,81-84).
During the growth of the epitaxial p-layer of the device, a
lower growth temperature is used so that Si will substitute for
As and act as an acceptor rather than for Ga which produces the
donor activity required for deposition of the n-layer. However,
even at the lower growth temperature Si continues to substitute
for Ga to a certain degree so that the end result is a compen-
sated p-region containing 1018 to 1019 si atoms/ecm3 but only
1016 to 1017 holes/cm3 (Ref.23). The high concentration of Si
leads to a merging of shallow donor and acceptor states with the
conduction and valence bands, respectively, resulting in the
c¢reation of deep band "tails". Because the Si atoms are randomly
distributed, random clustering of Si atoms occurs causing regions
of unusually low or high potential which, in turn, creates local-
ized fluctuations in the energy bands. These conditions lead
to the so-called "wavy band" model shown in Figure 1.14 for both
low and high current conditions. Figure 1.14 is a hybrid band
diagram with energy plotted vertically against distance in the
compensated p-region. Since the deepest conduction band tails oc-

cur in regions of low potential and the highest valence band states
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are in regions of high potential, the deep valence and conduction
band tails are, by necessity, spatially separated from eadh other
as shown in Figure 1.14. In addition to the shallow donor and ac-
ceptor levels, Si introduces deeper levels and the radiative
recombination in these devices 1is generally thought to occur
through a Si acceptor level at E, + 0.1 eV (Ref.81). As shown
in Figure 1.14, this level is assumed to follow the fluctuations
in the valence band. The "wavy band" model has been used success-
fully by Byer (Refs 23 and 82) and Redfield, et. al. (Ref.B80) to
explain the properties of amphoterically Si-doped GaAs LEDs. At
low currents, as in the left hand portion of Figure 1.14, only
the deepest tail states in the conduction and valence bands are
filled. Since these states are spatially separated, recombin-
ation requires long-range tunneling which leads to long recombin-
ation times. In addition, recombination through the deepest
states gives low energy photons. Consequently, at low currents
the recombination times are 1long and the photon energies are
small. As the current is increased, the deep tails are saturated
and the electrons and holes occupy normal, delocalized band
states as shown on the right in Figure 1.14. Note that an in-
creased hole density is also shown implying the presence of
double injection; a result which is confirmed by our experimental
data. As shown, the increased carrier densities lead to vertical,
nontunneling recombination which 1is characterized by shorter
recombination times and higher photon energies. Taken together,
the low and high current conditions in the wavy band model lead
to the observed inverse dependence of radiative decay time (recom-

bination time) on LED current and emitted photon energy.
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The properties mentioned above have interesting implications
for the study of radiation damage in these devices. We have studied
(Ref.85) the effect of gamma irradiation on the low temperature
properties of the TIL-26 amphoterically Si doped LED. A tempera-
ture of 76 K was chosen because the effect of the deep band tails
is most pronounced at low temperatures where thermal excitation
out of these states is minimal. In addition to measuring light
intensity and total current as a function of voltage, radiative
decay time was measured as a function of LED current. As one
would expect for a distribution in depth of the band tails, the
radiative decay cannot be described by a single exponential.
Various methods can be chosen for displaying the radiative decay
time. 1In Figure 1.15 we use the concept of an "initial lifetime,"
tir calculated from the slope of the radiative decay curve at
time, t = 0. The quantity, <j, is then a measure of the life-
time in the fastest states at any given current. Note that in
agreement with the wavy band model, the curves in Figure 1.15 show
that ti is inversely proportional to TI. The most interesting
result illustrated in Figure 1.15 is that the longest =ti's seen
at low I, are the least affected, in a multiplicative sense, by
gamma irradiation. This 1is just the opposite of what we have
shown to be the case with a diffusion controlled radiative current
where the degradation of lifetime and light intensity is success-
fully described by Equations 1.9, 1.15 and 1.23. 1In all the work
cited thus far, a longer lifetime is more sensitive to irradiation
than a short lifetime. Recall, however, that in the wavy band

model the long lifetimes at low currents are due to carriers trap-
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ped in localized, deep states and therefore, these lifetime are
not associated with a diffusion length and should not be as severe-
ly affected by competition from irradiation-induced recombination
centers. However, at larger currents the deep tail states become
saturated and t; is controlled by the minority carrier lifetime
which is sensitive to irradiation. In addition, if one examines
the time decay at large currents, but a long time after the forward
bias pulse, the results are the same as for t; at low currents.
Consequently, the results in Figure 1.15 tend to confirm the wavy
band model of the GaAs:Si LEDs. Therefore, this work then demon-
strates another example of how radiation damage studies can provide
information about the pre-irradiation device physics of LEDs.

Of more importance to the user are the properties of GaAs:Si
LEDs at higher current levels and temperatures which correspond
to the practical operating range of these devices. Byer (Refs, 23
and 82) has shown that radiative SCLC flow exists in amphoterically
Si doped LEDs and that the presence of the electron space-charge
cloud throughout the p-region explains the unusually wide emitting
region seen in these devices. Our studies (Ref.86) of gamma irra=-
diation effects on the room temperature, high current properties
of GaAs:Si LEDs show that radiative SCLC flow is also present in
our devices. Earlier, it was shown (see Equation 1.30) that the
light intensity is more sensitive to irradiation for a radiative
SCLC than for diffusion-controlled light output. This increased

sensitivity is clearly illustrated in Fig. 1.16 which gives the
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L=V curves taken at 30°C before and after gamma irradiation. At
low voltages the light output is due to diffusion, and analysis
in this range gives qOKY = 7.5 x 1077 rads™! as indicated
earlier in the study by Soda, et. al. (Ref. 67). Figure 1.16
shows that the degradation at large voltages where the devices
are typically operated, 1is much greater. Consequently, as one
would expect, the use of TOKY = 7.5 x 1077 rads™! in Equation
1.15 gives erroneously large values of L for a given dose, &,
at large voltages.

In order to correctly analyze the gamma degradation at large
currents, the radiative current due to voltage drop, V-Vj, in
the p-region bulk must be separated from the radiative junction
current. The junction voltage, Vj, is obtained by extending the
straight line, exponential portions of the L-V curves as shown by
the dashed lines in Figure 1.16. The resultant L-(V-Vj} curves show
a definite square law behavior. Recalling that I is = (V—Vj}2
in the SCLC region, L is then « I as for the double injection
LEDs studied by Ashley (Ref.24). The presence of a radiative SCLC
current at large I 1is confirmed by analysis of current-voltage
and light intensity-current data for our diodes, and also by
analysis of L-V data taken at 76 K. Having established the
existence of radiative SCLC flow one can then use Equation 1.30

to analyze the gamma induced degradation of L. Substituting

Equation 1.9 in Equation 1.30 yields

1/2

Lo
T - l = TOKY¢ r (1035)



for L at constant (V-Vj). Using the L - (V-Vj4) data it was
shown that Equation 1.35 satisfactorily €£fits the daté when

K, =7.8 x 1077 rads™! in good agreement with the value

oKy
of 7.5 x 1077 rads~l obtained at low voltages. Consequently,
the inability to predict the degradation at high voltages by
using ToKy in Equation 1.15 is due to a change in the mode
of radiative current flow rather than to a value of 15K, which

applies only over a limited range. The results therefore imply
that one must use care in predicting degradation with damage
constants; not only must one know the value of 15K, but also
the radiative current flow mechanism,

A third experiment on GaAs:Si LEDs conducted in our laboratory
concerned neutron damage in optical isolators and their components
with the GaAs:Si LEDs included as one of the components (Ref. 87).
Results at an LED current of 3 mA indicate 10Kkn values of
3.8 x 10713 cm2/n using Equation 1.20 (total current due to SCR)
with n = 1 or 9.1 x 10-13 cm2/n using Equation 1.23 (total current
due to diffusion) with n = 1. Yet a third value of oK, can
be calculated assuming that a major portion of I is due to SCLC.
In this case we use Equation 1.29 for constant I along with
Equation 1.9 to obtain K, = 1.6 x 10712 cmz/n. It is inter-
esting to note that this range of values, 3.8 x 10-13 cm2/n
to 1.6 x 10712 em2/n, corresponds approximately to the range
of 1oKhp's found in the previous papers on GaAs:Si LEDs: 3.5
x 10713 em2/n to 1.1 x 10712 cm2/n. Therefore, it may be

possible to explain the variations in 1K, by taking into
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account the method by which it was determined, constant current
(efficiency) or constant voltage, and the dominant total current
flow mechanism. In our case, a current of 3 mA is still low
enough so that SCR dominates, especially after neutron irradiation
which creates additional SCR current. Therefore, of the three
calculated values, 3.8 x 10713 cmz/n is the most plausible.

In this work (Ref.87), we also compared the performance of
the TIL-26 with a commercially available Zn diffused LED, the
TIXL-36 from Texas Instruments. The TIXL-36 has a power output
of 1.2 mW at 50 mA compared to a 1 mW output power at 35 mA for
the TIL-26 GaAs:Si LED. Typical results from this study are
shown in Figure 1.17 where current transfer ratio (CTR), defined
as the ratio of detector current to LED current, is plotted
versus gamma dose at LED currents of 1 mA and 20 mA. Note that
the CTR from the TIXL-36 is actually larger prior to irradiation
and that the TIXL-36 is not nearly as sensitive to irradiation
as the TIL-26. These results indicate that in the range of 1 mW
power output, GaAs devices are commercially available which have
comparable outputs to the GaAs:Si LEDs but which are much less
sensitive to irradiation. Following completion of the maximum
dose irradiation, 2 x 108 rads, these devices were used in a
comparative forward bias annealing study. The bias induced
recovery is shown on the right hand side of Figure 1.17. Note
that the TIXL-36 device recovers to nearly its pre-irradiation
CTR, while the TIL-26 does not respond to bias recovery. The
bias annealing results provide an additional incentive for select-

ing the Zn diffused LED over the GaAs:Si LED.
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g. Aluminum gallium arsenide - Previous work (Refs. ‘58 and

66) on radiation damage in ternary LEDs such as AlGaAs and GaAsP
suggests that ternary devices are inherently less sensitive to
radiation than the related binary LED materials. Our recent
studies (Refs. 73 and 74) on AlyGaj-yAs LEDs, however, indicate
that addition of the ternary element is not the primary determi-
nant for radiation sensitivity. Indeed, the most sensitive
LED we have examined is an amphoterically Si doped AlGaAs LED
fabricated at Bell Laboratories. The summary given below of our
AlyGaj-xAs work (Refs. 73 and 74) indicates that while addition
of the ternary can have a hardening effect, the two most important
characteristics are heavy doping of the active region and high
current density operation.

Investigation (Refs. 73 and 74) of neutron damage effects in
the AlyGaj-xAs LEDs included electroluminescence (EL) spectra
before and after irradiation. Representative room temperature
spectra for the planar Texas Instruments (TI) AlyxGaj-yxAs LEDs are
shown in Figure 1.18 while EL spectra for a typical etched well,
high radiance Plessey Al g5Ga,g5As LED are shown in Figure 1.19.
In addition to spectra for various alloys, typical attenuation
spectra are shown in Figure 1.18 for a glass optical fiber.
These latter curves convey two important points which will be
discussed in much greater detail in a later chapter. First,
in general, the radiation-induced attenuation in fibers is less at
longer wavelengths, and second, the intrinsic attenuation in
most glass fibers has a "window" near 0.83 pm. These factors

must be kept in mind when examining the effects in LEDs. With
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regard to wavelength selection, it is important to note that
neutron irradiation does not significantly' affect either the
spectral shape or the peak location of the spectra in Figures 1.18
or 1.19. With the exception of the 20% Al LEDs, the planar TI
LEDs for all other x values are equally sensitive to irradiation
as shown by the dashed and dotted curves in Figure 1.18. In
addition, comparison of these data with Figure 1.19 demonstrates
that the Plessey LEDs are much less sensitive for an equal LED
operating current of 5.0 mA.

One reason for the reduced sensitivity of the Plessey LEDs
is illustrated in Figure 1.20 which shows the current density-
voltage characteristics of representative TI and PL AlGaAs LEDs.
Because the area of the high radiance PL devices is 100 times
less than that for the TI LEDs, typical operating currents corres-
pond to much higher current densities in the Plessey LEDs. As
shown in Figure 1.20, the neutron added current is negligible
for the PL devices over much of the voltage range. In contrast,
even at the maximum permissible operating current of the TI
LEDs, there is a significant shift to lower voltages after about
5 x 10l14n/cn2. The lack of neutron added current in high
radiance LEDs 1is a particularly significant characteristic of
these LEDs with regard to radiation hardness.

To further investigate the effect of high current density
operation on LED radiation hardness, we have recently measured the
light output degradation in four types of LEDs which differ only
in structure. All four are AlGaAs heterostructure devices emitting
near 0.82 um. They were obtained from the same supplier, M/A-COM

Laser Diode, Inc. The normalized 1light output degradation at
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various constant current densities near the corresponding maximum
operating currents is shown in Figure 1.21. The structural differ-
ences are as follows: the IRE-140 is a relatively large area sur-
face emitting LED, the IRE-151 is an edge emitting device with an
area somewhat smaller than the IRE-140, the IRE-160 is an etched
well, high radiance LED with a small area, and the IRE-103 is a
high radiance edge emitting LED. The important result to note is
that the two high radiance LEDs operating well in excess of 1000
A/cm? are much less sensitive to irradiation than the other two
LEDs. This is true in spite of the fact that at low constant
current or voltage the degradation rate 1is similar in all four
LED types.

A similar type of contrast is shown in Figure 1.22 in which we
compare the light output degradation as a function of current for
the same Plessey and TI devices in Figure 1.20. The degradation is
much greater at constant current in the large area TI LED than it
is at constant maximum current in the PL device.

These results are to be compared with constant voltage opera-
tion wherein the neutron-added non-radiative current can be accom-
modated by the voltage. Consequently, the degradation rate is
less than at constant current for those LEDs which show appreciable
neutron-induced excess currents. An example of this behavior is
shown in Figure 1.23 for the same TI and PL LEDs as in Figures 1.22
and 1,20. For the high radiance Plessey LED (P65B-13) the degra-
dation at large constant voltage is the same as that at large
constant current shown in Figure 1.22. However, the constant volt-

age light degradation of the planar TI device (SLH5-5), which is not
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significantly larger than that for P65B-13, is significantly less
than the constant current degradation shown in Figure 1.22 for the
SLH5-5. As we have seen through repeated applications by a variety
of authors of the equations given herein, light output degradation
at constant voltage minimizes the effect of radiation-induced
excess current and emphasizes the reduction in minority carrier
lifetime through competing recombination at radiation-induced
centers in the active region. We have also shown that this type
of radiation sensitivity can be minimized without sacrificing
initial output power by heavily doping the active region in
order to reduce tR. This effect is illustrated for the TI and
PL LEDs in Figure 1.24 which gives a variety of constant voltage
degradation curves. Returning for the moment to GaAs, recall that
as shown in Figure 1.12, the Plessey GaAs LEDs were less sensitive
to irradiation at large constant currents compared with the planar
TI devices. However as shown in Figure 1.24 quite the opposite is
true at constant voltage. 1In fact, the PL GaAs LED degrades more
rapidly than any of the other devices in Figure 1.24. The reason
for this is that this LED is more lightly doped (~ 5 x 1017cm~3)
than any of the others. The same effect can be seen by comparing
the two TI Al ggGa,g94As LED curves. The LED designated "heavy dop-
ing" has a five times higher Ge doping level (5 x 1018cm~3) than
the other LED. Note that the more heavily doped device does not
degrade nearly as rapidly. In addition, the TI (heavy doping)
LED is very similar in its behavior to the Plessey Al ps5Ga,gsAs

LED which has approximately the same doping level but which is a

93



© 94

10!

LIGHT INTENSITY, ARBITRARY UNITS

Fig.

T

L

24

__WV/\I L1l 1 Lt 1t

«f 1 10

Ll

PL GCI-95 A|_05 As - 2.000 V
— Tl Ga_gg Al pg As - 1.400 V
— Tl Ga gq Al ggAs (HEAVY DOPING) - 1.300 V

PL GaAs - 1.605 V
Tl GaAs-12i0 V
— Tl Ga g4 Al gg As - 1.300 V \ 0

HE & 0P e O
|

2

-

|0|3 IOH |0|5

—PRE-RAD NEUTRON FLUENCE, n/cm?

Constant voltage light output degradation curves for various
AfGaAs and GaAs LEDs. PL (Plessey) LEDs are high radiance
while TI (Texas Instruments) LEDs are planar devices.



high radiance device. Lastly, we show in Fig. 1.24 a degradation
curve for a 20% Al containing TI LED. As indicated in this
figure and also in Figure 1.18, this LED has a comparatively low
degradation rate similar to those for the heavily doped TI 6% Al
LED and the PL 5% Al device. The important difference, however,
is that the curve for the 20% Al LED is displaced downward to
light intensities an order of magnitude less. Thus, while the
addition of a large fraction of Al hardens the LED, it is of no
practical value because of the low initial light output of these
20% Al LEDs.

The hardening techniques of heavy doping and high current
density operation are further illustrated and compared in Figure
1.25 for 5% Al PL and 6% Al TI LEDs. Note that for constant
current operation at 50 mA as one would expect, the more heavily
doped TI device degrades less than the other TI LED. In addition,
the heavily doped TI LED degrades at about the same rate as the
PL LED when the PL LED is operated at the same current density
of 75.6 A/cm2, However, because the Plessey LED 1is a high
radiance device, 75.6 A/cm? corresponds to a very low operating
current of 0.54 mA. When this LED is operated in its practical
operating range of 50 mA to 150 mA its degradation rate is much
less due to the lack of neutron-induced excess currents.

As part of our radiation effects study (Ref.74) of Plessey
GaAs and AlGaAs LEDs for the Avionics Laboratory, we also examined
neutron induced degradation at temperatures other than room tem-
perature for irradiations all at room temperature. Typical data

for a 5% Al LED are shown in Figure 1.26 for room temperature
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(300 K) and also 220 K and 360 K. For the Al containing LEDs
there is 1less degradation at lower temperatures although this
is not a large effect. The temperature dependence of the degra-
dation is even less in the GaAs LEDs.

Lastly, we note that gamma irradiation-induced light output
degradation was also studied in the set of planar, TI Alj_yGayAs
LEDs. Generally, these devices were relatively insensitive to
gamma irradiation with no significant effects occurring until the
dose exceeded 107 rads. The TOKY values varied between 2.1 x 1072
rads~1 and 2.5 x 1078 rads~l. These values are given in Tables I

and II.

h. Long wavelength emitting LEDs - As will be shown in a

later chapter, both the intrinsic properties of optical fibers
and their radiation response characteristics provide considerable
motivation for operating a fiber optic 1link at wavelengths in
excess of 1.0 pym as opposed to the region near 0.82 pm. Conse-
quently, it 1is important to study the effects of radiation on
LEDs which operate above 1.0 pm. This is especially true for
wavelengths near 1.3 pm which is rapidly becoming a popular oper-
ating point for state-of-the-art fiber optic systems. In this
section we briefly summarize our radiation effects studies (Ref.
88) of InGaAs LEDs and InGaAsP LEDs.

The 1.06 pm emitting InGaAs LEDs subjected to both neutron
and gamma irradiations were obtained from RCA (C30116/F) where they
were fabricated on GaAs substrates using vapor phase epitaxy. The

effect of neutron irradiation on the light output as a function of



LED current is shown in Figure 1.27. These curves have a slope of
2.0 over most of the range as one would expect for a diffusion con-
trolled radiative current in the presence of an SCR controlled
total current. Based on these data, a 1oKn value of 1.0 x 10"'14
cm?2/n was calculated. This value is relatively small and indicates
that these LEDs are insensitive to neutron irradiation. One reason
for this is that these LEDs exhibit a minimal neutron-induced in-
crease in total current even at 9 x 1014 n/cm2., This is also true
for the gamma exposures for which the maximum dose of 5 x 108 rads
had no effect on the I-V characteristic. The oKy value derived
from light output degradation at constant current was 1.7 + 1 x 10-9
rads—1, also quite a small value.

As shown in Figure 1.28, the gamma induced degradation was
susceptible to forward bias induced recovery. A forward current
of 50 mA applied for 45 min at room temperature brought the light
intensity back to within a factor of 2 of the pre-irradiation
output.

The Plessey 1.3 pm emitting InGaAsP high radiance LEDs are
also relatively insensitive to neutron irradiation as demonstrated
by the data in Figure 1.29. These light intensity-current curves
indicate that the degradation rate depends significantly on current
and is less at higher current levels as one might expect for a
high radiance device. At the maximum current of 100 mA the

1K, value is 1.0 x 10”14 cm2/n.

Neutron damage effects in InGaAs LEDs emitting at 1.06 pm were
also studied by Arimura and Caldwell (Ref. 89) as part of an overall

development program for radiation hardened fiber optic 1links.

The Plessey GAL-103 LEDs examined were also found to be relatively
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insensitive to neutron irradiation. The authors found no degra-
dation in power output up to fluences of 1 x 1014 n/cm2.

The data on the InGaAs and InGaAsP LEDs indicate that these
devices are relatively insensitive to irradiation. Consequently,
long wavelength fiber optic link operation in a radiation environ-

ment should not be limited by radiation sensitivity of the light

sources.
3. TRANSIENT RADIATION EFFECTS

Essentially no work on transient radiation effects in LEDs
has been reported in the literature. Fortunately, work in our
laboratory (Ref. 74) indicates that transient effects should not
pose a severe problem for LED applications. In a study of the
sensitivity of LEDs to x-ray pulses a variety of LEDs were exposed
to 50 ns wide x-ray pulses from a Febetron x-ray machine in the
dose rate range, 107 to 1010 rads/s. Light from the LEDs was
detected by passing it through a shielded fiber to a Si PIN
photodiode with a response time of a few ns. The LEDs were
exposed in the passive state, and while being operated either in
the DC mode or in the pulse mode with a pulse width large compared
to the x-ray pulse. The results of these measurements indicated
that the only transient effect of the x-rays was a simple super-
position of a volume photoluminescence effect. 1In small area,
thin LEDs no x-ray dgenerated light output was observed because
of the small volume of semiconductor material in the LED. 1In
addition, when the x-ray pulse arrived during LED operation,

either DC or long pulse, no effects on LED output were observed.
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For large area, thick LEDs a light pulse from the LED was de-
tected during the x-ray pulse due to simple eXcess carrier genera-
tion by the x-rays with subsequent radiative recombination. An
example of an x-ray induced light pulse from a large area device
is shown in the oscilliscope traces in Figure 1.30 for a Monsanto
ME-5 GaAs LED. This emitter has an area of 2.3 x 1072 cm? (60 x 60
mils) which is roughly a factor of 10 greater than other typical
GaAs LEDs mentioned in this report (TIL-26, TIXL=-36). The middle
trace is the photodiode response to a 1.8 us wide LED current
pulse of 40 mA. Although nearly all the fiber was shielded, some
fiber luminescence was detected as shown by the bottom trace taken
at a higher dose rate of approximately 102 rads/s. Clearly,
however, there is very little fiber luminescence contributing to
the light pulses shown in the upper trace for a lower dose rate of
5.7 x 108 rads/s. Thus, this x-ray generated light pulse whose
shape is the same as the x-ray pulse, is due to radiative recombi-
nation in the GaAs. The shape and magnitude of the x-ray generated
light pulse were independent of the LED operating characteristics
present at the time of the pulse. For example, the light pulse
shown in Figure 1.30 was the same size whether or not the LED was
receiving current. In addition, no long tails were observed fol-
lowing the x-ray generated light pulse.

The small tail on the x-ray generated light pulse shown in
Figure 1.30 was believed to be associated with circuit time con-
stants (note the tail on the 1.8 ps wide light pulse) due to the
fact that the photodiode load resistor was placed some distance

away from the detector itself. Here, it is important to note that
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Febetron x-ray-induced light emission from a
large volume GaAs LED. Top trace: LED and
fiber exposed to a 30 nsec wide x-ray pulse at

a dose rate of 5.7 x 108 Rads/sec. Middle trace:
Light output of LED with no x-ray pulse. Bottom
trace: LED blocked with a dose rate of approxi-
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amphoterically Si doped LEDs were included in this study. One
might expect the x-ray-generated light pulse to last roughly as
long as the radiative decay time in these LEDs; that is, a few
tenths of a ps. Lastly, even for dose rates approaching 1010
rads/s the magnitude of the x-ray-generated light pulse in typi-
cal, smaller volume LEDs was negligible compared to the 1light
output at typical operating currents. We, therefore, conclude
that ionization induced effects are unimportant in most LEDs,
especially when compared to possible problems associated with
exposure of fibers and detectors to transient ionizing radiation.

More recently (Ref. 74), we have examined the effects of pulsed
neutron exposure on two relatively sensitive LEDS: an amphoter-
ically Si doped GaAs device (TIL-26) and an amphoterically Si
doped AlGaAs LED from Bell Labs. In addition, two relatively
resistant LEDs were exposed: a Zn diffused, dome shaped GaAs LED
(TIXL-35) and the Plessey AlGaAs LEDs (like P65B-13) referred to
earlier as part of the Avionics study. The LEDs were placed near
the SPR II reactor and shielded fibers were used to transfer the
light signal to a Si APD in a nearby instrument building. Just
prior to the neutron pulse the LED was turned on at a typical
operating current level and then the LED current pulse was ter-
minated well after the neutron pulse was over. Some difficulty
was encountered with spurious pulses at the APD during the neu-
tron pulse. Repeated experiments indicated that these pulses

were not due to direct interaction between the neutrons and the

LED. Rather, they were the result of electrical noise (pulses



were sometimes seen on the LED current monitoring trace), fiber
luminescence, and interaction of gamma rays directly with the
APD (pulse size was reduced by lead shielding around the APD).

Typical results for the two sensitive LED types and also the
TIXL-35 are shown in Figure 1.31. Figure l.3la graphically demon-
strates the radiation sensitivity of the TIL-26 when exposed to
a neutron pulse for which ¢ = 5 x 1012 n/cm2. Note that the
light output near the end of the current pulse is nearly zero in
contrast with the pre-shot signal of approximately 40 mV.
Similar data are shown in Figure 1.31b for the Bell Labs AlGaAs
LED which is also quite sensitive. This is not the case, however,
for the relatively radiation hard TIXL-35 GaAs LED shown in
Figure 1.31lc. Note that a pulse fluence of 4.4 x 1013 n/cm?
is required to produce a 60% reduction in output, a fluence
value nearly ten times that for the TIL-26.

Additional results of pulsed neutron measurements are shown
in Figure 1.32 for the bare Plessey AlGaAs LED P65B-13 and a Plessey
pigtailed AlGaAs device. In both cases the decrease in output
after the pulse is relatively small. As one might expect there
is a positive signal due to luminescence in the fiber pigtail.

All of the pulsed neutron results have two features in common.
First, there are no transient effects occurring within the LED
during and immediately after the neutron pulse. The LEDs operate
in normal fashion through the pulse and there is no increase in
output immediately after the pulse which would be characteristic
of transient damage recovery. Second, measurements several minutes
after the pulse indicate that there is also no slow component of

recovery.
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TII~26 exposad to neutron pulse
of 5x10'2n/cm?. Vertical deflec-
tion is l0nmvV/div. on upper trace
and 2V/div. on lower trace. LED
current = 100ma.
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Bell Labs GaAlAs: Si LED exposed
to 4.3x10''n/am?. Vertical
deflection is SmV/div. on upper
trace and 2V/div. on lower trace.
LED current = 50mA.

- p fo g b & 3%

TIXL~35 GaAs: Zn with a neutron
burst of 4.4x10°n/cm®. Vertical
deflection is 5nv/div. on upper
trace and 5V/div. on lowsr trace.
LED current = 150mA.

Fig.

1.31

Neutron pulse exposure

of three different LEDs:
TIL26 is a highly sensitive
amphoterically Si doped

GaAs device; the GaAlAs

LED in the center is also
amphoterically Si doped and
very sensitive. In the
bottom picture, the TIXL-35
is a Zn diffused, dome
shaped GaAs emitter whose
hardness is relatively good.
The peaks in the pictures
are artifacts due to elec-
trical noise and gamma rays.
The upper trace is the light
signal while the lower trace
is the LED current. Sweep
time for all three pictures
is 50us per division.



a) Plessey bare

Figure 1.32

Neutron pulse exposure of two Plessey LEDs:
a bare GaAlAs LED (P65B) and a pigtailed
GaAlAs device (C45) from the most recent
group. Special care was taken in these
later measurements to eliminate the extran-
eous effects of noise and gamma ray inter-
action with the detector. Therefore, the
peak in the lower picture is due to fiber
luminescence as one would expect since the
pigtail is also exposed. The upper trace
is the light signal (10mV/division) and the
lower trace is the LED current through a

25 @ resistor (1lv/division). Sweep time is
50us/division.

GaplAs 1LED
exposed to ¢ = 6.5x10!2n/cm?,

“| b) Plessey pigtailed GaAfas LED
exposed to ¢ = 5.1x10'*n/cm?.
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4, PROTON IRRADIATION EFFECTS

In our laboratory, we recently investigated the effects of
16 meV proton bombardment on several commercially available LEDs
(Ref. 90). 1Irradiations were performed at room temperature at the
Los Alamos Tandem Van de Graaf Accelerator Facility.

The LEDs used in the investigation were: an amphoterically Si-
doped GaAs LED (Texas Instruments TIL-26), a dome-shaped GaAs LED
(Texas Instruments TIXL-35), a high radiance, etched well AlGaAs
LED (Laser Diode Laboratories IRE-160), a side emitting AlGaAs LED
(Laser Diode Laboratories IRE-=150), and two long wavelength (1.30
pm emitting InGaAsP LEDs (Varian VLED-127 and Plessey CXLO1ll).

The proton-induced changes in current voltage characteristics
shown in Figure 1.33 for the TIXL-35 are typical of large area,
planar LEDs. As we have seen for neutron irradiation there is
considerable proton-added current over most of the voltage
range. The dashed curve, which is the difference between pre
and post irradiation I-V characteristics demonstrates that the
proton-induced excess current is an SCR current. Recall that a
major advantage of high radiance/high current density LEDs is
that they show minimal radiation-induced excess currents in
their practical operating ranges. The data in Figure 1.34 illus-
trate that this is also true for proton bombardment. Of the six
LED types investigated three are high radiance LEDs and it is
these three types in Figure 1.34 which show a minimal increase

in total current with increasing proton fluence.
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16-MeV proton irradiation of a Zn-diffused, dome-shaped
GaAs LED. The solid diamond symbols represent the
difference between the current after the final irradiation
(5%10'* p/cm*) and the pre-irradiation current. These data
have been displaced upward by a factor of 2 for clarity.
The slope of the dashed line through these points indicates
that the proton-added current is due to space-charge
recombination.
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The degradation of the light intensity-voltage characteristic
for the TIXL-35 is shown in Figure 1.35. Note that while the total
current is dominated by SCR over much of the voltage range (see
Figure 1.33), the light intensity is diffusion controlled (diode
factor =~ 1.0). Light intensity-current curves as a function of
proton fluence are shown in Figure 1.36. Using these data,
10Kp was calculated to be 3.8 x 10713 cmz/p for constant
current operation.

The normalized constant current light output degradation data
for all six LED types is summarized in Figure 1.37. Also shown for
comparison are neutron-induced degradation curves for three of the
six LED types, the IRE-160 (AlGaAs), the TIXL-35 (GaAs) and the
TIL-26 (GaAs). In all three cases, the neutron-induced light out-
put degradation rates are significantly less per unit fluence than
the proton degradation rates.

Although there is considerable variation in the amount of
degradation at a given fluence experienced by the LEDs in Figure
1.37, it is significant that for L/Ly << 1, the curves all have
approximately the same slope. In this range of L/L, values,

Equation 1.23 has the form,

_2_
n+2

1, (1.:.36)
(o]
(T) = To¥pra®-

Taking the log of each side one obtains

+ n;% log ¢ (1.37)
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so that if n is the same for all the LEDs, the slopes will be the
same and the variation in the curves in Figure 1.37 is essentially
determined by changes in the intercept, that is Tokp, n- Con-
sequently, the values of 1oKpn provide a valid basis for compar-
ing the relative radiation hardness of the LEDs. The values of
toKp for all the LEDs are given in Table II.

Comparisons of our results with the previous work of Hum and
Barry (Ref. 91) and Hardwick and Kalma (Ref. 92) are complicated by
the fact that the proton energy is different in each of the three
studies. While we employed 16-MeV protons, Hum and Barry (Ref.
91) used an energy of 100 MeV and Hardwick and Kalma (Ref. 92)
bombarded their LEDs with 30-MeV protons. Data from the 100-MeV
irradiations revealed a ToKp value of 1 x 10712 cmz/p, approxi-
mately 100 times smaller than the 7oK, value found for the TIL-26
in this study. This difference is too large to be accounted for by
the change in proton energy. The degradation rates found by Hard-
wick and Kalma (Ref. 92) using 30-MeV protons varied considerably
from one LED to another. However, the devices typically degraded
by 50% after 2 x 1011 p/cm2. This corresponds to a 10Kp of
2.9 x 10-12 cmz/p which falls within the range of our values.

Our investigation (Ref. 90) of proton damage in LEDs emitting
from .82 pum to 1.3 pm has shown that the effects of proton irradia-
tion are similar to those of other types of irradiation. The ampho-
terically Si-doped GaAs LED, TIL-26, with its relatively long pre-
irradiation minority carrier lifetime is very sensitive to protons

as it 1is to neutron and gamma irradiations. The value of the

lifetime~damage constant product, ToKp = 1.1 x 10_10 cm2/p, is

LL7
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nearly 1000 times larger than that for the most radiation hard LED,
the Varian-127-0222 InGaAsP high-radiance LED which emits.at |y
pm. As in the case of Si devices, the proton-induced degradation
rates of LED light output are significantly larger than for neutron
irradiation. Because of the inverse dependence of the Rutherford
scattering cross section on proton energy, the degradation rates
also vary inversely with proton energy so that one can expect
larger tOKp values at energies below 16 MeV until, of course,
the proton energy is too low to penetrate the LED or displace
lattice atoms. The damage constant KP will also increase with
the mass of the material exposed to proton bombardment, again
through the scattering cross section. Consequently, one can ex-
pect somewhat greater degradation rates in LEDs made up of heavier
elements, i.e., GaAs versus AlGaAs.

There are two proton-induced degradation components inherent
in the constant current operation of LEDs. First, the introduction
of defect-related, nonradiative recombination centers degrades the
lifetime and the light output through the increased competition
for excess carriers. This effect can be minimized by using an LED
with low preirradiation minority carrier lifetime, such as the Zn-
diffused, dome-shaped TIXL-35 GaAs emitter, or an LED such as the
Plessey AlGaAs device discussed in an earlier section which has a
very heavily doped active region. Second, as in the case of neu-
tron irradiation, proton irradiation can cause a significant in-
crease in LED current. This excess current is due to additional

recombination at defects in the space-charge layer. However, in



the case of high-radiance LEDs which operate at very high current
density, this effect is minimal. Therefore, the combination of
low preirradiation lifetime and high current density operation
leads to small wvalue of TOKP. The two long wavelength emitters
examined in this study, both high radiance devices, also show
minimal degradation at constant voltage, an indication of low
preirradiation lifetime. Consequently, these devices exhibit
excellent radiation hardness which favorably enhances the pro-
spects of using long wavelength fiber optic communication links

in radiation environments.
5. SUMMARY

The review of radiation effects in LEDs is summarized by
presenting Figure 1.38 and Tables I through V which give lifetime-
damage constant products for gamma irradiated GaAs LEDs (Table I),
gamma irradiated LEDs other than GaAs (Table II), neutron irra-
diated GaAs LEDs (Table III), neutron irradiated LEDs other than
GaAs (Table 1IV), and proton irradiated LEDs (Table V). Comments
and conclusions based on these Tables and Figure 1.38 will be accom-
panied by recommendations for radiation hardening. We emphasize
that our recommendations are made from the point of view of ra-
diation damage in LEDs. Obviously, the realistic selection of
an LED for a system exposed to a radiation environment must be
based, in part, on considerations of the radiation sensitivity
of other components of the optical data link: fibers, detectors,
preamplifiers, etc. In addition, for those applications where

the expected radiation exposure is minimal, such as certain
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Lifetime - Damage Constant Products for Gamma and Elec

Table I

tron Irradiated GaAs LEDs

LED Characteristics ‘o Ky,e- Toxy,e_ * Comments Reference
Zo diffused junction 2x10™ P en’ fe (L) Electron Irrad. 60
Zn diffused junction, n-type: 5x10 OTe/om3 - - 1x20713cr®/e™ (L) Electron Irrad,) Note Inverse 8
Zn diffused junction, n-type: 2x10"ITe/cm> - - 3.8x10 /(L) Electron Iryed,) Variation of TK 8
Zn diffused junction, n-type: 2x10- Te/cm - - 3,910 Pen’/e”(L)  Electron Irrad.) with Te Conc. &
Epi Laser Diode, p: 3.7x10'nfemd, n: 3.x10%%si/end  1.0x10°%sec 3.3 maasVsee™d  3.310"%Reas™l(1)  Sub-thresnold operation 7
Zn diffused into Si doped (1.5X101 g_n-a)B-oat Grown 2.1)(10“85ec 2.1 Hads-lsec-l 9,0}(10-63&&.5-1(?1) Closely compensated p-region, m = 1 64
Zn diffused junction > s 9.0x10™Rads (L) 67
Zn diffused into Te doped n-type 9.0x10“99ec 50 Rads‘lsec-l li.'leD-?Rﬂds‘l(h) n, = 1.2% 13
[ se - B 1.5x10" 'Rads ™ (r) Se shows greatest 58
l Sn - - e.ylo'TRms'l(—) annealing recovery 58
Vary n-Substrate Si - - le.sxlo'_"nads'l(—) -5
Dopant_Type Te 2 2 5.2¢10" 'Rads ™ (r.) sg
Concentrations 1x10% T ea™3 Ge - - 3.(}D<1O_TRads_1{w) 38
to alolgcm'3 Si(Amphoteric) = - B.hxlo'TRads'l{n) 58
Amphoterically Si doped, n: 1.5x10'%81 fen3, LPE Grown  2.7x10Tsec 3.1 Rads~lsec™:  8.1x10"Tmaas™i(x) ro= 14 =
Large Area, high power, Amphoterically Si doped 2.T><10'?sec 3.1 R&ds-lsec-l B.MlO-TRads_l(r'} Texas Instr., TIL-16 75
Large Area, high power, Amphoterically Si doped 2,710 'sec 1.3 Rads " sec™  1.2x10 °Rads™(r) 158 mi @ 1 Amp 75
hoterically Si doped 1.5x10" 'sec .4 Rads™“sec” .1x10" 'Rads™ (L Texas Instr, TIXL-13 76
Amp op Lx10”T L4 Liect ¢ Trads™t
Amphoterically Si doped 5.05(21.0-_Ir 1.5 Rads™Tsec T.leO'TRads'l(L) Texas Instr, TIL-26 67
Amphoterically Si doped . = 8.3x10" 'Rads™ (L., ) Texas Instr. TT1-26 86
High radiance, etched well, Ge doped “lxlo_ekads-ltm Plessey LED. No measurable 74
effect at mﬁ Rads
planar Ge doped 2.5%10 Praas™} (1) Texas Instruments LED
*Symbol in parentheses denotes parameter used to determine rUKY o
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Table II

Lifetime-Damage Constant Products for Gamma Irradiated LEDs Other Than GaAs

*

LED Characteristics TD K? TOKT Comments Reference
18 -3 -9 -1 -1 -8 -1
GaP, Diffuse Zn into Te (1x10 “cm ~) doped L.5%10" “sec L.} Rads “sec 2,0x10"° Rads™ (1) 42
GaP:N, Diffuse Zn into VEE (3><1016Te/mn3) 2.0¢10" sec 0.20Rads Tsec™t h.omlo'a Rm'l(n) Green emitting o = -012% 50
GaP:N, LPE Grown & < 1.1x1077 Reds™(r) Green emitting 87
GaP:Zn, 0, LPE Grown, p: 210°1Znfend, n: 7x10%7Tefen - - 3.6x20° raas~l(r) Recomb. & Zn-0 center -
i, S
Gads, oF) 5 - 1.0 Rads “sec - (n) s8
GaAs, P o ?.Oxlo-asec 0.43Rads tsec™t s,xm'8 Rad.s_l(n) Commercial Yellow Emitting 50
0.170. z n, = .01k,
-9 =y =] -g =1
Ga ggﬂ.t or\s LPE Layers on GaAs 3.0x10" “sec 2.4 Rads™ “sec 7.2¢1077 Rads "~ (n) Note Variation i - 0.3% 66
p: 210 0zn/cnd with Alloy
Ga As ( n: 210" 81e/en’ 1.0x10"sec 2.0 Rads~Tsec™t 2.0¢10°% Raas™1(n) Composi tion = 0.TT%
ot arte (o : : : n o 0ZOTHh s
- = - -1
Ga (M ghs 5.0x10" sec 1.7 Reds Lsec 8.5%10"7 Rads™(n) - =047k
Ga gsM 15hS - 2.0 Rads™'sec™ . ) -
Ga_gg AL o AS 1.7x10 % paas ™ 1)
Ga_gq Al goAs 3.9%10 *Rads 1 (L)
planar, Ge doped Ga g4 A7 .AS - heavily doped 2.6%10 Praas 1w
Ga_gg Al jAS 3.9%10 %Rads™ (1)
Ga gq Al ,oAS 2.1%10" "raas ™t tn
1.9 - Es T A 88

*Symbol in parentheses denotes parameter used to determine |UK .
v
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Lifetime-Damage Constant Pr

Table III

oducts for Neutron Irradiated GaAs LEDs

*
LED Characteristics To K, TKn Comments Reference
Zn Diffused Iaser Diode = - 3.2xlo‘15cme/n(L) Sub-Threshold Operation 69
: 19, em3 18,..,. 3 -10 6 2 -15_ 2
Epi laser Diode, p: 3.7x10 “Znfem®, n: 3.4x107"Sifem” | 7.1x10™ sec 1.8x10" em™/n.sec  1.3x10 “em fn(JSCR) } Sub-Threshold Operation 70
3.9&10'9 sec 1.8)<10'6::m2 n.sec 'i'.lxlo'lscmafn(t.) 70
“ - l.lxlo"lhcmafnfa'th) Variation of Threshold 70
18 -3 -8 5 2 =T Current

Zn Diffused into Si Doped (1.8x10" “em °) Boat Grown 1.9%10 ~ sec 2,5%10 em /n.sec 4.7x10 " em”/n(7) 52
Zn Diffused into Si Doped (1.5x1018cm—3) Boat Grown 2.1):10_8 sec 1.2x10"5cm2fn.5ec 2.5x10-13cm2/n(n) Closely Compensated 64

g 5 > -13 2 p-region, n,= 19
Zn Diffused into Te Doped n-Type 8.0x10™7 sec 5.0x10 “em”/n.sec  4.x107Zem~/n(r) G m 1.1% 66
Amphoterically Si Doped, n: 1.5x1018cm‘3, LFE Grown 3.5%¢107 " sec l.OxlO'scme/n.sec 3.5x10"Ben?/n(r) n, = 1% 64
Amphoterically Si Doped 1.8%.4x10" Tsec 2,0x10"6cm2 n.sec 3.61.8x10'13cm2[n(1.} Texas Instr. TIXI-13 76
Large Area, High Power, Amphoterically Si Doped 3.5¢10"7 sec  1.0x10 Cca®/n.sec  3.5x10"SexZ/n(n) {Texas Instr, TIXL-16 75
large Area, High Power, Amphoterically S5i Doped 3.5¢107 " sec 3.0x10-6cm2;n.sec 1.1.!10-12cm2/n(-r) 165 oW @ 1 Amp, 75
Amphoterieally Si Doped - - 3.8x10'13c;:12/n(1.,const. Jﬁ :H} Note Dependence 87
Texas Instr. TTL-26 s - 9.1x10™ 3en”/n(L, const. Iy, ,.)) on Method of 87
- - 1.6X10_12cm2/n(1.,c0nst. JSCDC) Determination 87
?13"?;{?‘;9%} into Te doped | 2x1018 zn/cm® 2.8x10"7sec  1.9x10™%am?/n.sec  5.2x10" 3cm?/n (1) 71

~3) planar o
sy Txlﬂi: Zn/cmj 2.2x1078sec  3.5x10%am@/n.sec  7.8x10"4em?/n (1) Note decreased ToKy, 7]
2x10192 zn/cm 1.7x108sec 1.9x10"6cm?/n.sec  3.3x10~14cm?/n (L) at high doging 71
Plessey High Radiance, Ge doped, f5.3x10" 4em?/n (1) Current = 10 maA 74
etchad well >

| 2.3x10" 4 /n (L) Current = 100 mA 74
Texas Instr. planar, Ge doped 1.9x10"B3em?/n (1) Current = 50 ma 73

*Symbol in parenthesis denotes parameter used to determine [
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Table IV

Lifetime-Duimge Constant Products for Neutron Irradiated LEDs Other Than GaAs

*
LED Charscteristics T5 Kn T OKn Comments Reference
GaP: Zn, 0, LPE Grown, p: 2x10°1Zn/cnd, n: Tx10™ Te/cm - - 2.2:(10'11’cm2/n{.rsm} &5
-1k
= - 2.7x10 cmaxn(L) 53
- - z.wm'luma/n(n mx) Reccmb, 8 Zn-0 Center 53
GaP: N, Zn Diffused into VPE {2.2x10151'e/mn3) 2.9(10-88ec l.wa-6cm2/n-sec h.’rxlo-lhmafn(T) 52
Gus_35p_65 } Zn Diffused into VPE 1.2x10"0sec b, 3)(10'6=:m2/ n-sec 5.1x10_1hm2/n('r) Note Variation with 52
16 - 17 - = - -
Gm\s-ssP__._]s Se: 5,010 "em 3 to 2.0¢10 Tg 3 5,5%X10 9899 9,1x10 scmeg p=sec 5.0x10 mcma{nh{ ) Alloy Composition 52
Gahs 1%, gyr Yellow 1.4x10 2 em?/n 1) 59
m:;a;:;m GahAs , P __, orange 7.4x10" 3em?/n (1) 59
GaP, green 4.8x10-13cm2/n(1-] a3
GaAs g1P 390 Ted 1.8x10 P em®/n (L) 59
sic 8.0X10 *en’/n (L) 38
=9 =5 2 =13 2 =
Ga gl o AS ) LPE Layers on GaAs 2X10 “sec 5,010 “em /[, gec  1.0x10 ~cm™/n(n) | Note Variation n, = S 66
. . = - 2 -
Ga g AL 1ghs § p: 10" 2n/cud 51075 27410/ n-sec _ 14x10"3ca/n(n) | with ALloy n= 1% e
Ga At ma; ) n: gxlolare{m3 810" %sec 8.6x10'6m2/ — 6.9(10-1hmafn(ﬂ) ) Composition e
e 4 -13 2
ba_94al_cﬁks. Ga.asai'nns Planar Texas l.9x10-l4cm2/n([,) ) 73
Ga 9431 061\5, heavy doping Instruments Ge 6.7X10 " em” /n(L) Current = 50 mA 73
Ga . AL __As doped 3.3%10" Y em /n (L) ] 73
.8077.20 V3]
2.4x10 cm /n(L)  Current = 0,54 mp 74
Plessey high radiance, etched well Ga'gshl_osns 3_1xlo"15m2;r‘(m Current = 150 mi 74
Plessey high radiance, etched well Ga AL ,_As, heavy doping 5.4:(10'15::::-2/:1 (L) Current = 100 mA 74
Laser Diode Labs IRE-103, GaAfAs high radiance edge emitter 7.8%10 " em”/n (L)
Laser Diode Labs IRE-160, GaAfAs high radiance etched well 1.1X10-14r;m2£n(1.}
RCA InGaAs - C30116/F - 1.06 um 1.0%10  Sem>/n (L) . 88
Plessey high radiance InGaAsP - 1.3 um 6.TX10-15m2/n(Ll

*Synbol in parenthesis denctes parameter used to determine 7 oKn'
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Lifetime-Damage Constant Products

Table V

for Proton Bombarded LEDs

LED Characteristics Ta KP TOKP* Comments Reference

Dome shaped, Zn diffused GaAs-TIXL-35-.90 um 3.8x10"3en? /5 (1)

16 MeV Protons 90
Amphoterically Si doped GaAs-TIL-26-.94 Lm 1.1x10-10em2 /p (L)
Amphoterically $i Doped 2.2x10"7sec 5.5%10~6cm?/p.sec  1.2x10" em?/p(L) 100 MeV Protons 91
Laser Diode Labs - IRE - 160, GaAlAs high 3.4x10"13en?/p(L) 90
radiance etched well - .82 um
Laser Diode Labs - IRE - 150, GaAlAs 6.4x]0“13cm2!p(L) 16 MeV Protons 90
edge emitter - .82 um
Varian - 127 - 0222 InGaAsP - 1.27 um 1.5x10_13cm2!p(L) 90
high radiance
Plessey - CXLOOl - InGaAsP - 1.3 um 3.0x10"3cm?/p (L) 90

*Symbol in parenthesis denotes parameter used to determing 10KP
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tactical systems, optoelectronic components selection may be
based on criteria other than radiation sensitivity.

Based on Tables I-V, Figure 1.38, and the preceding text, we
give the following conclusions and recommendations:

1. As discussed early in this Section, the damage constant K
is determined primarily by the nuclear interaction with the semi-
conductor atoms, and by the effectiveness of the specific defects
as recombination centers. Both of these characteristics are
dependent essentially only on the semiconductor material and
the type of radiation. The data in Tables I-IV tend to confirm
this statement because in Tables I and III which are restricted
to GaAs, there is a remarkable similarity in K values. However,
in Tables II and IV which are for a variety of materials, there is
a significantly wider variation in K values.

2. Comparison of the t,K values in Tables I and III indi-
cates that the method of determination of this product can have
some bearing on the value (see, for example, the three entries
in Table III, Ref. 87). Recall that t K values based on effi-
ciency and constant current measurements are influenced by the
effect of the irradiation on the total current. If irradiation
induces a change in the total current flow mechanism, the equa-
tion used to analyze efficiency or constant current light output
degradation will change in form as shown by a comparison of Equa-
tions 1.20 and 1.23. Therefore, care must be exercised in this
type of analysis, and we conclude that constant voltage determin-
ations of 1 ,K values are more reliable, although constant current
(efficiency) methods are more practical since LEDs are usually

operated at constant current.



3. Tables I, III, V and Figure 1,38 clearly show that ampho-
terically Si doped GaAs LEDs possess the greatest radiation sensi-
tivity and the largest 1,k values for both gamma and neutron
irradiation. The high degree of radiation sensitivity is due to
the long preirradiation lifetime and the presence of radiative
space-charge limited current (SCLC) flow at practical operating
current levels. The effect of a long initial lifetime is especially
obvious in this case because as we have noted above, the damage
constants are approximately the same for all the GaAs entries
independent of the details of crystal growth and LED manufacturing.
Therefore, since K is relatively constant, large =1, values are
not conducive to radiation hardening.

4. 1In this report we have drawn several distinctions between
amphoterically Si doped GaAs LEDs and those fabricated using
other dopants. Therefore, it is important to be able to distin-
guish the two types of devices merely on the basis of LED catalogue
information which does not usually contain descriptions of dopants
or growth methods. To illustrate how to do this, we reproduce
in Table VI a portion of the array of LEDs offered by Spectronics,
Inc., according to one of their catalogues. The two important
parameters we wish to focus attention on are the radiative rise
time, ty, and the peak wavelength Ape In our previous discus-
sion of amphoterically Si doped GaAs LEDs, it was pointed out
that the lifetimes and the peak emission wavelengths of these
devices are long. With this in mind, note the comparison of the
two parameters of interest between the SE6451, SE6452 devices

and the remainder of the LEDs. This comparison indicates that
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Table VI

Typical commercial specifications of GaAs LED characteristics [from a recent
Spectronics, Inc. Optoelectronic Components Catalogue].

PARAMETER OPTICAL BEAM | FORWARD REVERSE | RADIATION| PEAK  |FORWARD CURRENT MAXIMUM
POWER ANGLE DROP BREAKDOWN | RISE TIME |WAVELENGTH |  CONTINUOUS TEMPERATURE
26°C 25°C
TEST CONDITION| @1, (mA) Note 1 @1p (mA) I = 104A Ir =100mA | Ambient Case
SYMBOL Po 0 Ve BV i AP
UNIT mw degrees VOLTS VOLTS usec m mA oC
MIN [TYP] 1 | TYP | TYP|MAX] I | MIN | TYP TVP TYP MAX Operating Storage
SE-3451-1 1.0 00| 90 20| 100 2 0.7 935 100 760 | -65t0+100 |-65t0+ 100
SE-3451-2 20 |30 |100| 90 |13 |t7|w0| 6 0.7 935 100 760 | -65t0+100 |-65to+ 100
SE-3451-3 40 |60 |1w0| 90 |13 [t7|w0]| B 0.7 935 .00 750 | —65t0+100 [-65t0+ 100
SE-5450-1 05 w0 12 20|00 2 0.7 935 100 750 | —B5to+100 [-6510+ 100
SE-5450-2 1.0 |16 100 12 [13|17|1w00| 6 0.7 935 100 750 | -B510+100 |-85to+ 100
SE-5450-3 2.2 00| 12 |13 [17|w00]| B 0.7 935 100 750 | —65t0+100 |-6510+100
SE-5451-1 1.0 0] 16 2000 2 0.7 935 100 750 | —65to+100 |-65to+ 100
SE-5451-2 2.0 00 16 |13 [17[1w00]| 6 0.7 935 100 750 | —B5t0+100 |-651t0+ 100
SE-5451-3 35 00| 16 |13 [17[100]| B 0.7 935 100 750 | —65to+ 100 |65 1o+ 100
SE-8450.2°* |10 [15 [300| 135 | 1.8 |20 | 300 | 2 0.7 935 100 300° | otw70 50 10 90
SE64503** [15 |25 |300| 135 |18 |20 ]300 | 2 0.7 935 200 300* 0to 70 50 to 90
SE-6451-1"* | 0.4 300 120 [16 [20]300] .02 910 160 500" | -65to+100 |—8510+100
SE-64512** (1.0 300 120 |16 |20[300( 6 02 910 160 500* | —65to+100 [—B5to+ 100
SE-5451-3** (2.0 30| 120 [1.6 |20]|300[ 8 .02 910 160 §00* | —§5t0+100 |-B510+ 100
SEB452-1**  [1.3 000 120 |16 [20(1000| & .02 910 200 2000*
SE-8452.2** (3.4 1000 120 |16 |20 1000 | B .02 910 200 2000*
SE-4623**  [6.8 1000 120 |16 |20 w000 | s 02 910 200 2000° AL Wi
SE-B474.020 |20 300 150 |16 20300 30 0.7 935 160 500°
SE-6474-030  [30 30| 150 |16 |20)300| 30 0.7 935 160 500"
SE-B474-040 |40 300 150 |16 [20[300) 30 0.7 935 160 500"
SE-6477-030 |30 1000 150 | 1.6 |20 1000 [ 20 0.7 935 160 2000*
SE-8477-040 |40 1000 150 |16 |20 [1000 | 20 0.7 935 160 2000°
SE-8477-060 |60 1000 150 | 1.6 |20 (1000 | 20 0.7 936 160 2000°
SEB4782° 300 3000 | 180 | 2.2 | 3.0 [3000 | 2.0 0.7 836 200 3000*




all of the LEDs except the SE6451 and SE6452 emitters are ampho-
terically Si doped. The distinction between the twol device
types for peak wavelength and radiative rise or fall times is
then as follows: Ap = .90 to .91 pum for the SE6451, SE6452
while Ap = .93 to .95 pm for GaAs:Si; tr = 20 to 30ns for
the SE6451, SE6452, while t, = 300 to 700 ns for GaAs:Si. As
expected expected, the optical power output of the SE6451 and
SE6452 devices is low relative to the GaAs:Si LEDs. In addition,
as indicated in Table VI and in other LED catalogues, most of
the very high power output GaAs LEDs available today are ampho-
terically Si doped devices.

5. The practical possibilities of removing defects through
thermal annealing of LEDs are remote because very little recovery
is observed below 200°C, especially for neutron irradiated devices.
On the other hand, it may be practical in certain cases to reduce
the net degradation in gamma or electron irradiated LEDs and neutron
irradiated high radiance LEDs through the athermal defect anneal-
ing produced by forward biasing the device near room temperature.
This process is significant in GaAs and GaP although our review
indicates the observation of this effect 1is somewhat erratic.
For example, Figsures 1.17 and 1.28 show that bias annealing is
effective in GaAs:Zn and InGaAs LEDs, but not in GaAs:Si devices.
These results provide yet another reason for not using GaAs:Si
devices in radiation environments.

6. The presence of radiative SCLC flow, as encountered
in closely compensated p-regions such as the amphoterically Si

doped GaAs LED, should be avoided because it is highly sensitive
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to degradation as a comparison of Equation 1.30 with Equation 1.14
indicates. In addition, radiative SCLC will lead to light emission
over the entire p-region resulting in increased self-absorption
for devices mounted n-side up.

7. It is desirable to have the light output due to radiative
space charge recombination (SCR) because this mode of current flow
is insensitive to irradiation when the device is operated at
constant voltage. However, this is difficult to achieve at room
temperature with high efficiency. Most commercially available
LEDs show radiative SCR only at low temperatures.

8. Of the various type of LEDs reviewed in this work,
one of the most radiation tolerant is the SiC device (see Figures
1.2 and 1.3). Not only does radiative SCR persist at room tem-
perature, but there is also considerable evidence that radiation-
induced defects act as radiative recombination centers. Unfor-
tunately, these devices are not commercially available at the
present time.

9. The collection of constant current normalized 1light
output degradation curves in Figure 1.38 clearly indicates that
high radiance LEDs degrade less than others. Note that this is
a relatively general conclusion which does not depend on LED
material type. It has been shown that there is minimal neutron-
induced excess current at high current densities. In addition,
at very high current densities in the bimolecular recombination
range, one can reduce the lifetime by increasing the current

density (see Equation 1.5).



10. Our more recent work on AfGaAs LEDs from Texas Instru-
ments and Plessey has firmly established the fact that heavy
doping of the active region minimizes radiation sensitivity.
In most LEDs the radiative recombination is band-to-band or near
band-to-band so that, as suggested by Equation 1.1, the radiative
recombination rate can be increased by increased doping which leads
to a corresponding decrease in radiative lifetime. The 1K entries
in Tables II, III, and IV clearly demonstrate this effect. Fortu-
nately for commercial development of radiation hardened LEDs,
heavy doping also leads to high speed which is usually a desirable
characteristic irrespective of radiation considerations.

11. Our proton irradiation study (Ref. 90) (see Table V) has
shown that sensitivity to this type of irradiation follows the
same trends as for gamma and neutron irradiation. That is,
amphoterically Si doped GaAs LEDs are very sensitive, while high
radiance, heavily doped devices perform quite well. As for Si
devices, proton irradiation 1is more damaging per unit fluence
than is neutron irradiation. Note that the t,K values in Table V
afe greater than the <1, values in Tables III and 1IV.

12. Investigations of transient x-ray bombardment and trans-
ient neutron irradiation effects in LEDs have shown that there
are no unique or severe effects of pulsed irradiation. Active
measurements of LED behavior prior to, during, and following
pulsed neutron irradiation demonstrate that the LED behaves as if
it were exposed to a low flux, steady state irradiation. Ioniz-
ation effects in the form of photoluminescence are observed in

large volume LEDs at dose rates of the order of 1010 rads/s.
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As the dose rate is increased, one might expect to see the same
effect in smaller volume LEDs. While these effects appear to be
minimal it is noted that our measurements above 1010 rads/s
have been performed only on one type of AfGaAs LED. It is con-
ceivable that very high dose rates (2,1012 rads/s) may cause
new effects such as catastrophic failure.

13. Although the investigations of long wavelength (>1.0pum)
emitting LEDs have been somewhat limited, results thus far are
promising in that the LEDs studied (InGaAs, InGaAsP) appear to
be quite insensitive to irradiation (see Tables II, IV, and V
and Figure 1.38,

14. A comparison of Table I with Table II and of Table III
with Table IV shows that the 1,K values for non-GaAs LEDs are
significantly lower than for GaAs LEDs, with the exception of
the laser diodes, for all types of irradiation. This can be
attributed primarily to the shorter lifetimes in these other LED
materials. However, it 1is interesting to note that, on the
average, the Ky values are also less for the non-GaAs LEDs
than for the GaAs devices. In contrast, the K, values appear
to be actually somewhat larger for the non-GaAs devices. Al-
though K, and Ky both decrease with increasing Al content in
Al,Gay_yAs LEDs, as shown by the Ref. 66 entries in Tables
IT and IV, the value of K, = 8.6 x 107° cm?/n.s at 34% A
is still larger than all the K, values in Table III for GaAs
with the exception of two wvalues. Sorting out the physical
reasons for these various differences will reéuire additional

experimental investigation. One might expect, however, that the
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Ky values would be more independent of the material than the
Ky values. In contrast with neutron-induced cluster damage,
the point defects created during y irradiation are often mobile
at typical irradiation temperatures and can interact with re-
sidual impurities resulting in a greater variety of irradiation-
induced defects.

15. While the lifetime-damage constant products for non-GaAs
LEDs are generally smaller than those for GaAs LEDs, it does not
necessarily follow that the non-GaAs devices are always the best
choice for applications in a radiation environment. As we have
indicated earlier, one must also consider the initial power out-
put of the LED. In addition to low 1,k values, the non-GaAs
LEDs are often characterized by low output powers relative to the
GaAs devices. Consequently, for those applications requiring
high output power in the presence of low radiation fluences, a
GaAs LED may well be the better choice. The preceding statements
suggest that the 1 K value, which we have termed an "inverse"
figure of merit, does not adequately decribe the suitability of
a particular LED for radiation applications. To take into ac-
count the intial power output we propose using the quantity, F =
Po/JVi,K as a figure of merit for the usefulness of LEDs in a
radiation environment. Here, P, is the initial power output,
while J and V are the current and voltage, respectively, at which
P, is observed. Therefore, this quantity is the ratio of the
power efficiency, n p to the lifetime damage constant product:
F = '”p/"oK‘ The gquantity F also serves to emphasize the im-

portance of efforts to minimize 1, by increased doping without
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significant sacrifice in Npe To compare one LED against another,
values of F = np/toK can be calculated using information from
catalogues for power output and Tables I-V for i.K. If the
minimum acceptable power output and the radiation tolerance levels
are known, one can also calculate the expected degradation for the
maximum dose or fluence, &, to see if it matches the permissible
difference between initial output and minimum acceptable output.
Using a value of 1,K appropriate for the LED, one multiplies
by ® and adds 1.0 to obtain (1 + 1 K®). This number can be used

to estimate the degradation of the appropriate quantity as follows:

P L
59 or EE =1 + 10K¢ ;, constant ?oltage ’ (1.38)
operation
and
P L n
=2 or =2 or =2 = (1L + 7 K¢)3/2 , constant current (1.39)
P L n (o] . .
operation s

As we have seen, these equations can take several forms depending
on the radiative center profile and the current flow mechanisms.
Here we have assumed the most commonly observed case; that is, a
linearly graded profile and, for constant current, a diffusion-
limited total current flow which is appropriate for calculations

at large operating currents.



Sample calculations using the above equations are shown in
Tables VII and VIII for a variety of LEDs that are now commercially
available. The information in the first six columns of Tables VII
and VIII is taken from manufacturer's specifications. Note that
for most of the entries in Table VII the -:OKY values are deter-
mined in two ways as indicated in note 2. The agreement between
these two methods demonstrates that manufacturer specified rise
or fall times are adequate for calculating 1 K values. In the
case of neutron irradiation, 1 K, values are taken from Tables

III and IV. The figures of merit for gamma irradiation, F and

v’
for neutron irradiation, F,, are shown in column eight of both
Tables. In spite of the fact that the GaAs:Si devices have high
power efficiencies their extreme radiation sensitivity results
in nearly the smallest FY and F, values. Clearly, for low
to moderate power requirements the GaAs:Zn LED (TIXL-36) with
its large FY and F, values is the preferred emitter for
GaAs devices. With regard to the non-GaAs emitters, the high
radiance AlGaAs LEDs and the 1.3 pm InGaAsP LED have large
Fy's and Fp's making them attractive candidates for radiation
environment applications. In Table VII columns 9 and 10 provide
sample calculations of expected degradation in power output for
a gamma dose of 107 rads. In Table VIII we show expected
power outputs for 1012 n/ecm? and 1014 n/cm2. Once again,
the strong degradation of the GaAs:Si devices contrasts sharply
with the other entries in the Tables.

For the LEDs that are least sensitive to irradiation, a

comparison of the power degradation values in Tables VII and VIII
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TABLE VII
Sample calculations of the figure of merit, F, and power output
degradation for a variety of commercially available LEDs, -
P= p°(1+1ox 3) 2
R S et
Power Current Voltage B T
Manufacturer - Peak _ F =n, fTK § =1y 10' Rads
LED Type Device No, Wavelength Output, Pc at Po at Po 'cxy(“m'e 2) Y Po °7 P PF?O
1 b0% 1070 . 4 '
GaP Hewlett-Packard, 5082-4958 565 nm(green) 0,08 md 20 mA R * _g FRads 3.0 x 10" Rads 0.041 mid 0.52
7.0 x 10
1 3.9% 1078 5
GaAsP Hewlett-Packard, 5082-L558 583 (yellew) 0,11 10 2.2 : -8 1.4 x 10 0.059 0.%52
3.5 x 10
-8
GaAsP Hewlett-Packard, 5082-4658 635  (red) 0.56* 10 2.2 e 5.4 x 10° 0.3 0.56
3.0 x 10
1.7x 107
GaAlAs RCA, C30123 830 1.0 200 2.0 o7 -8 1.3 x 10° 0.77 0.77
2,0 x 10
6.3 % 1078 L
GaAtAs RCA, C30119 8s0 0.50 200 1.5 . -8 7.9% 10 0.38 0.75
. Y 2.0 x 10
3.0 x 1078 5
GaAs:Zn Texas Instr.,, TIXL 36 910 1.2 50 1.5 N -7 2.5 % 10 0.57 0.47
1.0 x 10
=7
GaAsiSi  Texas Instr., TII26 9k0 1.0 35 1.2 o Rl 3.6 % 10" 0.048 0.048
T.9% 10
.GaAs:Si Texas Instr., TIXL1EC gho ' koo 3000 1.8 8.4 x 1077 8.8 x 10" 13.9 0.035
InGeAs RCA, C30116 1060 0.2 50 3.0 1.6 x J.o'8 8.3 x 101‘ 0.16 0.80

1, A small uncertainty exists in these values because of the necessity of converting from photometric to radiometric units.
2. The upper TOK;f value is the product of the K value from Tables I-IV and the manufacturer-specified rise or fall time,
Lower values are taken directly from Tables I-IV.
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TABLE VIIL
Sample calculations of the figure of merit, F, and power output

degradation for a variety of commercially available LEDs.

3
P=P (141 K $ 2
o on

Power Current Voltage

Manufacturer - Peak 12 2 14 2
LED Type Device No. Wavelength Output, Pa e ?o at Po TOKn Fﬂ = nPclﬂ':okn €0 =1 x 107" n/cm” @ =1 x 107" n/ecm
GaAs? Monsanto, MVS053 0.67 im 60 W 20 ma LIV 18%10 7 cafa 9.8 x 10° ufcad 47 W 0.72 W
Gahs:si, si Texas Instr., TIL-26 0.94 um 1.0 md 35 mA 127 9.1 x10 2 en’/n 2.6 x 10'° n/en® .38 i 1.1 W
GaAs:Si, Si Texas Instr., TIXL-16C 0.94 um 400 oW 3.0 A 1.8V 7 %10 cal/n 1.1 x 10** n/en? 180 oW 0.7 W
GaAs:Zn Texas Instr., TIKL-36 0.90 um 1.2 mW 50 mA L5V 5.0%10 % cat/n 3.2 x 10*! n/ca’ 1.1 ul 0.08 =W
GaAs, high Plessey, HR-950 0.90 um 0.6 oM 300 mA 1.6 v 2.3x10% el 5.4 % 1020 n/ca’ 0.6 oW 0.1 W
radiance, etched (out of
well, pigtailed pigtail)
GaAlAs, high Laser Diode Labs, IRE-103 0.82 um 1.0 mi 300 mA 1.8V 7.8x10 % e 2.5 x 10 afen? 1.0 oW 0.42
radiance, edge
emitter
GaAlAs, high Laser Diode Labs, IRE-160 0.82 1m 0.30 oW 100 mA 2.0 1.1x 102 en?ln 1.4 x 10 nfen? 0.30 oW 0.10 uwW
radiance,
etched well
InGaAs RCA, C30116/F 1.06 im 0.2 mW 50 mA 3.0v 1.0x10 % calm 1.3 x 10! nyen? 0.2 oM 0.07 oW
InGaAsP Plessey, CXLOL1 1.3 tm % 0.4 md 150 mA 3.0V 6.7 x 1072 en/n 1.3 x 10 n/en® 0.4 mi 0.2 uH
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with typical military radiation tolerance requirements indicates
that total dose due to gamma irradiation is not a particularly
important problem. Consequently, the critical consideration for
most LEDs will be sensitivity to neutron damage.

16. As a concluding statement to our summary we describe
the optimum LED for radiation exposure. This device should be
a high radiance LED which operates at high current densities in
its normal range. The active region of the LED should be heavily
doped to enhance the speed of the device and also the radiative
recombination rate. When this rate is high the minority carrier
lifetime for radiative recombination is small making the total
lifetime less sensitive to irradiation. If only one side of the
LED, say the p-region, is active, then the possible doping level
increase may be limited because the injection efficiency must be
maintained high by keeping the non-active side of the junction
even more heavily doped.

The LED material should be either ternary or guaternary since
these materials are somewhat less sensitive than binary material
LEDs when other characteristics are equal. With regard to the
choice of a specific material, and hence a particular wavelength,
the above criteria do not restrict the choice to one LED material.
This is fortuitous in that it allows operating wavelength selection
to be determined by possibly more restrictive characteristics
such as fiber radiation sensitivity, fiber bandwidth, and detector
response to ionizing radiation. Considering present commercial
availability of LEDs, AlGaAs devices in the .82 pym to .85 um
range, and InGaAsP LEDs in the 1.2 pm to 1.6 pm range should

be equally good. from the point of view of radiation hardness.
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IT. SEMICONDUCTOR LASER DIODES

During the last several years, laser diodes have progressed
from the simple GaAs p-n Jjunction device which had a very high
threshold current density, Jp, to more sophisticated double
heterostructure stripe geometry lasers which are capable of room
temperature CW operation (Ref.l). More recent efforts have concen-
trated on a reduction of the magnitude and temperature dependence
of Jp (Ref.2), and on mode stabilization to facilitate single
mode operation (Ref.3). Once this has been achieved, high density
optical communication 1links will become a reality. Therefore,
it is appropriate to assume that laser diodes will also play a
role in high data rate transmission links which will be exposed
to a radiation environment. In addition to this motivation for
studying radiation damage in laser diodes, it will be shown, as
in the case of LEDs, that the introduction of defects in a con-
trolled manner can provide information about the pre-irradiation

properties of laser diodes.
1. RELEVANT PRE-IRRADIATION PROPERTIES

The method of construction of a simple injection laser diode
is illustrated in Figure 2.1. The size of the diode itself is
usually kept small because of heat dissipation requirements and
the large current densities which are required to produce laser
action. The laser diode is mounted on a heat sink whose dimensions

are large compared to the diode's dimensions. In order to achieve
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Fig. 2.1 Basic structure of a junction laser in the form
of a Fabry-Perot cavity, i.e., a pair of parallel
planes are cleaved or polished and the two remain-
ing sides roughened [from S. M. Sze, Physics of
Semiconductor Devices (Wiley-Interscience, N.Y.,
1969)].




laser action the device must also be formed into an optical cavity.
This is most easily done by forming a Fabry-Perot cavity as shown
in Figure 2.1, As indicated, the sides of the device are roughened
to eliminate reflection. The ends are cleaved or polished parallel
to each other to achieve high internal reflection. Sometimes a
special reflecting coating is also put on the ends. Typical di-
mensions are 100 pym to 200 pm for the cavity length and 10 pm to
30 pm for the width. For increased output power the diodes can be
stacked in arrays. Unfortunately, the simple homojunction laser
structure shown in Figure 2.1 has quite high threshold currents be-
cause of poor carrier confinement and high cavity losses due to
relatively poor waveguiding. These problems can be alleviated
to a large extent by fabricating a double heterostructure (DH)
laser in which the active region is sandwiched between layers of
a larger band gap material, i.e. a GaAs active region between
AlGaAs layers. This greatly improves both carrier confinement and
waveguiding within the active region. 1In the typical commercial
DH laser, the active region 1is restricted to a narrow stripe
through proton bombardment or oxide isolation. Even greater com-
plexities have been introduced in recent years using alternative
fabrication techniques and sophisticated geometries in order to
improve a variety of laser performance properties, such as mode
stability or the amount of power coupled into a fiber. The end
result is an extensive and rather bewildering array of laser
types (Ref.4).

Commercially available laser diodes are restricted to fewer

semiconductor materials than are LEDs. This is primarily because
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laser action is much easier to achieve in a semiconductor with a
direct energy gap. In such a material, the band-to-band optical
transition is a first-order process so that the optical gain is
high. However, the same transition in an indirect gap semiconduc-
tor is a second-order process because it involves the emission or
absorption of phonons. Dumke (Ref.5) has shown that free carrier
absorption can be a significant irreducible loss mechanism in
laser diodes. At the very high injection levels required for
laser action, absorption of emitted light by free carriers becomes
important. This 1is also a second-order process of the same
magnitude as emission in an indirect gap material. Consequently,
the achievement of laser action in an indirect gap material is
very difficult.

With the aid of Figure 2.2, we wish to consider three basic
transition processes occurring in a direct-gap material that play
a major role in semiconductor laser action (Ref.4). Figure 2.2a
depicts the usual absorption process in which an atom in the ground
state, Ej, absorbs a photon of energy hvip = E3-E] and is trans-
ferred into the excited state, Ej;. After a short time, corres-
ponding to the spontaneous lifetime of the excited state, the
excited atom will decay to the ground state without any outside
disturbance with the emission of a photon of energy hvys (Figure
2.2b). In the case of stimulated emission shown in Figure 2.2c
the excited atom interacts with the electro-magnetic field asso-
ciated with the hvyy photon and immediately decays to the ground
state with the emission of a photon of energy hvjy which is in

phase with the stimulating incident photon. In order for the



BEFORE J AF TER

£y Swe=—————

|
hy ‘
l{/‘\./'\r- :
EI__I_.._ |
|
— e

(a) ABSORPTION

hvu
AN

(b) SPONTANEOUS EMISSION

|
£, —— |
hy | ~~ee hyjp
1 ] A~ hlﬁa
| (IN PMASE)
E‘ | PR T—
|

(¢) STIMULATED EMISSION

Fig. 2.2 The three basic transition processes between two
energy levels E] and E;. The black dots indicate
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the left; the final state, after the process has
occurred, is at the right [from S. M. Sze, Physics
of Semiconductor Devices (Wiley-Interscience, N.Y.,
1969)1].
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stimulated emission rate to exceed the absorption rate, a popula-
tion inversion must exist in the crystal corresponding to a
larger number of atoms in the excited state than in the ground
state., This situation is illustrated in Figure 2.3 where enough
carriers have been excited into the conduction band tail to
cause inversion. This condition can be achieved in an injection
laser by degenerately doping the p-side, and preferably also the
n-side, and then injecting a large number of electrons into the
conduction band tail on the p-side. The region where laser
action occurs, called the active region (see Figure 2.1), is in
or near the junction; this is a heavily compensated region where
the n-type and p-type doping is degenerate resulting in the band
tails shown in Figure 2.3.

The condition of population inversion necessary to give
greater emission than absorption can be derived in a more quanti=
tative fashion as follows (Ref.4). The emission rate for transi-
tions from filled states near energy, E, in the conduction band
to empty states at E - hv in the valence band is given by the
product of the number of occupied states, ng(E)Fo(E), and the
number of unoccupied wvalence band states, ny(E = hy)[l =
Fy(E - hv)]. Here, ng(E) and ny(E) are the densities of
states in the conduction band and valence band, respectively,
and Fo(E) and Fy(E) are the occupation probabilities given
by the Fermi-Dirac distribution for states in the conduction and
valence bands, respectively:

J;
Fo(E) = (2.1)

E-E
1 + exp ( FC)
kT
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Fig. 2.3 A special distribution of density of states where
the conduction band has a band tail and the wvalence
band has a high density of impurity states which
merges with the main valence band [from S. M. Sze,
Physics of Semiconductor Devices (Wiley-Interscience,
N. Y., 1969)].
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where Epc 1is the quasi-Fermi level for electrons. The total

emission rate, Wy, is found by integrating the desired product

over energy.

We=Bfnc(E)Fc(E}nv(E - hv)[1 - F,(E - hv)] dE, em™3 sec™!  (2.2)

where B is a constant containing various material parameters. The
product for the absorption rate is formed and integrated in a
similar, but opposite, manner so that the total absorption rate,

Wy, 1is
Wa=Ban[E - hv)F,(E - hy)n (E)[1 - F_(E)] dE, cn™3 sec™l  (2.3)

Substituting Equation 2.1 into Equations 2.2 and 2.3, and inte-

grating one finds that the condition for achieving gain or ampli-

fication, that is, for W, > W, is given by

This condition is shown in the energy band diagram of Figure 2.3.

Recall that the usual injection laser diode is constructed
as shown in Figure 2.1 with cleaved or polished ends of reflectiv-
ity, R. This forms a Fabry-Perot cavity of length, £.. In
order to find the relationship between the threshold gain and
the losses, we need to consider the change in intensity dL,
caused in an increment of length, dx, along f, by the gains
and losses. Assuming that the condition given by Equation 2.4
holds, the gain per unit length, g, will be positive (emission >

absorption) and the increase in L in dx is (gdx)L. The internal



loss per unit length, «, which is primarily due to free carrier
absorption and scattering out of the active region, causes a

decrease in L in dx of (adx)L. The net change in L is
dL = (g - a)Ldx , arbitrary units (2.5)

One then integrates Equation 2.5 over a complete traversal of the
light path, that is, down to one end of the cavity and back again.
At each end the light leakage out the end (end losses) is deter-

mined by R. The result is
L = LiR2e2(g-a)£c , arbitrary units (2.6)

where L;i is the initial intensity. The threshold for light oscil-
lation in the cavity is reached when the light wave suffers no
attenuation in traversing the complete path 24,. Setting L = Lj
one obtains

(g-a) 24
Re =1 (2.7)

or

i
glc = als + 1In r (2.8)

with the total gain on the left side of Equation 2.8 and the
internal plus end losses given by the right side. The threshold
current density. Jgq, can be related phenomenologically to the
gain, g, by defining a gain factor, B, as g = pJp. For

this definition of g,

Ty = . [a +-i-ln(%0] . A/cm2 (2.9)

T B 1c
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More detailed derivations of threshold current based on an analysis
of stimulated and spontaneous emission and also absorption are
given in several references (Refs.l,4,6,7). These considerations

show that B is given by

2

nic
B = ——a——— , cm/A (2.10)

Bnqnzvzﬁvd

r
where ni is the internal quantum efficiency, n, is the refractive
index, v and Av are the frequency and line width of the laser line,

respectively, and d is the active region width.

With regard to radiation damage effects, it is important to

note that the quantum efficiency, n , in Equation 2.10 which

determines B is characteristic of near-threshold operation. The

quantity n; can be written as

L/
ne = = P (2.11)

1/11— + 1/an Tr

where 1, and t,, are the radiative and non-radiative recombina-
tion lifetimes, and 1 is the total measured lifetime. Just below
threshold, 7, is the spontaneous radiative lifetime characteristic
of LED operation which is of the order of a few ns. However, well
above Jp, 71, is the stimulated radiative lifetime which is approxi-
mately 10711 ¢ (Ref.8). Consequently, under intense lasing
conditions 1 is determined by 1, and niy = 1.0. Therefore, many
more irradiation induced non-radiative recombination centers would
have to be introduced to affect ny well above Jp. However, Jp
itself will be sensitive to irradiation to about the same degree

as the LED output of the laser when operated below threshold.



2. RADIATION DAMAGE IN LASER DIODES

In the previous Section our review of radiation effects in
laser diodes was restricted to sub-threshold operation where the
laser is essentially an LED. In this Section, attention is
focused on the effects of irradiation on laser diode operation
at and above the threshold current.

In an early study, Saji and Inuishi (Ref.9) studied the effect
of Co-60 gamma irradiation on GaAs lasers and found that the thres-
hold current and laser peak energy increased with gamma dose.
Recovery of the threshold current was observed following thermal
anneals between 120°C and 240°C. However, the peak energy shift
did not recover with annealing. It is interesting to compare
these results with our study (Ref.l10) of gamma irradiation of
GaAs laser diodes below the threshold. Recall that a major portion
of the damage could be removed by forward biasing the diodes.
One might then expect that Saji and Inuishi (Ref.9) would have
observed very little damage by examining their diodes above
threshold. The fact that they did observe significant damage
can probably be attributed to the way in which the experiment
was conducted. They operated their diodes at 77°K with current
pulses 1 ps wide at a pulse rate of 5 Hz. The low temperature
and low duty cycle were probably responsible for the lack of
significant injection annealing.

Compton and Cesena (Ref.ll) studied the effects of electrons

and gamma rays on GaAs laser diodes and found that the radiation
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induced increase in threshold current observed in their experiments
and shown in Figure 2.4 could be attributed to a decrease in radia-
tive efficiency, nj, which occurs in the gain factor (see Equation
2.10). Although no thermal annealing was observed by Compton and
Cesena (Ref.ll) principally due to the low maximum annealing tem-
perature of 100°C imposed by package limitations, they did observe
considerable room temperature forward bias-induced recovery of
the threshold current. Compton and Cesena (Ref.ll) also observed
changes in the mode structure of the laser spectrum following
irradiation. Two groups of modes were observed after irradiation
separated by about 6 A. The individual modes were not as
sharp as 1in the preirradiation case probably because of the
increased heating during a pulse.

In our study (Ref.12) of neutron damage in laser diodes above
and below threshold, the effect of neutron irradiation on the
threshold current density, Jp, was examined over the temperature
range, 76 K to 300 K. As irradiation proceeded, Jp was observed
to increase uniformly over the entire temperature range. As in
the case of Compton and Cesena's (Ref.ll) work, it was assumed
that the neutron induced increase in Jp was due primarily to a
decrease in nj because of the presence of neutron-induced non-
radiative recombination centers. With this assumption, Equation
2.9 was modified to include the effects of irradiation, and it was
shown that the increase in threshold current, Jp - Jq,, where

Jpe is the pre-irradiation value, was proportional to toKp®.
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The resulting equation for Jqp - Jp, provided a satisfactory fit
to the plot of (Jp-Jp,) versus & over the temperature range,
76 K to 265 K, allowing the determination of t1oKp = 1.1 x
10~14cm2 a value fairly close to that of 7.1 x 1015 getermined
from the degradation of subthreshold light intensity with neutron
fluence (see Table III). As suggested earlier, these results
provide confirming evidence that Jp increases at approximately
the same rate with irradiation as the LED light output decreases
with fluence. This follows from the fact that the gain factor, B8,
is controlled by the ratio of the total lifetime to the spontan-
eous radiative lifetime.

Results of a later study (Ref.13) in our laboratory provided
further confirmation that the primary damage effect was a reduction
in nj. This experiment was based on the form of Equation 2.9
which indicates that if one plots Jp versus (1/2,) 2n (1/R) for
a set of lasers with varying cavity lengths 2., the slope of
such a curve is 1/B and the intercept is a/B. Consequently, the
manner in which the slope and intercept change with neutron irra-
diation should reveal whether Jp decreases because of an increase
in @ or a decrease in B. Neutron irradiation of a set of laser
diodes with different 2, values, obtained from RCA, showed that
B decreased while « remained essentially constant following a
cumulative fluence of 8.4 x 1013 n/cm?. 1In addition, calculation
of the expected decrease in B using the 15K, value determined
o-14

in the previous study (Ref.l12) (1.1 x 1 cm?) agreed with the

observed decrease in B.



In addition to an examination of lasers of varying lengths,
the effects of neutron irradiation on the spatial diatribuﬁion of
laser output were also studied (Ref.l3). Room temperature near-
field patterns of standard-length laser diodes were obtained by
taking infrared photomicrographs at currents above Jgp. In con-
trast with electf'on irradiation which introduces macroscopic
(20 - 30 pm) non-lasing regions (Ref.l4) neutron irradiation did
not change the nearfield pattern which was usually non-uniform
in unirradiated diodes. This difference was attributed to the
possible presence of mobile point defects which migrate either
during electron irradiation or laser operation, to form large
agglomerations of defects resulting in large non-lasing regions.
In contrast, one does not expect neutron damage to produce mobile
point defects.

In a third study (Ref.l1l5) in our laboratory, the laser diodes
examined in previous studies (Refs.l1l2 and 13) were subjected to
neutron irradiation and their total light output was examined
from low sub-threshold currents to the maximum permissible current
above Jp. Room temperature results of these measurements are
shown in Figure 2.5. In the sub-threshold region, designated
as region 1 in Figure 2.5, the laser is essentially an LED and
exhibits the expected degradation of light output with increasing
®. Because the light output increases very rapidly just above Jg
as lasing begins, and because Jgp is sensitive to irradiation,
neutron irradiation causes drastic decreases in light output for
constant currents near Jp (region 2 in Figure 2.5). In marked
contrast with this sensitivity, at currents well above Jp (region

3) the 1light output is insensitive to neutron irradiation.
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INTENSITY, ARBITRARY UNITS
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This result is even more dramatic at low temperatures where, for
some laser diodes, the light output increases following irradia-
tion. The insensitivity to irradiation at high currents was attri-
buted to the very short radiative lifetimes, of the order of 10-11
(Ref.8) characteristic of intense laser operation. These results
are important from a practical point of view because they show
that laser diodes are insensitive to irradiation at high currents.
Since this radiation hardness is due to the fact that the minority
carrier lifetime is controlled by the very short stimulated
radiative lifetime, which is characteristic of all laser diodes,
we expect this result to be applicable to laser diodes in general.

This general result was further confirmed by a more recent
study (Ref.16) in our laboratory of a variety of sophisticated
state-ofthe art laser diodes. These included AlGaAs CW stripe
geometry DH lasers and both pulsed and CW InGaAsP long wavelength
(1200 nm to 1.3 nm) emitting lasers. The results in Figure 2.6
for an RCA InGaAsP laser are typical of the devices examined in
this study. As for the earlier lasers, the 1light output is
insensitive to irradiation well above Jgp. Also note that Jp
is more sensitive to irradiation at higher temperatures.

The normalized increases in threshold currents for most of
the laser types investigated in this study (Ref.l16) are shown in
Figure 2.7 at room temperature and 218 K. Note that the most sen-
sitive device is a relatively simple, high Jp GaAs laser similar
to those investigated previously (Refs.12,13,15). The results
in Figure 2.7 indicate that for those lasers with a minimal in-

crease in Jp with temperature, the radiation sensitivity and its
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temperature dependence are also both minimal. This is an encour-
aging result since there is considerable motivation to reduce
the temperature dependence of Jp irrespective of any consideration
of radiation sensitivity.

For one of the long wavelength emitting devices, neutron-
enhanced operational degradation was observed (Ref.l16). Intui-
tively, one would expect similarities and possible interactions
between radiation induced defects and slow, operational bulk
degradation in lasers. Recent work (Refs.l7 and 18) has shown
that defects of various types can be present in lasers as fabri-
cated, and that these defects can move and agglomerate during
operation resulting in output degradation. Consequently, if
additional defects are added through irradiation, the potential
for greater operational degradation should be present. An example
of such behavior (Ref.16) is shown in Figure 2.8 for an InGaAsP
pulsed laser. The sequence of operations represented by the
data in this Figure was as follows. Prior to irradiation, the
laser was operated for one hour at room temperature at maximum
allowable pulse current, pulse width, and duty cycle. As shown
in Figure 2.8 this did not degrade the output. The laser was
then irradiated to a neutron fluence in excess of 1013 n/cmz
which also did not degrade the performance. However, when the
laser was again operated for one hour under maximum conditions,
severe degradation was observed as shown in Figure 2.8. Thus,
it appears that the neutron induced defects caused severe device
degradation through operationally-induced re-orientation of the

defect structure and distribution.
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In another recent study, Ackerman and Walsh (Ref.19) examined
the effects of neutrons and Co-60 gamma rays on commercially
available CW AlGaAs laser diodes from two suppliers. These de-
vices were the same as those investigated in our recent study (Ref.
16). Degradation rates found by these authors were very similar
to those observed in our previous studies (Refs. 10,12,15,16)
resulting in similar lifetime-damage constant products as pointed
out in a review of such work by Aukerman et. al. (Ref.20). There was,
however, an important exception for the RCA AlGaAs laser (C
30127) when exposed to gamma rays. This device was found to be
extremely sensitive: 1 x 104 Rads reduced the output by a
factor of 2. This rather anomalous result could be an ionization-
induced surface effect and further investigation is required.

Another laser diode property which may be susceptible to
radiation is the time required for the laser to turn on after
application of a current pulse. Pulsed operation of injection
laser diodes near room temperature has shown, 1in some cases
(Refs.21-23), that there is a delay in laser turn-on after appli=-
cation of the driving current pulse. This delay is greatest for
currents near Jgp and can reach values as high as a few hundred
nanoseconds. The time delay has been explained using a double
acceptor trapping model in which the empty second charged state
of the trap causes strong optical absorption at the laser wave-
length (Ref.23). Once this charged state is filled, the absorp-
tion decreases and the laser turns on. Since the model is based
on the existence of nonradiative traps, it 1is possible that

similar centers introduced by irradiation could induce the time



delay. This effect has been studied by Schroeder, et. al. (Ref.24)
in neutron irradiated GaAs laser diodes. A neutron induced time
delay was found which increased with fluence. The effect was
most pronounced at currents well above Jp where the time delay
prior to irradiation was quite short. 1In addition, it was deter-
mined that laser operation at a current about 20 percent above
Jp minimized the damage-induced time delay in laser turn-on.
Thus far, we have discussed the effects of neutrons, gamma
rays, and electrons on laser diodes. The results of a recent study
by Minden (Ref.25) on protonbombardment of laser diodes are inter-
esting because they differ with our earlier neutron damage studies.
(Refs.12 and 13). Following 2 MeV proton bombardment, the thres-
hold current increased. This was accompanied by majority carrier
removal in the active p-type GaAs region. However, no increase
in total current at low voltages was observed following bombard-
ment. This latter result led to the conclusion that the proton-
induced defects acted primarily as hole traps rather than as
recombination centers. Further, it was concluded that the trapped
holes were responsible for increased optical absorption in the
active region 1leading to an increase in «a. Consequently, in
contrast with neutron irradiation, proton bonbardment increases
e but does not have a significant affect on the gain factor, B.
A more recent study (Ref.26) of proton damage in GaAs lasers

has shown that the damage can be highly orientation dependent.
In agreement with Minden (Ref.25) irradiation with 1.5 MeV protons
perpendicular to the junction plane, that is, parallel to current

flow, did not result in a significant change in current voltage
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characteristic. However, irradiation parallel to the Jjunction
plane into one facet resulted in significant increases in diode
current even though the protons penetrated only a fraction of
the distance into the cavity (~ 20 pm into a > 500 pm cavity).
Such an irradiation may have created a current shunt path along
the near-surface region. This result is reminiscent of Ackerman
and Walsh's (Ref.19) observation of the sensitivity of the RCA laser
to Co=60 irradiation. Irradiation parallel to the junction also
resulted in a light output degradation rate several times greater
than that observed for perpendicular irradiation. While this
result may be attributed in part to the current increase, it may
also be due to a proton-induced change in the reflecting proper-
ties of the facet.

Lastly, we wish to mention other studies (Refs. 20,27,28)
which discuss laser radiation damage within the context of fiber
optic systems applications in radiation environments. While
there appears to be some question about reliability and aging
characteristics, irrespective of radiation effects, Aukerman,
et. al. (Ref.20) and Evans and Leary (Ref.28) conclude that
laser diodes are insensitive enough to irradiation to be employed
in fiber optic 1links for radiation environments. Greenwell
(Ref.27) in his analysis of fiber optic 1links for the Ground
Launched Cruise Missile (GLCM) concludes that LED's are preferable
to laser diodes at the present time primarily because this
system does not require very high data rates, and also because

of the greater reliability and simplicity of use of LED's.



Note that this choice was not based primarily on radiation sen-
gitivity. Thus, we see that in the case of systems considera-

tions, parameters other than radiation sensitivity may play a

greater role in component selection.
3. SUMMARY

Studies of radiation damage in laser diodes have shown that
injection laser operation is quite radiation insensitive because
of the very short pre-irradiation lifetimes characteristic of
intense laser operation. Therefore, these devices should perform
quite well in those optoelectronic applications requiring exposure
to a radiation environment. Care should be taken, however, to
select a laser diode with low threshold current and high maximum
allowable operating current. One should also be sure that the
maximum expected radiation fluence will not cause an increase in
Jp which results in laser shut-down at the operating current.
The radiation-induced increase in Jp can be calculated using
subthreshold 1 K values for lasers and LEDs in a manner similar
to that used to calculate light output degradation for LEDs in
the previous Section. The effect of irradiation on Jgp can be
minimized by selecting lasers whose sub-threshold operation is

similar to that of radiation-insensitive LEDs as described in

the previous Section.
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III. OPTICAL FIBERS

One can envisage many optoelectronic applications in which
transmission of signals over finite distances is required and,
hence, an optical fiber must be interposed between the emitter
and detector. If such a data transmission link will be exposed
to a radiation environment, an awareness of radiation effects in
fibers can assist the designer in choosing those emitters and de-
tectors which will minimize the effects of damage in the trans-
mission link as a whole. The principal variable that must be
chosen in this case is the wavelength of the light which will carry
the signal. We have seen that a wvariety of LEDs and lasers are
available which emit at several different peak wavelengths. In
addition, various detectors are available which cover broad wave-
length ranges. Consequently, there is enough flexibility in the
choice of wavelength for emitters and detectors to allow consider-
ation of those wavelengths at which radiation damage effects,
either permanent or transient, are minimal in the optical fiber.
In this section, we consider the work on radiation effects in
fibers essentially from this point of view; that is, what re-

strictions does it place on the choice of emitters and detectors.
1. RELEVANT PRE-IRRADIATION PROPERTIES

Prior to a review of radiation damage effects, we briefly
discuss the properties of optical fibers relevant to this report.

More detailed presentations can be found elsewhere, (Refs.1-4)



including several books, (Refs.5-8) and articles in trade magazines
(Refs.9 and 10) and Scientific American (Refs.1ll and 12).

a. Operating characteristics - During recent years several

types of fibers have been developed including step-index fibers,
graded-index fibers, 1loose clad fibers (Ref.13), hollow core
fibers (Ref.14) and liquid core fibers (Ref.1l5). The latter three
types are rather exotic and do not enjoy wide usage. The opera-
tion of step index fibers is based on a difference in refractive
indices between that for the core of the fiber, ngo, and that
for the cladding surrounding the core, ngy. Light entering
the fiber core at an angle, 85, with the fiber axis will be
refracted by the core material to an angle 6. The 1light ray
will experience total internal reflection at the core-cladding
interface and propagate down the fiber as 1long as 0 is less
than the critical angle, 6c = arc cos (ngy/neo). The magnitude
of the total acceptance angle for light entering the fiber is
usually expressed by the numerical aperture, N.A., which is given
by
N.A. = ngg sin 08c = [ngg - nclll/z. (3.1)

Typically, ngp - ngyg ~ .01 to .04, N.A. =~ 0.1 to 0.3, and 6, » 10°
to 15°., As one would expect, the larger the N.A., the easier it
is to couple an LED to the fiber. It has been shown (Ref.16) that
the coupling efficiency for butt-end coupling of an LED to a
step index fiber is proportional to (N.A.)2 when the LED emitting

area is less than or equal to the size of the fiber core.
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Unlike the step index fiber which depends on total internal
reflection for confinement, n,, of the graded index fiber decreases
from the center of the core to the cladding edge which results in
confinement by continuous refraction of the light waves. This
continuous bending of the light ray results in a near-sinusoidal
ray pattern in contrast with the segmented straight-line ray re-
flection pattern in the step index fiber. As we will see shortly,
the confinement method of the graded index fiber is highly advan-
tageous compared to that of the step index fiber.

A light pulse of a certain shape and magnitude will, upon
entering and traveling a significant distance through a real, non-
ideal fiber, experience a reduction in magnitude and a temporal
spreading of the pulse shape. The first effect is due to attenu-
ation in the fiber, while the latter is due to dispersion. The
attempt to minimize both of these deleterious effects has been
the driving force behind continued modification and improvement
of optical fibers. The operating wavelength chosen for a fiber
optic link is also often determined by the need to avoid these
effects. Hence, they can dictate the choice of source and de-
tector. Therefore, it is pertinent to briefly discuss attenuation
and dispersion in fibers.

b. Fiber dispersion - The three types of dispersion which

cause degradation of the pulse shape and, hence, 1limit the
fiber bandwidth are:
1) modal dispersion

2) material dispersion
3) waveguide dispersion



In the case of step index fibers, we have noted that the
coupling efficiency can increase as (N.A.)z. Unfortunately,
modal dispersion effects also increase as (N.A.)2 in the step
index fiber. Because of the different angles at which 1light
rays can enter the fiber and the consequent differing path
lengths traveled by these rays, several modes of electromagnetic
propagation are set up within the fiber with differing group
velocities for each of the modes. It has been shown (Ref.l17) that
the number of modes, Ny, that can be supported by the fiber is

proportional to the square of the core radius, rcz, and (N.A.)z:

nro N.A. 2
Np = 0. 5| — (3.2)

A
where A is the wavelength of the light. The various group veloc-
ities associated with these modes lead to dispersion or pulse
broadening which limits the information bandwidth of multi-mode
step-index fibers. The maximum difference in arrival time at the
end of a fiber of given length is also proportional to (N.A.)?2
and is typically 20 ns to 50 ns/km.2'3'5_8 Consequently, one
is forced to make a compromise between efficient coupling of the
LED to the step-index fiber, and the maximum bandwidth of the
fiber. 1In spite of this, multi-mode step index fibers are attrac-
tive and useful, especially for moderate length and bandwidth
applications that require transmission of considerable power.
Fortunately, the observed mode dispersion is not as severe as ex-
pected for two reasons. First, higher order modes are severely

attenuated. Second, there is coupling between modes caused by
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longitudinal geometric and index of refraction wvariations along
the fiber (Ref.18). If the mode mixing is sufficient the
differences in group velocities will average out and the disper-
sion will be minimized.

The primary reason for the development of the graded index
fiber was to minimize modal dispersion without sacrificing the
coupling efficiency advantages of a relatively large N.A. fiber.
When the index of refraction is smaller away from the core center
line, those rays which enter the core at a large angle and, hence,
have a longer path length, travel much of their path length in the
lower index outer regions of the core where the velocity is higher
than at the center of the core. When the index distribution is
parabolic, the axial rays which travel a shorter distance, but
at a slower speed, arrive at the fiber end at nearly the same
time as the rays entering at a large angle. The net result is a
reduction in multi-mode broadening to about 1 ns/km (Ref.6).

An alternate method of avoiding multi-mode dispersion is to
eliminate all modes but the axial mode by reducing the core radius
to a point where it will only support the axial mode as suggested
by Equation 3.2.However, single mode fibers are restricted to a
maximum radius of only a few microns which imposes two difficulties.
First, it is difficult to manufacture long, uniform fibers at
these radii and also maintain a close tolerance on the refractive
index difference. Second, the only way to efficiently couple
light into a small diameter fiber core is to use an injection

laser. However, a great deal of progress has been made recently



in the manufacture of single mode fibers (Ref.19) and in the
development of reliable 1laser diodes (Ref.20). Therefore in
spite of these difficulties, single mode telephone systems have
been deployed (Ref.21) and a single mode link operating at 5 GHz
has been demonstrated (Ref.22).

Material dispersion and waveguide dispersion are both chro-
matic effects, that is, they depend on the presence of light of
more than a single wavelength. Waveguide or intermodal dispersion
arises because the group velocity of a given guided mode in a
fiber depends on the wavelength. This type of dispersion is
usually negligible unless both material and modal dispersion have
been eliminated. Material or intramodal dispersion is present
because the refractive index of the fiber material varies with
wavelength in such a way that dznco/d)x2 is non-zero. Thus, the

pulse broadening in time, At, in a fiber of length, L, is

2 2
At _ A A d™n ns/km (3..3)
il == - T - — r L
L c A arl

where ¢ is the speed of light and A)x is the source bandwidth.
Fortunately, glasses have a wavelength value at which material
dispersion is zero. For pure silica this occurs at A» = 1.27
pm (Ref.23). This =zero dispersion wavelength can shift within
the range 1.2 puym to 1.5 pm depending on the glass type and the
dopants in the glass. For example, the addition of significant
amounts of Ge to silica shifts the =zero point from 1.27 pm to
longer wavelengths (Ref.5) The existence of zero dispersion points

at wavelengths in excess of 1.0 pm has provided considerable
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motivation for developing sources and detectors in this wavelength
range so that very high data rate, low loss systems can be con-
structed. At shorter wavelengths, a viable alternative is to
substitute a laser for an LED to minimize material dispersion.
For example, at 0.85 um a typical AlGaAs LED will have a A\ of
a few hundred angstroms resulting in a broadening of a few ns/km
while the use of an AlGaAs laser at the same wavelength will
reduce pulse broadening by a factor of about 30 to 100 (Refs.5
and 6). These results, and other aspects of dispersion-induced
broadening are summarized in Figure 3.1 from Reference 24. Note
that the pulse broadening can vary by more than a factor of 1000
depending on the type of fiber and the source spectral width.

c. Fiber attenuation - There are two mechanisms responsible

for the attenuation which reduces the magnitude of the 1light
signal as it travels down a fiber, The first is due to a variety
of scattering mechanisms such as Raman or Brillouin scattering,
scattering off imperfections, and Rayleigh scattering. In a
normal, high quality fiber the only type of scattering which is
significant is Rayleigh scattering (Refs.6 and 25). This type
arises because of refractive index fluctuations in the glass due
primarily to fluctuations in the atomic density of the basic
material, and also to variations in the density of intentionally
added impurities. It is important to note that this is essen-
tially an intrinsic effect and represents the lower attenuation
limit attainable for glass fibers. The Rayleigh scattering
loss, «a,, is given approximately by ap = Ag 14, and therefore

has a very strong dependence on wavelength. Recent measurements
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(Ref.25) indicate that the scattering coefficient, Ag, -is be-
tween 0.5 and 1.5 dB « km~1 « pm4, In recent years many fibers
have been fabricated which possess total attenuation figures
near the Rayleigh scattering limit at wavelengths of interest.

The second and far more important attenuation mechanism from
our point of view, is absorption of light within the fiber. Since
the most important effect of radiation is a significant increase
in absorption, we will be primarily concerned with this type of
attenuation throughout the remainder of this Section. In addition
to radiation-induced absorption centers (color centers), absorp-
tion in the fiber prior to any irradiation can also be significant.
These attenuation effects are due to either intrinsic absorption,
such as electron transitions and Si-O bond-induced absorption,
or to impurities, such as dopants, OH-radicals, or transition
metals, which may or may not be intentionally added to the fiber.
Because of the nature of fibers, absorption is expressed in dB/km
of fiber length rather than as em~l as is usually the case for

absorption coefficients. The two units are related as follows,

ds
attenuation in - - 4.34 x 105 (absorption coeff. in cm~1l) (3
m

so that an attenuation of 10 dB/km, suitable for a practical fiber
of significant length is equal to 2.3 x 1075 cm~l, an exceedingly
small absorption coefficient.

The spectral behavior of various attenuation mechanisms is

summarized in the composite graph shown in Figure 3.2 (Ref.6).
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Herein, relative attenuation rather than dB/km is plotted over a
very broad wavelength range. Note that at the present time the
range of practical interest is approximately 0.8 um to 1.6 um
All of the curves are absorption spectra with the exception of
the Rayleigh scattering curve which, as we have already indicated,
decreases rapidly with A.

The various absorption phenomena can be classed as either
intrinsic or extrinsic. The intrinsic absorption curves in Figure
3.2 are due to electronic transitions and Si-O bond vibrations.
Because they are associated with the basic fiber material, these
intrinsic mechanisms cannot be reduced significantly for a given
type of glass. The electronic transition spectrum is due to elec-
tron-hole transitions near the band edge which have been broadened
by local variations in the electric field (Ref.6). Fortunately,
the broadening is wusually not strong enough to cause strong
absorption in the near IR region of practical interest. It is
also fortunate that the UV attenuating mechanisms (Rayleigh
scattering and electronic transitions) in combination with the
strong far-IR absorption due to molecular Si-O0 bond vibrations,
form a window between about 0.7 pm and 2 pm which corresponds
with the wavelength region of available efficient sources and
detectors. It should be noted that the IR side of this window
can vary significantly from one glass to another and with various
dopants added to the glass (Refs.26 and 27).

As shown in Figure 3.2, the attenuation in the window region
is dominated by impurity absorption due to such species as OH

and transition metals. Consequently considerable effort has been



expended to eliminate unwanted impurities throulgh glass purifi-
cation, and to find index-modifying dopants which do not strongly
absorb in this region. éince the data in Figure 3.2 are given .in
relative units, we should note that an attenuation of about 1dB/km
is expected for transition metal ion concentrations of one ppb,
while the same loss is produced by OH concentrations of about one
ppm (Ref.B). Progress in fiber fabrication techniques has essen-
tially eliminated problems due to metals (Refs.28 and 29) but
OH-induced absorption is somewhat more troublesome because it
can come from several sources such as water absorption in starting
materials, dissolution of starting materials, and contamination
from nearby atmospheres (Ref.6).

Actual attenuation spectra for three typical low-loss silica
fibers are shown in Figure 3.3 for the near IR. The absorption
bands due to OH, centered at 0.95 um and 0.725 pm, are superimposed
on a continuously increasing attenuation with decreasing A. As
indicated by curve C, if the fiber is manufactured from "water-
free" high purity fused silica, the OH band is significantly
reduced. Spectra of fibers made by a variety of techniques from
dbped and high purity silicas are of this general appearance
(Refs.3,5-8) as are the spectra for the better low-loss fibers
made from compound glasses such as Selfoc (Refs.3 and 30).
Recent reports of low loss fibers (Refs.29 and 31) also show
the inverse dependence of attenuation on wavelength as the Rayleigh
scattering limit is approached for the wavelength range below
about 1.3 pm. An example of a state-of-the-art fiber with

very low losses is shown in Figure 3.4 from the work of Miya,
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et. al. (Ref.29). This fiber is composed of a Ge doped silica
core and a pure silica cladding. The index difference (0.0028)
and the core diameter (9.8 pm) are both quite small as appropriate
for a single mode fiber. The bands at 1.24 pm and 1.39 um
are due to residual OH. Note that near 1.3 pm and 1.6 pm
the attenuation is below 1 dB/km. In fact, the value of 0.20
dB/km at 1.55 pm is very <close to the Rayleigh scattering
limit of 0.18 dB/km at this wavelength. These results also
demonstrate that dopants, in this case Ge, can be added to the
fiber core without sacrificing low attenuation characteristics.

Although the high purity doped and undoped silica core fibers
possess low losses, they are relatively expensive, especially
single mode fibers. Unfortunately, the less expensive, common
compound glasses such as Pb flint, Zn crown, and Ba-La crown
glasses contain relatively large impurity concentrations and there-
fore exhibit strong attenuation in the near IR and visible. Near
A= 1.0 um, Pb flint and Zn crown glasses possess intrinsic losses
of 103 to 104 dB/km (Ref.32). It has been argued (Ref.32), however,
that these losses can be reduced to acceptable levels for short
fiber runs. Recent work (Ref.33) in which losses as low as 20
dB/km were reported for Pb flint fibers, indicates that this
approach may hold promise for the future.

Another important class of fibers are the plastic fibers such
as polystyrene and polymethylmethacrylate (PMMA) which possess
somewhat differernt absorption spectra compared to the high silica
glasses. While they exhibit an absorption edge which increases

with decreasing wavelength as one proceeds from the near IR into



the visible and ultra-violet, they also possess several intrinsic
absorption bands for wavelengths greater than 0.80 pm which cause
prohibitively high losses in this region (Refs.34 and 35). Conse-
quently, visible emitting LEDs discussed earlier such as GaP and
GaAsP, are more appropriate purely from the point of view of
intrinsic loss. Since the plastics also show absorption edges
increasing toward shorter wavelength, the optimum wavelength
range would correspond to the visible red, such as 0.65 pm
(Refs.34 and 35), which is above the absorption edge but also
below the intrinsic absorption bands. The GaP:Zn, O LED and
GaAsP LEDs are most appropriate for this range. Therefore,
plastic fiber-visible LED combinations are appropriate for very

short length data links and visible display applications.

d. Mechanical properties - Recent studies (Refs.6,36-40) have

shown that fiber attenuation properties are susceptible to
mechanical stress. This is an important consideration for certain
applications which employ very rapid and rather exotic fiber
pay-out techniques. 1In addition, although little work has been
done in the area, there is some evidence in the literature and
from work in our laboratory that there are strong synergistic
effects of stress and radiation.

Increased losses due to mechanical loading fall into two
classes. First, are so-called bending losses which increase the
attenuation because the radius of curvature of the fiber is too
small. The critical radius below which significant loss occurs

is inversely proportional to N.A. (Ref.6). Even in a straight
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length of fiber, bending losses can occur through so-called
"microbending" in which a small particle or mechanical defect
in the cladding or jacket causes a bump to occur in the £fiber.
The second class of mechanical distortion has to do with
actual mechanical stress applied to the fiber through such pro-
cesses as winding, payout, Jjacketing, and rigid fastening to a
supporting substrate. These processes include both dynamic streng-
th and static strength loading. Catastrophic failures due to
limitations of dynamic strength are important but a more in-
sidious effect, and one that is most important for long term
storage and usage, is static fatigue. This type of failure begins
at a flaw in the fiber, such as a crack or hackle or dust particle
within the glass (Refs.6,37 and 38). In addition to the presence
of stress, moisture also considerably enhances the propagation
of a flaw which leads to increasing attenuation and static failure.
An additional complication with regard to failure testing is
that static failure coefficients or "constants" are not independent
of fiber length (Refs.36 and 38) and must be used with care in
extrapolating to long fiber lengths. Lastly, recent Raman studies
(Ref.39) have shown that stress causes changes in Si-O bond
lengths as well as changes in the glass network structure.
Consequently, one might expect intrinsic losses in the IR to

change markedly due to stress.

e. LED and laser selection - The introductory remarks to this

section indicated that one of the more important parameters

on which to base selection of LED-fiber combinations is the



wavelength of the signal-carrying light. The dispersion and
attenuation data summarized above for various fibers represent
examples of the type of information required for proceeding with
this selection. While the relationships between intrinsic
losses and radiation induced losses in fibers are often complex,
it is natural to consider the intrinsic losses in fibers prior
to any examination of radiation-induced effects. The general
form of the attenuation spectra for low loss silica core fibers
represented by the data in Figures 3.2, 3.3, and 3.4 suggests
that the appropriate wavelength regions for minimum loss are the
minima between the various OH bands; that is, .82 pm, 1.05 um,
1.2 pm, 1.3 pm, and 1.55 pm. As indicated above, these minima
can shift depending on the glass type and the dopants. Also
recall that the longest wavelength, 1.55 pm, is limited on the
high wavelength side by the instrinsic IR absorption. The
wavelength region near 0.82 um corresponds to the peak emission
wavelength of Gaj_yAlyAs LEDs and lasers, where larger x values
give emission at shorter wavelengths. The technology of these
devices is well established and high power, high reliability
emitters are available from a variety of suppliers. These include
optimized configurations, such as high radiance Burrus and edge
emitting LEDS which can be efficiently coupled to fibers.

Recent interest and development has focused on the longer
wavelengths, especially 1.3 pm and 1.5 pm. Indeed, since the orig-
inal writing of this Report in 1976, one of the most rapidly ad-
vancing research and development areas has centered on fibers,

sources and detectors for the wavelength range 1.2 ym to 1.6 pm.
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Not only are the attenuation losses extremely low in this range (see
Fig. 3.4), but also the material dispersion is near zero at wave-
lengths within this range. LEDs, lasers, and detectors fabricated
from various materials are now commercially available for operation
between 1.2 pym and 1.6 pm. As indicated in other Sections, the
most important material system for these devices is the quaternary,
InGaAsP.

In summary, then, one can list the following points with
regard to wavelength selection based on intrinsic losses in fibers:

1. For very short length applications and wvisible display
purposes, plastic fibers coupled to visible-emitting sources are
appropriate.

2. Multimode, step-index fibers are appropriate for short
length applications which require only low to moderate data rates
but high power transmission. The wavelength of choice would be
the 0.80 pm to 0.85 pm window.

3. At moderate lengths and bit rates a graded index fiber
also operating near 0.82 pm is most desirable.

4. For very high data rate, long length applications, single
mode fibers coupled to 0.82 pm laser diodes are appropriate.
However, the very low attenuation values and the lack of material
dispersion at long wavelengths suggest that the long wavelength

region near 1.3 pm to 1.6 um is ultimately the most desirable.



2. RADIATION DAMAGE EFFECTS

It has been well established that the operation of optical
fibers can be severely impaired in radiation environments. 1In
particular, false signals can be generated by luminescence and
signal strengths can be lowered by radiation-induced absorption.
These effects are illustrated in Figure 3.5 for a polystyrene
fiber exposed to a 1 krad dose from a 50 ns wide x-ray pulse
(Ref.35). During irradiation the signal level increases due to
luminescence generated in the fiber. Immediately after the peak
of the x-ray pulse the signal level decreases and becomes less
than the preirradiation level due to radiation-induced absorption,
and then recovers with time to some permanent value. Typically

the absorption remaining 24 hours after irradiation is considered

permanent, although in reality thermally-induced recovery processes

continue indefinitely. Consequently, the demarcation between
"transient" and ‘"permanent" attenuation is somewhat arbitrary
and often highly dependent on the ambient temperature. However,
we will retain this distinction in our discussion of radiation
effects in fibers. This will be followed by a review of photo-
bleaching studies which is the area of research our laboratory
has been currently investigating.

Since the original edition of this Report (1976), there has
been intensive effort devoted to research on radiation effects
in optical fibers. This is exemplified by three symposia at recent
meetings (Refs.41-43) and several recent review articles (Refs.
8,44-51) on this subject. This Report will emphasize this more

recent work including that in our laboratory. We begin with a
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Fig. 3.5 An oscilloscope trace demonstrating radiation-induced
luminescence and absorption in a polystyrene fiber
bundle. The sharp increase in detected intensity,
which peaks at 100 ns, is caused by luminescence in the
fiber. A minimum in detected intensity is seen to occur
near 170 ns, shortly after the termination of the ir-
radiation, and indicates the maximum transient absorption
(from P. L. Mattern, L. M. Watkins, C. D. Skoog, J. R.
Brandon and E. H. Barsis, IEEE Trans. Nucl. Sci. NS-21,
No. 6, 81 (1974)).
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discussion of permanent damage effects in fibers and glasses.

a. Permanent damage effects - Permanent radiation-induced

attenuation has been studied in a wide variety of glasses and
optical fibers. An example of such work is shown in Figure 3.6
taken from Friebele et. al. (Ref.52) Attenuation in dB/km is
plotted versus Co-60 gamma ray dose for several fibers. At this
point, we will not discuss any of these results in detail, except
to emphasize the wide variation in response of different fibers.
First, we wish to make some background comments on radiation
effects in bulk materials.

(1) Defects in glasses - Early work (Refs.53 and 54) estab-

lished that irradiation of natural quartz and fused silica resulted
in the growth of absorption bands associated with the creation of
color centers as in the alkali halides. The most powerful tool
for the microscopic identification of such centers is electron
spin resonance (ESR). Once the structure of a color center is
established by its characteristic ESR signature, correlations
can be made between absorption bands and ESR signals through
various parameters such as gamma-induced growth rates and iso-
chronal annealing stages. In this way, one hopes to identify
specific absorption bands with defects of known structure. Because
of the nature of the ESR measurement, such identifications have
usually been made in quartz and silica bulk material rather than
in fibers. An excellent example of such a study is that by
Griscom, et al (Ref. 54a) in which several correlations were
made between ESR identified defects and optical absorption bands

in P doped silica. Recent reviews of the microscopic nature of de-

199



200

INDUCED LOSS (db/km)

Fig.

l/
|04E '
: BTL SiOp=P,05
- Corguide Graded >
b /7 —
3 v i
10°E -
= FCl S20 o
. : y - /, /
102 = H%:‘:Edz"r z, S/ : Corguide Step
- Suprasll | PC
E P / // BTL 8102‘6902'%05
 / / Corguide Step
g
l00 : 4 Gﬂmeo S|°2'6302' B203
o // Duport PFX-PI4OR
B / '
7 '
lo-! L L e L L Ll b e L Lpaii L Lipin L L e
100 o, 102 I03 l04 109 108
DOSE [RADS (Si]
3.6 Co-60 induced-attenuation growth curves for a variety

of fibers at .820 um. Dose rates weie 25 rad/min for
doses less than 100 rad and 1.8 x 10% rad/min for doses
larger than 100 rad. Note that some of the curves are
nearly linear while others show saturation effects (from
E. J. Friebele, M. E. Gingerich, and G. H. Sigel, Jr.,
Appl. Phys. Lett. 32, 619 (1978)).



fects in quartz and silica have been provided by Griscom (Refs.54a
and 55), and Friebele et. al. (Ref.56), Weil (Ref.57) and éreaves
(Ref.58). We wish to merely indicate some of the most pertinent
features of this large body of excellent work.

As schematically depicted in Figure 3.7, during exposure to
irradiation, one can expect that a wide variety of defects will
be created, and that the growth and anneal of these centers will
proceed simultaneously in a complex fashion. The net result of
this, as illustrated in Figure 3.8, is a wide variation in radia-
tion sensitivity and in the resulting attenuation spectra for
different glasses. This situation comes about because of the
structure of quartz and silica in which both ionic and covalent
bonding occur (Ref.53). 1In addition, as shown in Figure 3.7, a
variety of impurities and defects such as dangling bonds, oxygen
vacancies, and peroxy radicals, are often present even in high
purity, quality materials, especially fibers. Color centers can
be created in several ways in quartz and silica by both ionization
and displacement. However, for those types of radiation which
are strongly ionizing, direct displacement damage is believed to
play a minor role in the build-up of color centers until wvery
large doses are reached. This is primarily because large concen-
trations of trapping centers, often called precursors, are present
prior to irradiation. The trapping of radiation-induced electrons
and holes at these sites then constitutes the formation of color
centers. Representative examples are given in Figure 3.7 and
will be mentioned below.

An additional color center formation process, often referred
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to as radiolysis, is important and introduces a considerable amount
of complexity. In radiolysis, after trapping an electron or hole,
the trap becomes mobile, or if it is a complex center, breaks up
and one or more of the components migrates away from the original
site. As shown in Figure 3.7, an example of this process occurs
in quartz which contains significant concentrations of Al, Ge,
and an alkali (Refs.55 and 59). Prior to irradiation, many of the
substitutional Al atoms are charge compensated by nearby alkali
cations since Al normally has one less positive charge than the
host Si atom. Upon irradiation, holes are trapped at the Al
center and provide charge compensation which allows the alkali
cation to migrate and, in turn, become part of a Ge center. It
should be noted that hydrogen, an ubiquitous impurity in glasses,
often plays the same role as the alkali atom. Such exchange
reactions obviously complicate the color center formation and
annealing processes which go on during irradiation. The kinetics
of such processes are also influenced by the variation in concen-
trations of impurities and native defects. For example, for low
concentrations of precursors, color center saturation can be
observed. The above comments lead one to conclude that it is
not surprising that many growth rate curves such as those in
Figure 3.6 are not linear with dose.

One of the earliest and most widely studied (Ref.57) color
centers in quartz is the so-called "Al center". The bare Al cen-
ter, that is one that is not compensated by a nearby atom, consists
of a hole trapped in a non-bonding 2 p orbital of an oxygen bonded

to a substitutional Al and a neighboring Si atom. This center is



shown on the right side of Figure 3.7. As suggested in the prev-
ious paragraph, it is possible for an alkali or hydrogen atom to
compensate the Al. In this case irradiation can produce different
centers depending on the irradiation temperature which, in turn,
governs the mobility of the migrating species (Ref.55). Although
certain authors (Ref.60) are in disagreement, it is generally
held that the bare Al center in quartz is associated with visible
optical absorption bands at 2.0 eV and 2.6 eV (Ref.55).

With regard to most color centers, including the Al center,
there are strong similarities between crystalline quartz and fused
silica. This is not surprising since color center absorption
processes depend on short range order rather than coupling to the
lattice through phonon interactions. A greater variety of centers
can be expected in silica, however, because many impurities, such
as boron, which cannot be incorporated in crystalline quartz are
easily added to silica glasses. In addition, silica will often
tolerate greater concentrations of impurities. 1In the case of
boron, an analogue to the Al center is found in borosilicate
giasses. The ability to more easily incorporate impurities in

silica can complicate the color center distribution and behavior,

however. For example, Sigel (Ref.59) found that the visible absorp-

tion spectrum of silica was much more dramatically affected by

irradiation when the glass contained both Al and alkali atoms as

compared to silica containing either of these species by themselves.

The most important native defect center in gquartz and fused
silica is called the E” center (Ref.55). In both materials, this

center consists of an unpaired spin trapped at an oxygen vacancy
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(see Figure 3.7). Whether the trapped spin is an electron or hole
apparently depends on other characteristics (Ref.56). In ﬁigh OH
content silicas or those containing B or Al, the E“ center is be-
lieved to be an electron trap while in high purity, low-OH silicas
it is a hole trap. There is also some question as to exactly what
the E“ center precursor is in wet silicas (Ref.55). It has been
been definitely established (Ref.61l), however, that the E“ center
is responsible for an absorption band in irradiated silica at
5.8 eV (0.215 pm). Based on several observations including
the lack of photobleaching (Ref.59) and photoluminescence (Ref.59)
for absorption in the 5.8 eV band, Griscom and Fowler (Ref.62)
concluded that the energy transfer responsible for the 5.8 eV
absorption consists of the electron hopping from one adjacent Si
to the other. In this context, it should be noted that the
formation of the E~” center is accompanied by highly asymmetric
relaxation of the two Si atoms neighboring the oxygen vacancy
(Ref.55).

Phosphorus is a particularly important impurity in silica
fibers because it strongly alters the transient response of a
fiber to pulsed irradiation (Refs.54a and.56). ESR studies (Refs.
S4a and 56) of phosphorus doped silica glass have identified several
phosphorus-asociated electron and hole traps, and correlated them
with observed absorption bands. 1In particular, three of these de-
fects, including a phosphorus-oxygen hole center, were associated
with absorption bands in the UV, and a fourth center, the P; trap,
was identified with an absorption band at 0.79 eV. These important
correlations should be of value in sorting out the behavior of P-

doped silica fibers.
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With regard to Ge, irradiation does not produce unique Ge-
associated color centers in silica as it does in crystalline quartz
(Ref.56). An exception to this is that E“ centers do form in silica
at oxygen vacancies where one of the nearest neighbors is a Ge atom.

Another important class of defects in irradiated silica,
shown in Figure 3.7, is oxygen-associated hole centers (OHC's)
(Ref.63). The precursors of these centers depend on whether the
silica is "wet" (high OH) or "dry" (low OH). 1In high OH silica,
there is an exchange of the hydrogen atom trapped at an oxygen
with an 1ionization induced hole. Apparently, the 1liberated
hydrogen atom travels at least several neighbors away from the
remaining OHC (Ref.63). In low OH content silica, the precursor
is either nonbridging (non-bonded) oxygen (NBO) or a peroxy
linkage (an oxygen bonded to an oxygen) (Ref.56). Both of these
defects are shown in Figure 3.7. The "dry" OHC formed by hole
trapping at these precursors has been correlated with a UV
absorption band at 7.6 eV (0.163 pm) (Ref.63).

In summary, we merely note that this very brief review of
color centers in quartz and silica serves to emphasize the com-
plexity associated with radiation damage in these materials. As
we will see, this comment also applies to optical fibers.

(2) Pure silica core fibers - Inspection of Figure 3.7

suggests that if all the impurities could be eliminated from the
silica structure, then the material would be less sensitive to
radiation because of a lower concentration of color center
precursors. This has been one of the motivating factors behind
the development of the polymer clad silica (PCS) fiber. 1In this

fiber, the core is drawn from very high purity synthetic silica
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and clad with a polymer whose index of refraction is less than
the silica. Such fibers are necessarily step-index fibefs and,
therefore have limited bandwidth. Coupling and splicing is also
somewhat more difficult than with glass-on-glass fibers. In
addition PCS fibers perform poorly below about =55° C due to the
temperature dependence of the polymer properties. Although these
detrimental properties are gradually being improved upon, alterna-
tive glass-on-glass structures have been developed which retain
the pure silica core. Since the cladding must have a lower index
of refraction than the core, the only dopants which can be used
are those which lower the index of silica, namely boron and
fluorine. Borosilicate and fluorosilicte clad pure silica core
fibers are now available from suppliers. These fibers have low
intrinsic losses and are a valuable complement to PCS fibers.
All of the pure silica core fibers have one very important proper-
ty in common, and that is, they are a very radiation resistant
class of fibers. This general conclusion is the result of a
wide variety of experimental studies (Refs.44,47,48,52,64-74).

The radiation insensitivity of pure silica core fibers can
be attributed, in general, to their highly non-linear response of
induced attenuation with dose. An example of this behavior is
shown in Figure 3.6 for the Galileo PCS fiber. Note that the
attenuation saturates, and that at higher doses radiation-induced
recovery actually dominates. For low dose levels, the attenuation
growth rate is often comparable to or greater than other types of
fibers (Ref.66). However, the saturation behavior ultimately re-
sults in the PCS fibers being less sensitive. This behavior is

generally characteristic of recent pure silica core fibers, either



characteristic of recent pure silica core fibers, either PCS or
glass clad (Refs.67-69,74). Additional examples of this type of
response are shown in Figure 3.9 from work in our laboratory (Ref.
74). In all, the response of five different PCS fibers and two
fluoro-silicate clad fibers are shown in Figure 3.9 along with a
standard Ge-doped silica core Corning fiber. Measurements were
made using an AlGaAs laser operating at 0.82 p m. These data
were taken at -55° C but room temperature behavior is similar
(Refs.67 and 68).

Several features of Figure 3.9 are worth pointing out. First,
as stated above, note that for irradiation times less than about
1 minute (dose ~ 4.1 krad), the initial, relatively rapid linear
rise in attenuation is greater for some of these fibers than for
the Ge-doped Corning SDF fiber. Second, all seven pure silica core
fibers are either well into saturation or approaching it at doses of
8 krad to 20 krad for a dose rate of 4.1 krad/min. The similar-
ities in response for all these fibers demonstrate that the clad-
ding plays a minor role in the radiation response. This agrees
with previous studies (Refs.66 and 67) of variations in cladding.
In addition, it was found that the method of fiber drawing did
not severely affect the fiber response (Refs.66 and 67).

Although the shapes of the curves in Figure 3.9 are all simi-
lar, except, of course, for the Corning SDF fiber, there are
significant differences in the attenuation levels at which satura-
tion occurs, and whether or not radiation-induced recovery is
present. These differences can be attributed primarily to varia-
tions in the OH content of the fiber cores. 1Indeed, the water

content of the fibers is the only important controllable parameter
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affecting radiation response of these fibers (Refs.47,67,68,71).
Certainly, inadvertently added impurities such as transition metals
affect the response but these are minimized by general purifica-
tion techniques. In any case, several studies (Refs.44,47,48,52,
67,68,71) have shown that greater OH concentrations reduce the
sensitivity of pure silica core fibers to irradiation and enhance
the saturation effects. The results in Figure 3.9 at 0.82 pm
illustrate this behavior. Of the three Quartz and Silice (QSF)
PCS fibers shown, the dry, low OH (~ 10 ppm) fiber is the most
sensitive, while the wet, high OH (~ 1200 ppm) fiber saturates
quickly and exhibits recovery during irradiation. The third,
moderate OH content (30-50 ppm) fiber is intermediate between
these two. Similar results are shown for the fluorosilicate
clad fibers.

Since higher OH content also leads to greater intrinsic at-
tenuation at wavelengths corresponding to the OH absorption bands
(see Figures 3.2, 3.3, 3.4) one must compromise between radiation
sensitivity and intrinsic attenuation. An example of the wave-
length dependence of the induced attenuation in a pure silica
fiber is shown in Figure 3.10 for a PCS fiber with a high OH con-
tent Suprasil 2 core (Ref.71). At low doses the spectrum is
dominated by broad featureless absorption, while at higher doses
a band at 0.63 um emerges with radiation-induced recovery occur-
ring at longer wavelengths. At wavelengths Dbetween 1.0 and
1.6 pm the induced attenuation is even lower (Ref.71).
Friebele and Gingerich (Ref.71) have summarized the near IR
induced absorption in high OH silica fibers as consisting of a

UV tail, featureless IR absorption, a band at 0.63 pym, and a

211



212

Induced Loss (dB/km)

Fig.

800

600

400

200

Suprasil 2 PCS
Dark

A

| @ ’ 3 R W—

3.10

0.5 0.6 0.7 0.8 0.9 10 1.1
Wavelength (um)

Attenuation spectra at room temperature as a function of
Co-60 dose for a PCS fiber with high OH content. Note
the radiation-induced recovery above 0.80 pm (from E. J.
Friebele and M. E. Gingerich, p. 37 in Proceedings of the
Fiber Optics in the Nuclear Environment Symposium, R. C.
Webb, Chairman, March 25-27, 1980, Harry Diamond Labs,
Adelphi, MD, DNA Report No. DNA-5308 P-2).




band near 0.67 pm which can be photobleached. In dry fibers
the photobleachable band is near 0.76 pm and is broader an.d rela-
tively more intense so that it dominates the attenuation spectrum.

A definitive identification of the center responsible for the
0.63 pum band has not been achieved primarily because it has not been
correlated with any ESR signals observed thus far (Ref.56). In al-
kali silicate glasses this band has been attributed to holes
trapped at non-bridging oxygens (NBO's), that is, to oxygen hole
centers (OHC's) (Ref.52). The fact that the growth of the 0.63 um
band does not saturate in irradiated high purity bulk silica
agrees with its identification as a native defect (Ref.71).
This band can also be induced in low OH content silica by the
fiber drawing process (Ref.75). It has been suggested that the
greater hardness of high OH fibers is due to fewer NBO's being
available as hole traps because of the formation of OH bonds
(Refs.52 and 67). This explanation assumes that it is the tail
of the 0.63 pm band which 1is responsible for attenuation at
longer wavelengths in the near IR. However, we have already
noted that the OH bonds are precursors for OHC's in high OH
content silica. In more recent work (Ref.72) this explanation
has been modified in accordance with the spectra shown in Figure
3.10 which suggests that the absorption near 0.80 pm is due to
a different center than the 0.63 pm band. Assuming that the
IR absorption is due to metal impurity precursors, then the
irradiation of high OH fibers, and also the drawing of low OH
fibers, creates large numbers of traps (the 0.63 pm OHC centers)

which compete with the IR absorbing centers for radiation-induced

holes (Ref.71). We also note that if the fiber inadvertently
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contains P, an absorption band at 0.79 pm can be expected

(Ref.54a).

Share (Refs.70 and 72) has examined the temperature dependence
of Co=60 induced-attenuation in a wide variety of fibers including
some pure silica core fibers. As expected, losses were greater
in low OH silica PCS and glass clad fibers than in high OH fibers
over the temperature range investigated of -50°C to 70°C. For a
given OH content, variations in response were observed for differ-
ent fiber suppliers. This agrees with the above explanation
that metal impurities are responsible for the near IR attenuation
rather than the tail of the 0.63 pum band which is due to native
OHC's. Share (Refs.70 and 72) observed that while the attenuation
in pure silica core fibers was comparatively low, there were
doped silica core fibers of similar and sometimes lower response.
However, as noted by Share (Refs.70 and 72) near the maximum
dose employed the upper dose limit of 5 krads was not sufficient
to bring about strong saturation of the pure silica core fibers.
In accordance with the data in Figure 3.9 one expects the pure
silica fibers to perform better at higher doses.

(3) Complex glass and doped silica fibers - Early work

(Refs.32-35, 64,65,76,77) on radiation effects in optical fibers
and materials necessarily emphasized impure glasses and so-called
complex glasses containing high percentages of dopants. One such
example, the Galileo Pb silicate glass fiber, is shown in Figure
3.6. Note the greater radiation sensitivity of this fiber rela-
tive to the others in Figure 3.6. For a large variety of complex
glass fibers, previous work (Refs.35 and 77) indicates that losses

are in excess of 5 dB/km near 0.80 ym after 1 rad of Co-60



gamma ray dose. This loss figure exceeds those of modern-day
low loss fibers especially at large doses where many of the
recent fibers saturate.

In state-of-the-art fibers the most common index modifying
dopants used in fiber cores are Ge, B, and P. The Ge doped fibers
are currently very popular among commercial offerings. While we
have noted that Ge doped fibers can have exceedingly low intrinsic
losses (see Figure 3.4), unfortunately, Ge and the other common
dopants usually increase the radiation sensitivity (Ref.68). This
is primarily true at high doses because these fibers often do not
saturate while high OH content pure silica core fibers do saturate,
in some cases below 100 dB/km. This contrast is illustrated in
Figures 3.6 and 3.9. It should be pointed out, however, that for
certain Ge doped fibers some degree of saturation is observed
(see Figure 3.6) and when combined with very low intrinsic losses,
these fibers are more attractive at low doses than pure silica
core fibers. Unlike the pure silica core fibers, the OH content
up to 200 ppm has no effect on the radiation sensitivity of Ge
doped fibers (Ref.71). The radiation response of these fibers also
appears to be independent of the dopant in the glass cladding
(Ref.68) although for some Ge doped core fibers mode stripping
of the cladding does affect the measured radiation response
(Ref.47).

The wavelength variation of the induced attenuation of Ge
doped fibers and others is shown in Figure 3.11 for a dose of 10°
rads. Note that representative spectra for pure silica core

fibers (Suprasil, Suprasil W) are also given. Below about 1.4 um,
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the fibers doped only with Ge (BTL and CGW) show a featureless
continuing increase of attenuation with decreasing wavelength.
Recall that the E” center earlier identified with an absorption
band at 0.215 pm but which is shifted to 0.240 um in Ge doped
fibers (Ref.78), is one of the dominant color centers in Ge doped
silica glass. Consequently, the continuum shown in Figure 3.11
may be the tail of this UV absorption. Note that for the Ge
(BTL) fiber the losses are at or below 10 dB/km at 1.5 um for
this relatively large dose of 10° rads. Clearly this longer
wavelength is a more desirable operating point as long as the OH
concentration is minimized to reduce intrinsic attenuation.

The data in Figure 3.11 also show, however, that the various
dopants added to the core can shift the wavelength of minimum
attenuation. It has already been pointed out that B and P are
also frequently used dopants. Phosphorus raises the refractive
index at about the same rate per mole % as does Ge and it is
significantly cheaper than Ge and forms high quality fiber cores
readily (Ref.79). While the only effect of boron on the silica
refractive index is to lower it slightly, it is an effective
means of controlling the viscosity and, hence, the working
temperature of the glass (Ref.5). We will see, however, that B
has a detrimental effect on both the permanent and transient
radiation response of fibers. As shown in Figure 3.11, the
minimum attenuation increases significantly and the wavelength
at the minimum moves to smaller values with the addition of B,
possibly because of B-related color centers further in the IR

(Ref.80). The differences shown between Ge (BTL) and Ge (CGW)
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fibers were also attributed (Ref.71) to B because the cladding
of the CGW fiber was B doped resulting in slight grading of the
B into the core.

The addition of phosphorus to a silica fiber core causes
dramatic changes in both the transient and permanent attenuation.
As shown in Figure 3.11, the permanent attenuation is much greater
over the entire wavelength range for P containing fibers. If
boron is also added, the attenuation levels are between those of
Ge doped and P doped fibers. As will be shown, however, the
addition of P does have redeeming advantages with regard to the
temperature dependence of the attenuation and, in particular, the
transient attenuation following a radiation pulse.

In attempts to minimize the radiation sensitivity of doped
silica core fibers, combinations of various dopants have been
added to the core including several, such as Sb (Refs.68,81,82),
Cs (Ref.83), Ce (Refs.36,76,77,81,84), Tl (Ref.83), Ta (Ref.68),
and H (Refs.85 and 86) which are rather unusual. The elements
Ta, Cs, and Tl appear to be ineffective in reducing attenuation.
The same can be said for Sb (Ref.68), although it does seem to
be effective as a co-dopant with P in minimizing the detrimental
effects of P (Refs.81 and 82). It has been shown (Refs.85 and
86) that hydrogen dissolved in glass suppresses the formation
of radiation-induced absorption centers. However, a practical
scheme for retaining the necessary quantities of dissolved gas
has not been demonstrated.

The results for Ce doping have been mixed. Wall et. al.

(Ref.81l) noticed a reduction in attenuation for certain co-dopants



and for some of the temperatures studied. A general improvement
due to Ce was not observed, however. In other studies {Réfs.32,
76,77, 84), Sigel, Friebele and co-workers have investigated the
applicability of Ce-doping for the radiation protection of
fibers made from lead flint, barium crown, soda lime silicate,
and Zn crown glasses. The motivation for these studies is based
on the lower cost of these glasses relative to low-loss silicas,
and on the high N.A. values which are achievable with fibers
made from these glasses. This work has shown that Ce doping is
effective in reducing the radiation sensitivity of common glass
fibers., For example, the induced attenuation rate at 0.80 um
measured 20 minutes after irradiation was reduced from about 9
dB/km-rad to 8 x 10~3 dB/km-rad when Pb flint glass was doped
with 1% Ce. Unfortunately, this significant reduction in sensi-
tivity is offset by a corresponding increase in the intrinsic
attenuation so that the total attenuation, intrinsic plus induced,
of these glasses 1is still markedly inferior to the low loss,
high silica glasses.

The effect of various dopants on the temperature dependence
of the induced attenuation in silica fibers has also been inves-
tigated (Refs.69,70,72,73,81,87-89). The results of Wall and co-
workers (Refs.81 and 89) on fibers with Ge, P, B, Ce and Sb in
different combinations seem to be rather unexpected in that
greater attenuation was often observed at higher temperatures.
In silica core fibers containing Ge and P, the 0.85 pm attenuation
increased with increasing temperature over the range =-55°C to

+125°C (Ref.89). In the other study (Ref.81), the 0.905 m
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attenuation at +125 C was intermediate between the -=55°C and
+20°C values for various combinations of Ge, B, P, Ce and Sb
except for a Ce, Ge, and P containing fiber for which there was
almost no temperature dependence. The work of McAlarney et. al.
(Ref.73) and Share and co-workers (Refs.70,72, 87,88) does not
agree with this temperature dependence. With the exception of
P containing fibers for which there was either no change with
increasing temperature or a small increase, the attenuation
always increased with decreasing temperature. Representative
results at 0.80 pm are shown in Figure 3.12 from Ref. 70.
Also included in these data are two fluorosilicate clad, undoped
suprasil core fibers. Similar temperature dependences were
obtained at a wavelength of 1.3 pm but the attenuation values
were lower by factors of 5 to 10 as is generally the case in
going to longer wavelengths. The striking feature of these
results is the suppression of the temperature dependence brought
about by P doping. We have noted earlier that the presence of P
causes significantly greater attenuation at room temperature at
all wavelengths (see Figure 3.11). However, the data in Figure
3.12 illustrate that because of the lack of temperature dependence,
P containing fibers have lower attenuation than many others at
temperatures near -30°C to =50°C. The lack of temperature
dependence suggests that the P-associated traps are very deep
and quite stable.

(4) Plastic fibers - Radiation effects in plastic fibers

have received 1limited attention (Refs.35,64,83,90) especially

in more recent years as practical interest has shifted to fiber
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optic links at longer wavelengths where the plastics are poor
because of high intrinsic losses. It should be emphasized,
however, that plastic fibers are relatively insensitive to radia-
tion as demonstrated by the all plastic DuPont fiber shown in
Figure 3.6. Generally, radiation affects these fibers in a
manner similar to that for glass core fibers. That 1is, the
induced attenuation increases with decreasing wavelength (Refs.35
and 64). It has been concluded that, within the wavelength
range 0.65 pn to 0.80 pm, plastic fibers are appropriate for
those applications requiring fiber lengths less than 30 to 40 m

for maximum doses less than 10° rads (Ref.35).

b. Transient damage effects

(1) Luminescence - The transient radiation effects shown

in Figure 3.5 consist of both luminescence and attenuation. The
luminescence is undesirable in communications applications because
of possible false signal generation. The induced luminescence
occurs primarily during irradiation, while the transient attenua-
tion can persist fof long times after irradiation. For this
reason, luminescence has been regarded as less of a problem, and
thus has received somewhat less attention than the transient
attenuation. This 1is not to say that 1luminescence poses no
problems. For example, Mattern, et. al. (Ref.35) estimated that
at a dose rate of 10° rads/s of 1 MeV photons into 10 m of a
low loss fiber (which shows less luminescence than other fibers)
one can expect a light output power of 1 mW during the pulse

even when the 1light 1is filtered by a 0.10 ym wide band pass



filter centered at 0.90 pm. These authors (Refs. 35 and 65)
also found that the light output after the radiation pulse was
always less than 1% of the prompt luminescence signal for a
variety of fibers.

Various studies (Refs.35,59,65,77,91) have found luminescence
peaks at or below 0.45 um in both silica and quartz exposed to
different types of radiation. More recently (Ref.92), however,
an additional luminescence band centered at 0.65 pm has been
observed during x-ray irradiation of a high OH PCS fiber. This
same band has also been detected as photoluminescence in both
irradiated fibers and as-drawn low OH fibers (Ref.92). Fortunately,
the spectral width of the 0.65 pym band is approximately 0.10 um
so that it should not pose a problem for fiber optic operation
at wavelengths greater than 0.80 pm.

In a series of elegant experiments, P. B. Lyons and co-
workers (Refs.91,93-97) at LANL have examined both transient
radiation-induced luminescence and attenuation at times less than
1 ps after the radiation pulse. These studies have included ex-
posures on underground nuclear tests. With regard to luminescence,
the most important result of this work was the demonstration
that the primary luminescence from fibers during an intense ioni-
zation pulse was of Cerenkov origin. This conclusion was based
on the dependence of luminescence intensity on the angle between
the fiber axis and the electron beam, and also on the value of
this angle (45°) at which the light is most intense. Fortunately,
for most fiber optic applications, although not for underground

test diagnostics, the Cerenkov luminescence is prompt and is not
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present after the radiation pulse has ceased.

(2) Transient attenuation in pure silica core fibers - For

the majority of practical applications involving exposure to a
radiation environment, the fiber optic data link must be operable
a short time after a burst of ionizing radiation has occurred.
When this requirement is imposed on the system, transient attenua-
tion in the fiber becomes the most severe radiation effects
problem, and, therefore, the limiting criterion one must use in
selecting a fiber for a given set of conditions. As for the
case of permanent damage, several studies (Refs.47,52,66,67,69,
91,95-100) have shown that the pure silica core fibers exhibit
relatively low transient attenuation following a radiation pulse.
Investigation (Refs.91,95-97) of +transient attenuation in a
variety of pure silica core fibers at early times after a radia-
tion pulse, that is, from 1 ns to 100 ns, demonstraated that the
decay of transient attenuation could be described by a geminate
recombination model. Typical recovery transients at .85 pm

are shown in Figure‘3.13 from this work (Ref.97). Note that the
best fiber, the ITT T303 PCS, is below 10% dB/km at 100 ns, an
exceedingly low attenuation at this point in time after a pulse
greater than a megarad. The geminate recombination model describes
the recombination of correlated diffusing pairs. At these early
times, apparently the transient attenuation follows the same
behavior as the recombination of radiation-ionized lattice atoms
with their electrons. An analysis (Ref.97) of the tempera-
ture dependence of the early time recovery revealed an activation

energy for geminate recombination of 0.22 eV.
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Typical transient attenuation data at 0.82 pum in pure-silica
core fibers at later times after a 3.7 krad electron pulse are
shown in Figure 3.14 from Ref. 47. As in the case of the early time
behavior, an ITT fiber has the lowest attenuation in this group
of fibers. Included in Figure 3.14 are two fluorosilicate clad
fibers (C, D) with differing OH concentrations. Similar to per-
manent damage in pure silica fibers, a higher OH éontent also
leads to less transient attenuation. Note that for some of these
fibers there is a shoulder in the recovery curves at around 10-2 g.
In other pure silica core fibers (Ref.66) this is a much more
pronounced feature of the transient attenuation curves. Such
structure in the recovery curves implies the existence of at
least two recovery processes with significantly differing time
constants.

The wavelength dependence of the transient attenuation is
also similar to the permanent damage in that the transient effects
are significantly lower at longer wavelengths. An example of
real-time spectral measurements using a vidicon tube is shown in
Figure 3.15 for a low OH PCS fiber exposed to a 14 krad electron
pulse (Ref.45). Within 10's of us of the pulse, the attenuation is
centered near 0.50 pm. At later times, as the attenuation re-
covers the peak moves to longer wavelengths until at 30 s after
the pulse, the absorption peaks near .70 pm. Recall that this
latter wavelength is near the peak (.76 um) of the photobleach-
able band seen in the "permanent" attenuation spectrum of low OH
pure silica core fibers (Ref.71). From a qualitative point of view

one might expect a center which is susceptible to bleaching to



Fig.

3.14

Recovery of transient attenuation at room temperature
and 0.82 um in a variety of PCS fibers all with large
diameter cores. The radiation pulse was a 3 nsec wide
electron pulse from a Febetron 706 (from G. H. Sigel,
Jr., E. J. Friebele, M. E. Gingerich, and L. M. Hayden,
IEEE Trans. Nuc. Sci. NS-26, 4796 (1979)).
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Fig. 3.15 Transient attenuation spectrum in a PCS fiber at dif-
ferent times following a 0.5 MeV electron pulse at room
temperature. The suprasil W-1 core is a low OH
material (from G. H. Sigel, Jr., presented at Recent
Advances in Fiber Optics, University of Rhode Island,
June 20, 1978).
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be unstable enough to play a role in long time recovery of tran-
sient effects. Photobleaching effects will be discussed in more
detail in a later section.

Indeed, an alternative method of examining transient atten-
uation is to slow the recovery down by cooling the fiber. One
might expect for many fibers that "transient" attenuation will
be "permanent" at low enough temperatures. Along with Looney, et.
al. (Ref.97), the temperaature dependence of transient attenuation
in pure silica core fibers has been examined by Taylor et. al.
(Ref.69) and Barnes (Ref.74) and Barnes and Wiczer (Ref.100).
These studies have shown that there is significant recovery in
times of the order of a few minutes after Co-60 irradiation of
pure silica fibers even at temperatures as low as -55°C. While
the peak transient attenuation (PTA) fellowing a 50 ns x-ray
pulse between -45°C and 25°C in a group of PCS fibers was inde-
pendent of cladding thickness and material type, it did depend
on OH content, temperature, and wavelength as shown in Figure
3.16 (Ref.100). The significant increase in PTA with decreasing
temperatures demonstrates +that a significant portion of the
recovery is thermally activated. These data also indicate that
the wavelength dependence of PTA over the range .82 um to
1.06 pm is much less for the dry fiber (A-SD-TC) containing ~ 10
ppm OH than it is for the standard fiber (A-TC) with about 30
ppm OH. The net result is that at .82 pm, the PTA is approximately
the same in the two fibers, but at 1.06 pm the higher OH content
fiber has a much smaller PTA. With regard to the recovery of

transient attenuation, there was no dependence of the recovery
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thin clad fiber with normal water content (OH =~ 30 ppm),
while the A-SD-TC fiber is also thin clad but has very
low water content (OH % 10 ppm).



rate on cladding thickness or type, but the higher OH fiber did
recover faster. Thus we see once again that in pure silica core

fibers, higher OH content leads to less radiation sensitivity.

(3) Transient attenuation in doped silica core fibers =~

Early measurements (Refs.35,64,77) of transient attenuation in
doped silica core and compound glass core fibers exposed to
radiation pulses illustrated that the responses of such fibers
can vary drastically. In general, transient attenuation in
doped core fibers is significantly stronger than that in typical
pure silica core fibers such as shown in Figure 3.14. Typical
results for doped core fibers are shown in Figure 3.17 taken
from the extensive body of work done by Friebele and co-workers
at the Naval Research Laboratory (Refs.47,52,68,71,83,84,101,102).
Several important points are illustrated by these data. First,
comparing with Figure 3.14, we see that while all of the pure
silica core fibers are below 1000 dB/km even at the shortest
times, none of the Ge doped fibers in Figure 3.17 reach this level
until at least 1 ms.after the radiation pulse. Consequently,
the presence of Ge results in very strong transient attenuation.

The top three curves in Figure 3.17 illustrate another impor-
tant point: that is, unlike pure silica core fibers, the OH
concentration does not have a significant impact on the radiation
response, presumably because of the very strong effect of the
Ge. In contrast, if the fiber core is co-doped with B the tran-
sient attenuation is enhanced still further. This result is

demonstrated in Figure 3.17, where the lower most curve is for a
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Fig.

317

Recovery of room temperature transient attenuation at
0.82 pm induced in Ge and B doped core fibers by a

3 nsec wide 3.7 krad electron pulse. Note that the OH
content does not significantly influence the attenuation.
(From E. J. Friebele, P. C. Schultz, and M. E. Gingerich,
Appl. Optics 19, 2910 (1980)).



Ge doped core with no B, and the middle curve (Ge-B step) is for
a fiber with lower B concentration in the outer portions of the
core than that for the fiber of the uppermost set of curves
(Ge-B core). Recall that doping with B also increased the perma-
nent attenuation at long wavelengths (see Figure 3.11). Conse-
quently, we see that the inclusion of B is generally detrimental
to the fiber behavior in a radiation environment.

In earlier sections it was shown that when one co-dopes a
fiber core with P, there is a significant effect on radiation
response. Although the permanent damage is usually greater at room
temperature for P-containing fibers (see Figure 3.11), the presence
of phosphorus dramatically suppresses the transient attenuation as
shown in Figure 3.18. Note that these data were taken at 1.3 um and
that the dose is approximately 100 times greater than that in Figure
3.17. The curves for fibers without P have the same general ap-
pearance and magnitude at 1.3 pm as those in Figure 3.17 for 0.82 um.
This is to be expected since at early times before slow recovery
processes have an impact, the attenuation grows linearly with dose
ahd the attenuation at 1.3 pm is usually about a factor of 100
below that at 0.82 pum for the same dose. At the longer wavelength
of 1.3 pm, the data in Figure 3.18 demonstrate that it is possible
to arrive at a relatively satisfactory compromise between the
higher permanent attenuation due to P and the lower transient
attenuation due to P. For a fiber containing 9% P the transient
attenuation is suppressed but the permanent damage is large.
However, if the P content is decreased to 2%, the transient

attenuation is still insignificant at times greater than 1074 s
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Fig. 3 .18
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Transient attenuation at 1.3 pm as a function of time
after 360 krad electron pulse irradiations of fibers
doped with Ge, B, and P. (From E. J. Friebele, P. C.
Schultz, and M. E. Gingerich, Appl. Optics 19, 2910

(1980)).



and the permanent damage has decreased to a value much closer to
that of the P-free fibers. The transient attenuation curves
taken at 0.82 um are not parallel as they are for different P
concentrations at 1.3 pm. At short times (t < 1 s) the transient
attenuation is higher for larger P concentrations. However, the
magnitude is still relatively small: at 1 ms the loss is 400
dB/km in a 9% P fiber for a 3.7 krad dose. In any case, P doping
can create the necessity for a compromise in many situations.
Therefore, the fiber must be tailored to the radiation environment.
For low dose rate, high dose applications P doping can be detri-
mental, but it is advantageous in high dose rate, low dose
environments for systems which must turn-on within a short time
after the radiation pulse.

Friebele, et al (Refs.52 and 102) have performed spectral
measurements on doped core fibers as a function of time after a
radiation pulse. As in the case of the pure silica core fibers
(see Figure 3.15) the attenuation is most intense at the shortest
wavelengths. Once again the very strong UV absorption in the Ge
doped fibers due primarily to the creation of Ge-associated E~
centers, is strongly suppressed by adding P.

Transient attenuation in doped silica core fibers as a func-
tion of temperature has been examined by Share, et al (Refs.87 and
88) The trends observed with temperature are similar to those
seen for permanent damage as shown in Figure 3.12. That is, in
P-doped fibers the temperature dependence of the transient atten-
uation is suppressed so that at a given time after a radiation

pulse, the attenuation is greater at high temperatures than in
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non-P containing fibers, but less at low temperatures. An impor-
tant result of Share, et. al's study (Refs.B87 and 88) is that in
P doped fibers the transient attenuation is large immediately
after the radiation pulse at temperatures below =30°C. Also,
over the time domain studied, there is significant recovery of
this attenuation below =30°C. Consequently, while P doping
strongly suppresses transient attenuation it is not absent.
Rather, it would appear that at room temperature, whatever tran-
sient attenuation that is present is very fast in P doped fibers

and appears as slower recovery at lower temperatures.

(4) Bleaching effects - By now we have seen that radiation-

induced attenuation in fibers, whether transient or permanent,
can be a severe problem. Consequently, any method of minimizing
this effect should be pursued. It is therefore of interest to
explore the various ways in which bleaching, that is, the disappear-
ance of color-center induced attenuation, can be made to occur
in fibers. From a practical point of view, it is usually not
feasible to heat significant lengths of fiber in order to induce
thermal bleaching. However, bleaching effects induced by light,
termed photobleaching, may be achieved in practical situations.
In particular, if the fiber optic link light source is strong
enough, then photobleaching is practically possible. As a tech-
nique for minimizing attenuation, photobleaching is particu-
larly important for low temperature fiber transmission in which
case thermal recovery 1is very slow. Recent studies (Refs.

68,74,91,99,103-107) have shown that photobleaching effects



are significant in a variety of fibers, and that, indeed,
the technique does hold promise for minimizing attenuation in
fiber optic links.

While pure silica core fibers are the most sensitive to photo-
bleaching, significant effects are also observed in Ge doped fibers
as demonstrated by the data in Figure 3.19. 1In this Figure we show
the growth of induced attenuation at -55°C for three fibers ir-
radiated with and without an AlGaAs laser diode (.820 um) on at
full power (=~ 80 pW) during irradiation. As one might expect the
phosphorus containing fiber shows little photobleaching, while the
PCS fiber exhibits strong photobleaching. The ITT Ge-doped fiber
is intermediate between these two fibers. There appears to be a
wide variation in the sensitivity of doped core fibers to photo-
bleaching. Even P doped fibers can be photobleached for high
light input power and long time exposures to the photobleaching
light beam (Refs.103 and 105).

The strong photebleaching effects which can occur in pure
silica core fibers are typified by the data in Figure 3.20 which
demonstrate that light power levels of the order of a tenth of a
W enhance the recovery at 0.85 um and room temperature following
a 3.7 krad irradiation. As the optical power is raised the rate
of recovery increases rapidly.

As one might expect for a pure silica core fiber, the OH con-
tent of the core affects the photobleaching characteristics. This

is demonstrated by the data in Figures 3.21 and 3.22 taken from
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our study of photobleaching in fibers Co-60 irradiated at -55°C.
In these figures as in Figure 3.20, photobleaching and measurement
were carried out with the .820 pm AlGaAs laser. For attenuation
measurement, the laser was operated in the LED mode at a very
low output level. A sequence of three irradiations are shown in
Figure 3.21 for a low OH content (super dry) fiber and a standard
OH content fiber. At the end of the first 5 min irradiation,
the attenuation begins to decrease due to thermal recovery. As
shown in the figure, when the laser is turned on, significant
additional recovery occurs even though the thermal recovery has
flattened out. Note that the attenuation is greater in the low OH
fiber throughout this sequence, and that the laser-induced photo-
bleaching removes nearly all the induced attenuation from the
higher OH fiber. The second 5 min irradiation was then carried
out with the laser on at full power during exposure. For both
fibers the growth in attenuation is much less than that for the
first irradiation. The initial sequence was then repeated for
the third irradiation which resulted in a much higher level of
attenuation (~ 0.4 dB/m) in the dry fiber. It is interesting
to compare the first and third irradiations for the dry fiber.
While all of the attenuation induced by the third irradiation was
removed by bleaching, only 2/3 of that induced during the first
irradiation was removed. Similar results have been observed for
other pure silica core fibers. This comparison suggests that a
saturable, but non-bleachable color center is contributing to

the attenuation in these fibers.
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The data in Figure 3.22 also illustrate that high OH containing
fibers are less susceptible to irradiation both with and without
photobleaching light present during irradiation. Included in this
Figure in addition to PCS fibers, are two fluorosilicate clad fibers.
Note that the attenuation growth is not sensitive to cladding type,
but that in both fiber types the dry fibers are much more sensitive
to irradiation. The lower set of four curves for irradiation
with the laser on clearly show that photobleaching is effective
in all of these fibers at -55° C.

Having established that steady state exposure of irradiated
fibers to light can result in significant photobleaching, one can
then ask if photobleaching can be achieved using short pulses of
light. Arimura and Caldwell (Ref.99) and Sigel et al (Ref.105)
have shown that ruby and YAG:Nd laser pulses can cause significant
recovery. However, such sources may not be practically feasible.
Work in our laboratory has shown that an 80 pyWw, 1 s wide pulse
from an .820 pm AlGaAs laser diode induces a recovery of about
50% at 0.85 pm. Higher peak power levels would undoubtedly
achieve the same recovery with shorter pulses.

Measurements of the effect of photobleaching on attenuation
spectra have revealed several interesting results and helped to
identify those absorption bands which can be bleached. For exam-
ple, Friebele and Gingerich (Ref.103) found bleachable bands near
0.7 pm in PCS fibers. In high OH content PCS fibers the band is
centered at 0.67 pm (see Figure 3.10), while in low OH content

fibers it is broader and peaks at 0.76 pm. The bleaching of an
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absorption band in this range in a fluorosilicate clad, puré silica
core fiber is shown in Figure 3.23 taken from spectral measurements
in our laboratory at -55° C. These data have several interesting
features. After irradiation to 120 krad the attenuation is strong-
est in the UV with an indication of a peak near .67 pm. The fiber
was then allowed to thermally recover in the dark for 30 min result-
ing in fairly uniform recovery over the wavelength range of .45 pum
to .85 pum. After this 30 min period, added thermal recovery was
minimal and the .82 pm laser was turned on for 5 min. The attenua-
tion spectrum following photobleaching is given by the lowest
solid curve in Figure 3.23. The corresponding dashed curve is the
difference between the attenuation curve after thermal anneal and
the post-laser curve, that is, the attenuation removed by the
laser. In agreement with Friebele and Gingerich (Ref.103), the
0.67 pm band is photobleached and, in addition, there 1is signi-
ficant recovery at the UV end of the spectrum. This latter
effect is particularly interesting since it demonstrates that
the 0.82 pm laser liéht causes photobleaching at much higher
photon energies. We have observed similar effects in other pure
silica core fibers independent of cladding type and OH content.
Gilbert (Ref.l104) has also observed photobleaching at high
energies above the photobleach photon energy. It is important
to note that this is a significant effect: in Figure 3.23 for
wavelengths greater than about .475 pm, at least half of the
attenuation remaining after thermal anneal is removed by 80 pW
of laser 1light at .82 pym for a laser exposure time of 5 min.

In an attempt to find out if photobleaching at .82 pm was due
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to absorption into a relatively narrow band, the photobleaching
effect was examined as a function of photobleaching wavelength.
The relative amount of attenuation that was bleached did not
significantly depend on bleaching wavelength. .For example, the
degree of photobleaching at measurement wavelengths above the
photobleach wavelength was no greater than that below the photo-
bleach wavelength. These results indicate that photobleaching
by absorption into one or more narrow bands is not occurring.

Simultaneous measurements by Sigel et al (Ref.l1l05) of photo-
bleaching and photoluminescence generated by a pulsed ruby laser
(0.69 um) have provided additional information about the photo-
bleaching process. In pure silica core fibers, the photolumines-
cence was centered at 0.65 pm, and was relatively independent
of excitation wavelength. This result suggests that the photo-
luminescence is not due to an internal transition. Rather,
there appears to be transfer of electrons via the conduction
band from the absorbing center to the radiative recombination
center. These authors-also found that for pulsed ruby excitation,
the photobleaching followed the laser pulse while the photolumin-
escence lasted significantly longer than the laser pulse. This
seems to suggest that photobleaching is associated with the
excitation process and not the final radiative recombination
step. There may also be an intermediate trapping and release of
carriers prior to radiative recombination.

Additional information concerning the photobleaching process
induced at -55° C in pure silica core fibers by .820 um laser

light is revealed by the time dependence of the photobleaching.



These data are shown in Figure 3.24 for a fluorosilicate clad fiber
irradiated to a dose of 354 krads. The normalized reduction in
attenuation at each of the four measurement wavelengths shown
is given as a function of the cumulative time the fiber is ex-
posed to the 0.82 um laser at full power (=~ 80 uWw). Note that
photobleaching is much more rapid at longer wavelengths. The
solid lines in Figure 3.24 are theoretical curves generated by the
geminate recombination model, the equation for which is given in
the Figure. This model appears to fit the data in Fig. 3-24 quite
well. The parameter B is a recombination rate constant which is
proportional to the diffusion coefficient of the recombining pairs.
In the geminate recombination model the recombining species are
inhomogeneously distributed and are correlated with each other so
that the rate does not depend on the concentration of pairs. This
model has been used successfully to describe attenuation recovery
in glasses (Refs.108,109,110) and fibers (Refs.64,95,97) over quite
wide ranges in time. The agreement with the data in Figure 3.24
suggests that the 0.82 pm laser light activates the recombination
of correlated ion pairs with those species responsible for atten-
uation at short wavelengths recombining at a slower rate. At
this point in time, we do not have a detailed physical explanation
for this recovery process. The reasons for the magnitude of B and
its variation with wavelength are not known as vyet.

This brief review of photobleaching has shown that, like the

color center creation process, photobleaching in a given fiber
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is a subtle and complex process which is difficult to unravél. It
is clear, however, that in many fibers, especially pure silica core
fibers, significant photobleaching occurs at light levels char-
acteristic of operational levels in fiber optic links. Therefore,
photobleaching is a practically relevant technique for minimizing
attenuation. A word of caution is in order, however, for long
links. As pointed out by other authors (Refs.99 and 103) the
photobleaching process is a "bootstrap" process in which bleaching
must occur before significant light levels can penetrate to long
path lengths in the irradiated fiber. Therefore the effectiveness

of this technique may be limited in very long fibers.

3. SUMMARY

Perhaps the most important conclusion one can reach based on
radiation studies of fibers is that, at this point in time, there
is not a single, particular fiber which best satisfies all opera-
tional requirements in a radiation environment. Therefore, before
selecting a fiber, the. pre-irradiation operating characteristics
of the link must be well-defined as well as the specifics of the
anticipated radiation exposure. A variety of recent applications
which do not involve radiation are centered near the wavelengths
of 0.82 ym and 1.3 pm so that commercial offerings of opto-
electronic devices and fibers are emphasizing these wavelengths.
Consequently, it would be to the advantage of the system designer
concerned with radiation environments if these operating wave-

lengths could also be used. It is important to note that with
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regard to fibers there are almost no disadvantages in selecting
a longer wavelength over 0.82 um as an operating point. Nearly
all fibers have lower dispersion and less intrinsic abéorption
near 1.3 pm. In addition, the permanent and transient radiation-
induced attenuation is generally less at longer wavelengths as
shown by the data in Figures 3.11, 3.17 and 3.18. However, as in-
dicated in Figure 3.11l, care must be taken in selecting the wave-
length if the fiber contains B or P. From the point of view of
radiation induced attenuation B is to be avoided. In addition,
if P is added to minimize transient attenuation then a wavelength
shorter than 1.3 pm may have to be employed.

Clearly, the decision whether or not to use a P doped core
fiber depends on dose rate versus total dose, and on the required
turn-on time after a radiation pulse. For high dose rates and
minimum turn-on times but moderate to low doses, such as one might
have for flash x-ray machine diagnostic links, phosphorus as a co-
dopant with Ge is appropriate. For the opposite case, relatively
large doses but low dose rates, as one might have in a long-term
space application, P doping is to be avoided. Either a Ge doped
core fiber or a pure silica core fiber would be desirable. Gen-
erally the pure silica core fiber is less sensitive. However, one
should note, as shown in Figure 3.19, that initially the attenuation
growth rate is often larger in pure silica core fibers than in Ge
doped core fibers. Consequently, for low total dose applications
the Ge doped core fiber may be preferable.

For very stringent applications where the dose rate and dose

are both large, or where the fiber must essentially function during



a radiation pulse, pure silica core fibers are most advantageous.
For example, in an underground testing application the fiber optic
link must function within ns of the pulse. Under these conditions,
Lyons and co-workers at LANL have found pure silica core fibers
to be the best. The use of PCS fibers can be detrimental in
other ways, however. Because of the polymer c¢ladding, the low
temperature properties are poor as are the mechanical and splicing/
connectorizing properties. Fortunately, with the recent emergence
of fluorosilicate clad, pure silica core fibers in the commercial
market, one is not restricted to PCS fibers for pure silica
cores. Our measurements (see Figure 3.9) and those of others
indicate that fluorosilicate clad fibers are just about as radia-
tion resistant as PCS fibers. Lastly, an additional attractive
feature of pure silica core fibers is their sensitivity to 1link

light source-induced photobleaching.

251



252

4. REFERENCES

l’

10.

11.

T. A. Giallorenzi and J. F. Weller, "Integrated and Fiber

Optical Devices and Systems," IEEE Trans. Nucl. Sci.

NS-22, 2440 (1975).
T. Li, "Advances in Optical-Fiber Transmission Research,"

p. 97 in Symposium on Optical and Acoustical Micro-

Electronics, 1974.
W. G. French, J. B. MacChesney, and A. D. Pearson, "Glass
Fibers for Optical Communications," p. 373 in

1975 Annual Review of Materials Science, 5, R. A. Huggins

(Ed.) (Palo Alto, CA, Annual Reviews, 1975).
R. D. Maurer, "Glass Fibers for Optical Communications,"
IEEE Proc. 61, 452 (1973).

S. E. Miller and A. G. Chynoweth, Eds., Optical Fiber Tele-

communications (Academic Press, New York, 1979).

H. F. Wolf, Ed., Handbook of Fiber Optics: Theory and Appli-

cations (Garland STPM Press, New York, 1979).

C. P. Sandbank, Ed., Optical Fibre Communication Systems

(John Wiley, Chichester, 1980).

Technical Staff of CSELT, Optical Fibre Communication (McGraw-

Hill, New York, 1981).

J. P. Wittke, "Designer's Guide to: Optical-fiber Communications
Systems," EDN, May 20, 1975.

R. T. Blanks, "It's a Testing Time for Fiber Research,"

Optical Spectra 10, 30, (October, 1976).

N. S. Kapany, "Fiber Optics," Scientific American 203, No.

5, 72 (1960).



12.

134

14.

15.

16.

17

18.

19.

20.

21.

22,

J. S. Cook, "Communication by Optical Fiber,"

Scientific American 229, No. 5, 30 (1973).

D. A. Pinnow, A. L. Gentile, A. G. Staudlee, A. J. Timper,
and L. M. Hobrock, "Polycrystalline Fiber Optical Waveguides

for Infrared Transmission," Appl. Phys. Lett. 33, 28 (1978).

T. Hidaka, T. Morikawa, and J. Shimada, "Hollow-core Oxide-glass

Cladding Optical Fibers for Middle-Infrared Region,"

J. Appl. Phys. 52, 4467 (1981).
J. Stone, "Optical Transmission in Liquid-Core Quartz Fibers,"
Appl. Phys. Lett. 20, 239 (1972).

D. C. Johnson and B. S. Kéwasaki, "The Coupling of Light
Emitting Diodes to Bulb-Ended Optical Fibers," p. 95 in

Proc. of the Tech. Program, 1974 Inter. Electro-Optics Conf.,

Brighton, England (Kiver Communications, Surrey, England, 1974).
D. Gloge, "Dispersion in Weakly Guiding Fibers," Appl. Opt. 10,
2442 (1971).

S. D. Personick, "Time Dispersion in Dielectric Waveguides,"

Bell System Tech. Jour. 50, 843 (1971).

P. C. Schultz, "Progress in Optical Waveguide Process and

Materials," Appl. Optics 18, 3684 (1979).

D. Botez and G. J. Herskowitz, "Components for Optical Communica-
cations Systems: A Review," Proc. IEEE 68, 689 (1980).
I. Jacobs, "Lightwave Communications in the Bell System: 1982

and Beyond, " presented at the Sixth Topical Meeting on

Optical Fiber Communication, New Orleans, Louisiana, Feb. 28~

March 2, 1983.

J. J. Pan, "5 GHz Wideband Fiber-Optic Link," Ibid.

253



254

23.
24,
25.
26.

27.

28.

29.

30.

31.

32,

J. W. Fleming, "Material Dispersion in Lightguide Glasses, "

Electronic Lett. 14, 326 (1978).

T. Li, "Optical Fiber Communication = The State of the Art,"

IEEE Trans. Commun., COM-26, 946 (1978).

K. Yoshida, Y. Furui, S. Sentsui, and T. Kuroha, "Loss Factors

in Optical Fibers," Optical and Quantum Elect. 13, 85 (1981).

S. Kobayashi, N. Shibata, S. Shibata, and T. Izawa, Rev. Elect.
Commun. Lab. 26, 453 (1978).

H. Osanai, T. Shioda, T. Moriyama, S. Araki, M. Horiguchi,

T. Izawa, and H. Takata, "Effect of Dopants on Transmission

Loss of Low-OH-Content Optical Fibres," Electronics Lett.

12, 549 (1976).
J. Conradi, F. P. Kapron, and J. C. Dyment, "Fiber-Optical

Transmission Between 0.8 and 1.4um," IEEE J. Solid-State

Circuits SC-13, 106 (1978).

T. Miya, Y. Terunuma, T. Hosaka, and T. Mryashita, "Ultimate

Low-Loss Single-Mode Fibre at 1:55 pm," Elect. Lett. 15,

106 (1979).

K. Koizumi, Y. Ikeda, I. Kitano, M. Furnkawa, and T. Sumimoto,
"New Light Focusing Fibers Made by a Continuous Process,"
Appl. Opt. 13, 255 (1974).

R. G. Sommer, R. D. Deluca, G. E. Burke, "New Glass System for

Low-Loss Optical Waveguides," Electronic Letters 12, 408 (1976) .

B. D. Evans and G. H. Sigel, Jr., "Radiation Resistant Fiber

Optic Materials and Waveguides," IEEE Trans. Nucl. Sci.

NS-22, 2462 (1975).



33.

34.

35.

36.

37.

38.

39.

40.

G. R. Newns, "Materials Systems and Fibre Fabrication Processes

in the UK, " Tech. Digest of Topical Meeting on Optical

Fiber Transmission, Paper TuBl. Williamsburg, Va., Jan.

7-9, Optical Soc. of America (1975).
P. L. Mattern, "A Summary of Preliminary Studies on the Effects
of Co-60 Gamma-Ray Irradiation of Fiber Optic Materials,"

Sandia Tech. Report SLL-73-0287 (Octocber 1973).

P. L. Mattern, L. M. Watkins, C. D. Skoog, J. R. Brandon, E. H.
Barsis, "The Effects of Radiation on the Absorption and
Luminescence of Fiber Optic Waveguides and Materials,"

IEEE Trans. Nucl. Sci., NS-21, No. 6, 81 (1974).

C. R. Kurkjian, R. V. Albarino, J. T. Krause, H. N. Vazivani,
F. V. DiMarcello, S. Torza, and H. Schonhorn, "Strength of
0.04-50-m Lengths of Coated Fused Silica Fibers," Appl.
Phys. Lett. 28, 588 (1976). |

J. J. Mecholsky, S. W. Freiman, and S. M. Morey, "Fractographic

Analysis of Optical Fibers," Amer. Ceramic Soc. Bull. 56,
1016 (1977).
B. Justice, "Strength Considerations of Optical Waveguide

Fibers," Fiber and Integrated Optics 1, 115 (1978).

G. E. Walrafen, P. N. Krishnan, and S. W. Feiman, "Raman
Investigation of Optical Fibers Under High Tensile Stress,"
J. Appl. Phys. 52, 2832 (1981).

Y. Katsuyama, Y. Mitsunaga, H. Kobayshi, and Y. Ishida,

"Dynamic Fatigue of Optical Fiber Under Repeated Stress,"

J. Appl. Phys. 53, 318 (1982).

255



256

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Proceedings of the Fiber Optics in the Nuclear Environment

Symposium, R. C. Webb, Chairman, held March 25-27, 1980 at
Harry Diamond Laboratories, Adelphi, MD, DNA Report No. DNA-
5308 P-2.

Fiber Optics in Adverse Environments, P. B. Lyons, Ed., Proc.

of SPIE 296, August 25-27, 1981, San Diego, CA.

Tri Service Workshop on Fiber Optic Sensors and Guided Wave

Technology, Fort Eustis, Virginia, Oct. 5-8, 1982.

E. J. Friebele, G. H. Sigel, Jr., M. E. Gingerich, "Nuclear-
Radiation Effects on Fibers," Laser Focus, p. 50, September,
1978.

G. H. Sigel, Jr., "Radiation Effects in Optical Fibers,"
presented at Recent Advances in Fiber Optics, Univ. of

Rhode Island, June 20, 1978.

R. C. Webb, L. Isaacson, and E. P. Marram, "Response of Fiber

Optic Waveguides to Ionizing Radiation," Optical Eng. 18,

568 (1979).
E. J. Friebele, "Optical Fiber Waveguides in Radiation Environ-

Ments," Optical Eng. 18, 552 (1979).

»

G. H. Sigel, Jr., "Fiber Transmission Losses in High-Radiation
Fields," Proc. IEEE 68, 1236 (1980).
R. A. Greenwell, G. H. Baker, and W. H. Hardwick, "Fiber Optics

in the Nuclear Environment," Inter. Fiber Optics and Communi-

cations, p. 19, September, 1981.
G. A. Taylor and J. C. Thacker, "Fibre Optics Systems for Space

Applications," Optics and Laser Tech., p. 93, April, 1982.




5k,

52.

53,

54.

54a.

55

56,

57

58.

59.

A. N. Paolantonio, "Military Fiber-Optic Links: Can They
Take the Heat?" Microwaves, p. 104, January, 1982,

E. J. Friebele, G. H. Sigel, Jr., and M. E. Gingerich,
"Radiation Response of Fiber Optic Waveguides in the 0.4

to 1.7 pm Region," IEEE Trans. Nuc. Sci. NS-25, 1261

(1978).

G. J. Dienes, "Introduction - Defects in Silicas," J. Phys.

Chem. Solids 13, 272 (1960).

P. W. Levy, "Reactor and Gamma-Ray Induced Coloring of Corning

Fused Silica," J. Phys. Chem. Solids 13, 287 (1960).
D. L. Griscom, E. J. Friebele, K. J. Long, and J. W. Fleming,
"Fundamental Defect Centers in Glass: Electron Spin Resonance

and Optical Absorption Studies of Irradiated Phosphorus-Doped

Silica Glass and Optical Fibers," J. Appl. Phys. 54, 3743 (1983).

D. L. Griscom, "Defects and Impurities in «-Quartz and Fused

Silica," in The Physics of SiOp and Its Interfaces,

S. T. Pantelides, Ed. (Pergamon Press, New York, 1978) p. 232,
D. L. Griscom, E. J. Friebele, M. Stapelbroek, and G. H.
Sigel, Jr., "Radiation-Induced Defect Centers in Fiber Optic

Glasses," p. 11 in Ref. 41.

J. A. Weil, "The Aluminum Center in aQuartz," Rad. Effects

26, 261 (1975).

G. N. Greaves, "Colour Centres in Vitreous Silica," Phil.
Mag. B 37, 447 (1978).

G. H. Ssigel, Jr., "Ultraviolet Spectra of Silicate Glasses:

A Review of Some Experimental Evidence," J. Non-Crystalline

Solids 13, 372 (1974).

257



258

60.

61.

62.

63.

64.

65.

66 .

R. A. Weeks, "Paramagnetic Resonance and Optical Absorption
in Gamma-Ray Irradiated Alpha Quartz: The "Al" Center,"

J. Am. Ceramic Soc. 53, 176 (1970).

R. A. Weeks and E. Souder, "The Relation Between the Magnetic
Susceptibility, Electron Spin Resonance, and the Optical
Absorption of the El Center in Fused Silica," in Symposium

on Paramagnetic Resonance, Vol. 2, W. Low, Ed. (Academic

Press, New York, 1963) p. 869.
D. L. Griscom and W. B. Fowler, "Electron-Transfer Model for

E'-Center Optical Absorption in SiOj3," in The Physics of

MOS Insulators, G. Lucovsky, S. T. Pantelides, F. L.

Galeener, Eds., (Pergamon Press, New York, 1980) p. 97.

M. Stapelbroek and D. L. Griscom, "Oxygen-Associated Trapped-

Hole Centers in High-Purity Fused Silica," in The Physics

of Si09 and Its Interfaces, S. T. Pantelides, Ed. (Pergamon

Press, New York, 1978) p. 263.

P. L. Mattern, L. M. Watkins, C. D. Skoog, and E. H. Barsis,
"Absorption Induced in Optical Waveguides by Pulsed Electrons
as a Function of Témperature, Low Dose Rate Gamma and Beta

Rays, and 14 MeV Neutrons," IEEE Trans. Nucl. Sci. NS-22,

2468 (1975).
C. D. Skoog, "A Summary of Radiation Induced Transient
Absorption and Recovery in Fiber Optic Waveguides, "

Sandia Tech. Report SAND76-8056, (November 1976).

E. J. Friebele, R. E. Jaeger, G. H. Sigel, Jr., and M. E.
Gingerich, "Effect of Ionizing Radiation on the Optical

Attenuation in Polgmer-Cl?d Si}ica Fiber-Optic Waveguides, "
Appl. Phys. Lett. 32, 95 1978).




67

68.

69.

70.

71.

A2

T3

74.

75.

76.

G. H. Sigel, Jr., E. J. Friebele, M. E. Gingerich, and L. M.
Hayden, "Radiation Response of Large Core Polymer Clad

Silica Optical Fibers," IEEE Trans. Nuc. Sci. NS-26, 4796

(1979]).

G. H. Sigel, Jr., E. J. Friebele, and M. E. Gingerich,
"Recent Progress in the Investigation of Radiation Resistant
Optical Fibers," p. 2 in ref. 42.

E. W. Taylor, J. M. Emines, W. R. Ayres, J. D. Wiltse, and
J. M. Maier, "Response of Irradiated Opitcal Waveguides at
Low Temperatures," p. 40 in ref. 42.

S. Share, "Effect of Ionizing Radiation on Fiber-Optic

Waveguides, " p. 51 in ref. 42.

E. J. Friebele and M. E. Gingerich, "Radiation Damage of Optical

Fiber Waveguides at Long Wavelengths," p. 37 in ref. 41l.

S. Share, "Temperature Dependence of Radiation Darkening

in Optical Waveguides," p. 49 in ref. 41.

J. J. McAlarney, X. G. Glavas, R. A. Greenwell, and S. Share,
"Lessons Learned in .the Manufacturing of Radiation Resistant

Optical Fiber," IEEE Trans. Nuc. Sci. NS-28, 4125 (1981).

C. E. Barnes, "Laser Diode-Induced Photobleaching at Low

Temperatures, " IEEE Trans. Nuc. Sci. NS-29, 1479 {l?SZJ.

P. Kaiser, "Drawing-induced Coloration in Vitreous Silica Fibers,"

J. Opt. Soc. Am. 64, 475 (1974).

G. H. Sigel, Jr. and B. D. Evans, "Effects of Ionizing Radiation

on Transmission of Optical Fibers," Appl. Phys. Lett. 24,

410 (1974).

259



77. B. D. Evans and G. H. Sigel, Jr., "Permanent and Transient

Radiation Induced Losses in Optical Fibers,"

IEEE Trans. Nucl. Sci. NS-21, No. 6, 113 (1974).

78. E. J. Friebele, D. L. Griscom, and G. H. Sigel, Jr., "Defect
Centers in a Germanium-Doped Silica-Core Optical Fiber,"
J. Appl. Phys. 45, 3424 (1974).

79. D. N. Payne and W. A. Gambling, "New Silica-Based Low Loss

Optical Fibre," Electronics Lett. 10, 289 (1974).

80. E. J. Friebele, G. H. Sigel, Jr., and M. E. Gingerich, in
Fiber Optics: Advances in Research and Development, B. Beadow
and S. S. Matea, Eds. (Plenum Press, New York, 1979) p. 355.

8l1. J. A. Wall, T. J. Loretz, and J. E. Mattison, "Optical Fiber
Composition and Radiation Hardness," p. 35 in ref. 42.

82. J. A. Wall, H. Posen, and R. Jaeger, "The Role of the Multi-
dopants Sb/P in Radiation Hardening of Optical Fibers,"

p.- 31 in ref. 41.

83. E. J. Friebele, M. E. Gingerich, and G. H. Sigel, Jr., "Effect
of Ionizing Radiation on the Optical Attenuation in Doped Silica
and Plastic Fiber-Optic Waveguides," Appl. Phys. Lett. 32,

619 (1978).

84. E. J. Friebele, "Radiation Protection of Fiber Optic Materials:
Effect of Cerium Doping on the Radiation-Induced Absorption,"
Appl. Phys. Lett. 27, 210 (1975).

85. 8. P. Faile, J. J. Schmidt, and D. M. Roy, "Irradiation Effects
in Glasses: Suppression by Synthesis Under High-Pressue Hydrogen,"

Science 156, 1593 (1967).

260



86.

87.

88.

89.

90.

91.

92.

93.

924.

T. Nishimura, H. Aritome, K. Masuda, and S. Namba, "A Loss
Mechanism in Optical Waveguides Fabricated by Ion Implantation

in Fused Quartz," Jap J. Appl. Phys. 15, 1167 (1976).

S. Share, R. M. McCracken, and I. Aggarwal, "The Effect of

Temperature on the Response of Glass-Clad Optical Waveguides

to Ionizing Radiation," IEEE Trans. Nuc. Sci. NS§-25, 1288 (1978).

S. Share and J. Wasilik, "Radiation Effects in Doped Silica

Optical Waveguides," IEEE Trans. Nuc. Sci. N5-26, 4802 (1979).

J. A. Wall, H. Posen, and R. Jaeger, "Radiation Performance of
Germanium Phosphosilicate Optical Fibers as a Function of
Temperature," p. 57 in ref. 41.

L. M. Watkins and E. H. Barsis, "Absorption Induced in Glass

and Plastic Fibers by 14 MEV Neutrons," Sandia Tech. Report

SAND 75-8714, (June, 1976).

J. E. Golob, P. Lyons, and L. D. Looney, "Transient Radiation

Effects in Low Loss Optical Waveguides," IEEE Trans. Nuc.

Sci. NS-24, 2164 (1977).
M. J. Marrone, "Radiation-Induced Luminescence in Silica Core

Optical Fibers," Appl. Phys. Lett. 38, 115, (1981).

P. B. Lyons, L. D. Looney, J. E. Golob, R. Robichand, R. Seno,
J. Madrid, L. Hocker, and M. Nelson, "Neutron-and Gamma-Induced

Transient Effects in Optical Fibers," Proc. of 1978 Conf. on

Physics of Fiber Optics, (Plenum, New York, 1978) p. 379.

P. B. Lyons, J. E. Golob, and R. E. Kelly, presented at OSA
Meeting on Optical Fiber Communication, March, 1979, Wash.,

D. C.

261



95. P. B. Lyons, R. E. Kelly, and L. D. Looney, "Short-Term
Radiation Effects in Optical Fibers," p. 83 in ref. 41.

96. P. Zagarino, C. H. Lin, M. A. Nelson, T. J. Davies, N. J.
Norris, and J. W. Ogle, "Radiation Response Measurement of
Fibers in the Picosecond Region," p. 117 in ref. 41.

97. L. D. Looney, G. Turquet de Beauregard, P. B. Lyons, R. E.
Kelly, "Radiation-induced Transient Absorption in Optical

Fibers," p. 17 in ref. 42.

98. R. M. Gilbert, R. C. Webb, and T. R. Oldham, "Transient
Response of Optical Fibers Exposed to Pulsed Radiations,"
IEEE Trans. Nuc. Sci. NS-27, 1864 (1980).

99. I. Arimura and R. S. Caldwell, "Radiation Degradation and
Recovery in Long Fiber-Optics Data Links," p. 175 in ref. 41.

100. C. E. Barnes and J. J. Wiczer, "X-Ray Induced Transient Atten-
uation at Low Temperatures in PCS Fibers," p. 25 in ref. 42.

101. E. J. Friebele, P. C. Schultz, and M. E. Gingerich, "Compo

sitional Effects on the Radiation Response of Ge-doped

Silica-Core Optical Fiber Waveguides," Appl. Optics 19,

2910 (1980).

102. E. J. Friebele and M. E. Gingerich, "Radiation Damage in
Optical Fiber Waveguides at Long Wavelengths, " Advances in
Ceramics 2, Physics of Fiber Optics, 387 (1981).

103. E. J. Friebele and M. E. Gingerich, "Photobleaching Effects

in Optical Fiber Waveguides," Appl. Optics 20, 3448 (1981).

104. R. M. Gilbert, "Photobleaching of Radiation-Induced Color

Centers in a Germania-Doped Glass Fiber," IEEE Trans. Nuc.

Sci. NS-29, 1484 (1982).

262



105.

106.

107.

108.

109.

110.

G. H. Sigel, Jr., E. J. Friebele, M. J. Marrone, and M. E.
Gingerich, "An Analysis of Photobleaching Techniques for
the Radiation Hardening of Fiber Optic Data Links,"

IEEE Trans. Nuc. Sci. NS-28, 4095 (1981).

R. H. West and A. P. Lenham, "Characteristics of Light Induced

Annealing in Irradiated Optical Fibres," Electronics Lett.

18, 483 (1982).

J. G. Titchmarsh, "Signal-Level Dependence in the Recovery

Rate of Irradiated Plastic-Clad Silica Fibre," Electronics
Lett. 15, 111 (1979).

A. Barkatt, M. Ottolenghi, and J. Rabani, "Spur Recombination
and Diffusion Processes in Pulse Irradiated Inorganic Glasses,"
J. Phys. Chem. 77, 2857 (1973).

A. Barkatt, C. A. Angell, and J. R. Miller, "Radiation Products
and Tunneling Process in Ionic Glasses. 1. Radiation Products
and Recomnbination in Undoped Nitrate and Acetate Glasses,"

J. Phys. Chem. 82, 2143 (1978).

E. J. Friebele and D. L. Griscom, "Radiation Effects in Glass,"

p- 257 in Treatise on Materials Science and Technology 17,

Glass II, M. Tomozawa and R. H. Doremus, Eds., (Academic

Press, New York, 1979).

263



264

IVv. PHOTODETECTORS

Currently there are a large nunber of sensitive photodetectors
available for use as optical to electrical transducer elements.
Since a comprehensive review of all types of photodetectors would
be unrealistic in this report, we restrict our discussion to
those detectors most likely to be used with fiber optic systems or
optoelectronic couplers. This limits the scope of our discussion
to detectors sensitive to optical radiation in the .5 pm to 1.6 um
wavelength range. Further limitations are imposed by noting that
we are primarily interested in high speed data links of rugged
construction and compact size which can withstand some exposure
to radiation environments. Using these conditions, our discussion
can be confined to photovoltaic or photoconductive semiconductors
containing one or more p-n Jjunctions. Although special photo-
multiplier tubes and other types of detectors may satisfy the
conditions outlined above, very few radiation damage studies have

been made on these types of detectors.

1. TYPES OF PHOTODETECTORS

A brief overview of photodetector properties pertinent to
optical fiber systems will be presented in this report. More
complete discussions of the many types of photodetectors are easily
accessible in the literature in the form of review papers (Refs.
1-5) and books (Refs. 6-10).

One of the simplest types of photodiode detectors currently

used in applications requiring moderate to high response speed is



the p-n junction (Ref.6). This device is typically asymmetrically
doped (e.g. n'p) with the thin heavily doped layer situated on
top, usually exposed to the incident 1light. Photogenerated
carriers are created throughout the device at a rate Gop (A )
where x is the distance into the device from the nt boundary
and A is the wavelength. The density of photogenerated carriers
as a function of position is determined in part by the wavelength

dependence of the optical absorption coefficient, «, of the semi-

conductor material. It can be shown (Ref.ll) that the generation

rate in a small thickness dx about the x position can be given by

=a(A)x -3 -1

Gop(l,x) = Nph(h} a (A)e cm sec (4.1)

where Nph(h) is the incident photon £flux as a function of wave-
length. Since the p-region is lightly doped, the space charge
(depletion) region will extend well into this region. Collection
of photogenerated carriers will be significant throughout the
entire space charge (depletion) region and approximately one
minority carrier diffusion length into the undepleted p region.
Due to the effects of sufface recombination and the short hole
+

(minority carrier) diffusion length in the thin n™ region, it

= region on top will not make

is usually assumed that the thin n
a significant contribution to the photocurrent. For the normal
operating conditions of reverse bias, the total current is the
sum of the space charge region drift current, Jg., and the

diffusion current, Jgq (Ref.1ll),

w
Jeo = —4 Nph[ a e ** ax = q Non (1 - e_“w), A/cm? (4.2)
o
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e~ aw De 2
Jg = aNpp |1 - ———— |+ anyg —s A/cm (4.3)
(1L + aLg) Le

where w is the width of the space charge region and L, as defined
earlier, is the electron diffusion length. In the interest of
clarifying these equations, monochromatic incident light has been
assumed to be the illumination source for minority carrier genera-
tion; this removes the A dependence in the equations. The deriva-
tion of Equation 4.2 assumes thermal generation currents are neg-
ligible, which is normally a valid assumption for moderate illu-
mination intensities. However, as exposure to radiation fluences
increases the number of recombination-generation defect sites
within the space charge region, this assumption may no longer be
valid. To correct Equation 4.2, the thermal generation current
component Jgen (Ref.12) is added to the space charge drift current

component Jgg:

anijw

J + J = q Nph(l - g7 0%y 4 7 A/cmz. (4.4)

sC gen TSCR

This current, Jgent is thenm a leakage current or dark current which
generally increases with irradiation since 1/tgcy is proportional
to the density of recombination centers in the space charge region
(see Section I).

The fraction of the total photocurrent which is due to Jg¢
will depend on the doping level in the p-region, the applied vol-
tage, the value of Lg, and the absorption coefficient at the wave-
length of the incident light. While the collection of carriers
contributing to Jgc occurs very rapidly under saturated drift con-

ditions, the collection of carriers contributing to Jg occurs much



more slowly due to the diffusion mechanism; this 1is especially
important for materials with large Lg (and long minority carrier
lifetimes). Furthermore, one should note that the photocurrent
portion of Jg (see Equation 4.3) depends on Lg but Jg. does
not. Therefore, J4q is more likely to decrease from the effects
- of radiation through radiation induced degradation of Lg than
is Jgc+ Consequently, to build a fast radiation-insensitive
detector, the contribution of Jgq to the overall photocurrent
should be made small and the contribution of Jgr should be made
as large as possible,.

Another problem with photodiodes characterized by large
diffusion current components is the electrical series resistance
(Ref.1l). Since minority carriers in these devices must diffuse
through a relatively thick region on either or both sides of the
space charge region, the effective series resistance of the
photodiode can be relatively large and cause problems in systems
requiring large bandwidths and low input impedances. For the
case of our typical n'p simple photodiode structure, series
resistance due to carriers diffusing through the p region might
be reduced by increasing the doping of the p-region (i.e. lowering
the p-region resistivity). Unfortunately, increases in the doping
of the p-region generally cause decreases in the minority carrier
diffusion length (Ref.9), Lg, which ultimately reduces the photo-
current. However, since the space charge region is fully depleted,
photocurrent generation in this region does not contribute to
series resistance effects.

To minimize the disadvantages of the simple p-n junction
photodiode, a p-i-n (sometimes PIN) photodiode structure can be

created which tends to greatly increase the J ., component of
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photocurrent and reduce the Jq component (Refs. 13 and 14). 1In
such a device, an intrinsic (i.e. undoped semiconductor material
characterized by high resistivity) region indicated by either an

llill

or an "I", is sandwiched between the thin, heavily doped n
and p regions of the photodiode. When moderate reverse bias
voltages (10-200 V) are applied to the photodiode, the intrinsic
region becomes a fully depleted part of the junction space charge
region. In fact, often the intrinsic region is not strictly
intrinsic semiconductor material but very 1lightly doped n or
p material. If the doping is light enough, the region will still
become completely depleted at moderate reverse bias voltages.
The overall result is a photodiode with most of the optical
photons absorbed in the space charge region, and therefore a
photodiode with a relatively small series resistance, high speed
response and some inherent immunity to radiation effects. The
thickness of the intrinsic region can range from less than a micron
to a few hundred microns depending on the semiconductor material
type, the design wavelength for peak optical responsivity, and
the speed requirements for £he device. In fact, in order to better
control the optical wavelength of peak detector sensitivity, the
intrinsic region thickness is often selected to be equal to one
optical absorption length at the selected wavelength. Although
carrier transit time increases and hence device response time in-
creases as the depletion region thickness increases, actual carrier
transit time is small enough to have a minimal effect on device
speed even for relatively thick i-regions. For example, Springings

and McIntyre (Ref.l15) have shown that the electron transit time



for a 0.5 mm thick i-region in a silicon photodiode is approxi-
mately 20 nsec with 100 volts reverse bias. Typically p-i-n
devices are used in systems requiring optical detection band-
widths up to 100 MHz.

Another type of photodiode detector of considerable interest
in the fiber optics community is the avalanche photodiode (APD)
detector. As the name of thié class of detectors implies, an ava-
lanche multiplication process in the space charge (depletion)
region provides internal gain to boost the magnitude of the photo-
current signal (Refs. 16 and 17). This type of device is important
in maximizing the signal to noise ratio in detection schemes
involving very weak optical signals (Refs. 18-20). 1In general,
the use of an APD with its characteristic internal gain results
in a larger overall system's signal to noise ratio than the use
of a p-i-n photodiode in a similar system with greater external
gain.

An avalanche photodiode makes use of the impact ionization
process to multiply the number of photo-induced minority carriers
as they pass through the space charge region. One difference
between a conventional p-i-n photodiode and an APD is the strength
of the electric field in the space charge region. For the p-i-n
photodiode, the electric field need only be strong enough to drive
all photogenerated carriers to the opposite side of the depletion
region. In the APD device, the internal electric fields in the
space charge region must be large enough to significantly accel-
erate the carriers traveling through the depletion region. An

accelerated carrier creates additional mobile carriers by impact
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ionization during collision processes as the carrier travels
through the depletion region, resulting in an internal signal
multiplication process. In commercially available APDs, the
internal gain can range from a factor of 10 to several hundred
depending on the device material, design and applied bias voltage.
Substantial improvements (Refs. 16-23) have been made in the qual-
ity and variety of commercially available APDs; however, use of
avalanche photodiodes is still somewhat limited due to their
temperature dependent operation (Ref.24), large required bias,
and radiation sensitivity. With the inherent internal gain of
APDs and the resulting larger gain-bandwidth product, APDs can
be used in systems requiring bandwidths in the 500-1000 MHz
range (Refs.10,16,17).

One of the main difficulties experienced with many APD devices
during early development was non-uniformity in the avalanche mul-
tiplication effect across the light sensitive area. Local regions
often exist near the edge of the active area where the breakdown
voltage is lower than in the rest of the device resulting in
microplasmas or hot spots-which can ultimately lead to the de-
struction of the device. These problems have been minimized with
guard ring structures to isolate the electrically active region
from the physical edge of the semiconductor die (Refs.16,17,25).

APDs are also found to exhibit fairly high noise levels, in
part, because the avalanche multiplication process contains in-
herent statistical fluctuations. This excess noise factor assoc-
iated with APDs 1is found to be strongly linked to the device

material type and in particular the ratio of holes to electrons

created in the avalanche process. As this ratio approaches 1,



the noise factor increases. Although APDs have an excess noise
factor, detailed systems calculations of signal to noise ratios
for these devices and p-i-n devices indicate that APDs are a better
selection in systems characterized by low power optical signals
and large bandwidth requirements (which often necessitate a low
value of load resistance) (Refs. 18-20, 25).

Another disadvantage of APDs, especially with regard to radia-
tion damage is that they are operated at a reverse bias voltage
very near to their breakdown voltage and hence APDs routinely func-
tion in a metastable state. Small fluctuations in environmental
or electrical operating condition can lead to large fluctuations
in device behavior and possible self-destructive reverse currents.
This concern has caused some commercial APD manufacturers to in-
clude temperature compensating circuitry in the same physical
package with the APD to prevent temperature induced catastrophic
failure (Refs. 21 and 24),.

The last type of photosensitive device to be considered here
is the phototransistor (see for example Refs. 1, 4, or 9). A
phototransistor can be considered as a conventional transistor
connécted to a photodiode across the collector-base Jjunction so
that the transistor base drive current can be supplied by the op-
tically generated photodiode current. The phototransistor, usual-
ly an n-p-n device, is operated with an open base and a positive
bias voltage applied to the n-type collector with respect to the
emitter. Physically, the photodiode and transistor are merged
into the same semiconductor device and operate similar to a con-

ventional bipolar transistor with the base minority carriers
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generated by incident light instead of being injected into the
base by the emitter due to applied bias voltage. For the case
of an n-p-n phototransistor with electron-hole pairs optically
created in the base and collector regions, excess photogenerated
electrons (minority carriers) are collected by the reverse biased
collector-base junction leaving the photogenerated holes in the
base region. The charge imbalance created by the excess holes
causes increased injection of electrons from the n-type emitter
region which then traverse the base region and are collected at
the collector base junction. This results in the current through
the transistor being controlled by the light incident on the base
region.

To achieve good gain in a phototransistor, a long diffusion
length is required for minority carriers in the base region; this
dependence is explicitly stated in the equations which describe
phototransistor action (e.g., see Ref. 9, p. 784). 1In general, a
strong dependence on diffusion processes implies a susceptibility
to radiation damage and a relatively slow response time. Typical
silicon phototransistors provide a gain (signal current electrons/
incident optical photons) of approximately 200 with a response
time on the order of microseconds. This moderate speed is often
sufficient for many commercial applications such as optoelectronic
isolators/couplers and discrete detectors. Their sensitivity to
radiation limits their usefulness in hostile environments.

Phototransistors physically differ from conventional bipolar
transistors in their relatively large area base-collector junction
which is required to efficiently collect light and their mechani-

cal package which requires a window to couple light into the



semiconductor die. These devices are readily available commer-

cially in silicon material and available on a research basis in

certain compound semiconductor materials.

2, SILICON DETECTORS

Presently, silicon based photodetectors are the most widely
used commercial photodetectors on the market. This is due in part
to the extensive research on silicon materials for use in tran-
sistor and integrated circuit technologies. The optical detector
area has benefited from these development efforts by the avail-
ability of numerous high quality, low cost silicon based photo-
detectors -~ many including sophisticated integrated electronic
amplifiers in the same package (Ref.21). Currently all types of de-
tectors discussed above (p-n, p-i-n, APD, phototransistors) are
commercially available in silicon material.

However, silicon based detectors have some important in-
trinsic limitations which reduce the usefulness of these detectors
in many applications. The most important limitation of silicon
based detectors is the restriction of their range of spectral
sensitivity to optical wavélengths between .3 pm and 1.1 pm. This
limits the usefulness of silicon based detectors in many long
wavelength applications; this is of particular concern for new
optical fiber systems due to the use of longer operating wave-
lengths. As noted in Section III, wavelengths in the 1.1 pm
to 1.6 pm range are currently being considered to more fully ex-
ploit the potential low attenuation and large bandwidth of recent

optical fiber materials. Despite these limitations there are
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still many important applications for silicon detectors in glass
fiber optic systems operating at .82 ym - .2 pm, in plastic fiber
optic systems operating at .6 pm - .7 pm, and in optoelectronic
isolators (Refs.2,3,10,19,20).

As noted earlier in this report, one of the most important
parameters involved in the selection of ionizing-radiation in-
sensitive optoelectronic components 1is the wavelength of the
signal carrying light beam. Therefore, it is important to examine
the spectral response of silicon detectors in some detail. Al-
though it may appear that the response of a silicon photodetector
is solely determined by the bandgap of the material, Eg = 1.12 eV
(1.107 pm) at 300 K, actually the spectral response of a photo-
detector is subject to other important factors including the anti-
reflection coating, device structure, layer thickness, and applied
bias voltage. The spectral response curves shown in Figure 4.1
indicate a considerable variation in the spectral response of
several different silicon detectors. In this Figure, gquantum
efficiency is defined as the nunber of electron-hole-pairs con-
tributing to photocurrent per incident optical photon and is
plotted versus wavelength. Also shown on this plot is the absolute
responsivity in milliamps of signal current per milliwatt of inci-
dent optical power at the wavelength indicated on the horizontal
axis.

In general for silicon material, the optical absorption co-
efficient, a, is small for optical wavelengths corresponding to
photon energies only slightly greater than the bandgap and there-

fore, light in this range penetrates relatively deeply below the



device surface before it is absorbed. This wavelength range is
of interest because of the use of InGaAs emitters and the use of
neodymium yttrium aluminum garnate (Nd-YAG) lasers at 1.06 um for
certain fiber optic systems. Many silica optical fibers have a
window of low attenuation at this wavelength (Refs.3 and 10). As
shown in Figure 4.1, the responsivity in the range 1.00 to 1.10 um
can be considerably enhanced by making the i-region in a p-i-n
photodiode thicker and by using the appropriate antireflection
coating on the surface of the device. The data in Figure 4.1
also indicate that the spectral response for the p-i-n photodiode
can be shifted to the shorter wavelengths by using a thin i-region
and selecting an antireflection coating suitable for shorter
wavelengths. The result 1is an ultrafast photodiode maximized
for response at the 0.6328 um wavelength.

The spectral response of another type of silicon photo-
detector, a Schottky barrier photodiode is also shown in Figure 4.1.
Note that the Schottky barrier Au-i-n* device has a considerably
enhanced short wavelength response. In this device a very thin
layer of gold (Au) is deposited on an intrinsic layer which is
grown on a low resistivity n* substrate. The junction is formed
at the Au-i interface allowing depletion of the i-region with
reverse bias. Under these conditions, the operation of the device
is similar to a reverse biased p-i-n photodiode and the photo-
current is given by an expression similar to Equation 4.2 (Ref.16).
Since this device has no heavily doped "photoactively dead"

region at the top of the device (as in p-n and p-i-n photodiodes),
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short wavelength light, which is absorbed near the optically
illuminated surface, can contribute to the photocurrent. Schottky
barrier photodiodes usually exhibit large leakage currents due to
edge effects and so guard rings are usually employed to minimize
the effects of these currents on overall performance.

The data for silicon photodetectors presented in Figure 4.1
clearly indicates that silicon materials can be used to detect
light in the 0.50 pm to 1.10 pm range - an important spectral

region, but somewhat limited for all fiber optics applications.

3. GERMANIUM DETECTORS

Germanium is used in the fabrication of some commercially
available p-n junction photodiodes and avalanche photodiodes (Refs.
26 and 27) because the smaller bandgap (Eg - 0.66 eV @ 300 K)
associated with Ge relative to Si makes these detectors sensitive
to optical wavelengths in the infrared part of the spectrum to
1.9 pm - significantly beyond the range of silicon based de-
tectors. Due to the smaller bandgap, germanium photodiodes are
characterized by a larger thermally generated leakage current and
greater noise equivalent power than silicon detectors. As shown
in Figure 4.2, germanium detectors are sensitive from .5 um to
beyond 1.9 pm although due to their noise characteristics they
are rarely used for optical detection at wavelengths below 1.0 pm
(since silicon detectors are still responsive and have lower noise
levels). Germanium detectors can be cooled to improve their noise

characteristics.
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4, TIII-V COMPOUND SEMICONDUCTOR DETECTORS

In recent years, there has been increased interest in the
infrared part of the optical spectrum between 1.1 pm - 1.6 um.
As discussed in the previous Section, in this range optical fibers
have both low attenuation and dispersion so this region is appro-
priate for long distance, high data rate, communication systems.
Since this part of the spectrum is beyond the range of sensitivity
for silicon detectors, there has been renewed interest in fabri-
cating high speed, high responsivity, low noise photodetectors
from III-V semiconductor materials including binary, ternary and
quaternary compounds of GaAs, InP, AlGaAs, InGaAs, GaAsSb, AlGaSh,
GaAsP, AlGaAsSb, and InGaAsP. The term III-V is used to describe
semiconductor materials composed of two or more elements with
at least one element from the III column (Al, Ga, In) and one
from the V column (P, As, Sb) of the periodic table of elements.
Although the fabrication and growth technology associated with
many III-V compounds is still in an early stage of development,
some III-V detectors are currently commercially available.

Detectors fabricated from III-V materials have several ad-
vantages over silicon and germanium detectors. First, the band-
gap (and thus the range of optical sensitivity) of ternary and
quaternary III-V semiconductor materials can be varied by alter-
ing the alloy composition (Ref.28). 1In fact, the range of optical
sensitivity can be selected to satisfy application requirements
for wavelengths from .4 pm to over 9.0 m.

With the appropriate selection of materials and alloy com-

position, III-V compound semiconductors can often be made to be
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direct bandgap materials. The relatively large optical absorp-
tion coefficients characteristic of direct bandgap semiconductor
materials is useful in the fabrication of efficient photodetectors
with a small active region volume. The active region volume of a
photodetector is a key parameter in designing radiation hardened
photodetectors - generally smaller active region photodiodes are
less sensitive to ionizing-radiation.

In addition to the qualities listed above, photodiodes fabri-
cated from III-V compound semiconductors often are faster in re-
sponse than similar structures in silicon or germanium devices due
to shorter minority carrier lifetimes and larger carrier velocity.
Finally, III-V devices (GaAs, AlGaAs, AlGaSb, InCGaAsP and others)
usually require a lower voltage bias supply for operation than
silicon and many germanium devices. This is an important advantage
in many applications where voltage supplies are limited to inte-
grated circuit logic levels. In fact, some AlGaAs/GaAs photodiodes
can operate with full optical responsivity and subnanosecond re-
sponse time with O volts of applied bias (Ref.29).

Space limitations in this text prevent a complete discussion
of all detectors fabricated with III-V materials; however, Figures
4,2 and 4.3 illustrate some typical quantum efficiency curves for
photodiode detectors fabricated from GaAs, AlGaSb, GaAlAsSb,
GaInAs, and InGaAsP. Also included in Figure 4.2 are quantum
efficiency curves for silicon and germanium detectors for ease of
comparison. Since the sensitivity of III-V detectors is strongly

dependent on alloy composition, the curves presented in Figures 4.2
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and 4.3 are intended to be only representative of detector sensi-
tivities that can be achieved in these material systems (Refs.29-
33). A more complete discussion of these types of detectors can

be found in several references (Refs. 30-37).

5. RADIATION EFFECTS

Certain military and civilian applications require the con-
tinuous operation of optoelectronic information transfer systems
during and immediately after exposure to radiation. In this
type of environment, the photodetector element can be the element
which limits system operation; this is most common in relatively
short distance links. Since semiconductor photodetectors gener-
ally respond to electromagnetic radiation with photon energy
greater than the semiconductor bandgap, photodetectors generate
electrical current due to incident ionizing-radiation (e.g.
x-rays, gamma rays) as well as incident optical photons. In
addition, some crystalline properties of semiconductor materials
are often altered as a result of exposure to radiation. For
photodetectors, the minority carrier diffusion 1length and the
number of radiation induced defect sites in the crystal lattice
are important factors 1in determining device degradation after
exposure to radiation.

The effects of radiation on photodiode structures have been
studied by several researchers during the past 10 years including
Mitchell (Refs.38 and 39); Kalma and Hardwick (Refs.40-42):; Loo,
Kamath, and Knechtli (Refs.43-45); Wiczer, Barnes, Dawson, and

Osbourn (Refs. 46-49); and others (Refs. 50-52). Much of the



information about radiation effects in photodetectors was defived
from the relatively large body of data on radiation effects in
bulk semiconductors and other semiconductor devices (Refs. 53-58)
including signal diodes, signal transistors, and microwave devices.

In general, it would be expected that semiconductor devices
not dependent on minority carrier diffusion lengths for optical
sensitivity would be inherently insensitive to the permanent
damage effects of radiation. For example, typical transit times
in fully depleted p-i-n detectors are 1-10 nanoseconds for rela-
tively thick i (intrinsic) regions (Ref.15). Before there is a
significant probability of the minority carrier recombining as
it crosses the i region, the lifetime must be reduced by radiation
damage to a time comparable to the transit time. This will require
a substantial radiation dose for high speed photodiodes. In fact,
we will show that increases in photodiode leakage currents induced
by large densities of deep trapping centers may become more of a
problem in certain applications than a slight degradation of the

photoresponse.

a. Permanent damage effects - For detectors in which the photo-

current is due to minority carrier generation in a depleted region,
there is little dependence on radiation-induced minority carrier
lifetime degradation. These detectors, which include p-i-n

photodiodes, avalanche photodiodes, Schottky barrier photodiodes
and certain heterostructure III-V photodiodes depend on internal

electric fields to collect minority carriers. In these devices,
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theory (Refs. 45 and 59) and experiments (Refs. 40 and 49)
have shown that the most important permanent damage effect with
regard to proper device operation is increased leakage current.
In most cases, radiation damage also results in a decrease in
optical responsivity which can result in greater than a 50% loss
of signal after a 108 rad (si) total dose exposure (Refs. 40 and 49).
However, from a functional viewpoint, most optoelectronic systems
will continue to properly operate with a factor of two decrease
in signal current since generally optoelectronic systems must
have a significantly greater signal margin to compensate for
additional optical losses due to degradation in the other optical
components (e.g. fiber optic connector excess loss, increased
fiber loss due to microbending during installation, lens degrada-
tion due to environmental factors or misalignment, laser diode
or LED degradation, etc.). A 10 to 10,000 factor increase in
detector leakage current (Refs. 40 and 49) as a result of 108 rad
(Si) total dose exposure will have significant effects on most
optoelectronic systems. In fact, few systems will be able to
continue to operate after a 100 fold increase in photodiode
leakage current. In many optoelectronic systems, the minimum
optical signal required for proper system operation is determined
by the noise in the detection components. The photodiode noise
current is approximately proportional to the square root of the
leakage current (Refs. 6,16,60,61). Therefore, when the leakage
current increases due to irradiation, the system's minimum de-
tectable signal also increases.

This effect can be considered in more detail by referring

back to Equation 4.4 where the photodiode leakage current is



explicitly related to the density of recombination centers
(1/%ger) - One effect of radiation damage in semiconductor
materials is an increased number of recombination centers due
to the presence of crystal defect sites. Biard (Ref.59) and
Kiehl (Ref.62) have made theoretical predictions which suggest
that a neutron fluence of 1015 neutrons/ cm? will induce a
leakage current of 10 pA in a typical silicon p=i-n photodiode.
Similar calculations by Kiehl can be summarized by the curves in
Figure 4.4, These curves consider the case of an optoelectronic
isolator characterized by a source (LED) drive current and a
typical p—-i-n photodiode detector current plotted as a function
of the concentration of radiation-induced trapping centers, Ng.
At the lowest trap density levels (1011 - 1012/cm3), the dark
current increase is negligible and the total diode current, Jp is
proportional to the light output over most of the LED current
range. However, as N¢ increases, the dark current component
increases much faster than the photocurrent decreases due to
increased minority carrier recombination. According to calcula-
tions by Kiehl, trap densities greater than 1014/cm3 must be
created by radiation damage before a decrease in photodiode
signal current becomes significant; this level of damage results
in a 1000 fold increase in dark current.

Experimental investigations of permanent damage effects in Si
p-i-n photodiodes (Refs. 40,63,64) and AlGaAs/GaAs photodiodes
(Refs. 49,63,64) tend to confirm the above theoretical predictions.
Braeunig et al (Ref.63) found significant increases in leakage

current for silicon p-i-n photodiodes due to x-ray and electron
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irradiation. Braeunig observed as large as a 1000 fold increase
in noise equivalent power (NEP) due to a fluence of 1015, 1.5 Mev
electrons/cm2. Kalma and Hardwick (Ref. 40) and Wiczer, Dawson,
Barnes and Osbourn (Ref. 49) both observed significant increases in
leakage current after 107 - 108 rads (Si) total dose exposure
(gamma photons from cobalt-60) in silicon and AlGaAs/GaAs photo-
diodes. Leakage current increases from 10 to over 1000 times the
pre-irradiation values were measured. The magnitude of the leakage
current increase was found to be dependent on the overall device
geometry (junction cross-sectional area, the presence of a guard
ring), the semiconductor material used in the device, the details
of the fabrication process (presence of a mesa structure to reduce
excess leakage currents at the device edges) and the bias voltage
used during operation. Kalma and Hardwick found that surface shunt
paths were produced in all silicon p-i-n photodiodes tested but
these surface shunts had a particularly detrimental effect on guard
ring photodiodes making these devices effectively inoperative at
gamma irradiation levels of 108 rad (Si) due to excessive leakage
current at reverse bias. In fact, for some silicon guard ring p-i-n
structures, Kalma and Hardwick (Ref. 40) observed a low impedance
path on the order of 104 ohms between the guard ring and the photo-
diode cathode after exposure to 105 rad (Si) from a cobalt-60
source. Wiczer, et al. (Ref. 49) confirmed these observations.
Another permanent damage effect noted was a decrease in device opti-
cal responsivity, particularly in the long wavelength end of the
spectrum. In most semiconductor materials, the optical absorption
coefficients decrease as the photon energy of the light approaches

the bandgap energy - the long wavelength portion of the responsivity
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spectrum. This results in long wavelength photons generating
excess minority carriers a greater distance from the metallurgical
junction region than shorter wavelength photons. Therefore, any
minority carrier lifetime degradation due to radiation damage has
a more pronounced effect on long wavelength optical responsivity.

Although these devices are not impervious to the effects of
ionizing-radiation, a judiciously selected silicon p-i-n or AlGaAs/
GaAs double heterostructure p‘notodiode49 can function after ex-

014 2 neutron

posures to 108 rad (Si) gamma irradiation or a 1 n/cm
fluence. The optical responsivity will be degraded somewhat and
the photodiode dark current will increase substantially, but with
a proper circuit configuration, these devices should continue to
operate. In certain applications where the speed of the detector
response is in the 0.1-10.0 microsecond range, a photodiode may be
operated in its photovoltaic (no reverse bias) mode. This ef-
fectively eliminates the device dark current and thus reduces the
effects of dark current increase after irradiation. The AlGaAs/
GaAs double heterostructure devices operate better than silicon
devices in this mode since the minority carriers in these materials
have shorter lifetimes so that the detectors respond with shorter
rise and fall times.

Due to the lack of internal signal gain for p-i-n photo-
detectors, additional external signal gain is required for many
applications. Some p-i-n photodiode structures are used in

photodetector packages containing amplifying electronics, often

fabricated in the same semiconductor wafer as the detector (e.g.



the photodiode photodarlington, the optical schmitt trigger Honey-
well SD-3324, and others). 1In these devices, output degradation
may be due to radiation effects in other components (e.g. transistor
latch-up, transistor gain degradation) before significant degrada-
tion in the performance of the p-i-n photodiode can occur.

Avalanche photodiodes exhibit an insensitivity to permanent
damage effects of radiation similar to p~i-n photodiodes. Studies

on neutron damage effects in microwave IMPATT and TRAPATT avalanche

diodes (similar to optical avalanche photodiodes) by Chaffin, et al.

(Refs. 65 and 66) indicated that no permanent effects should occur
below fluence levels of 1015 neutrons/cm?2, Although primary
permanent damage effects in avalanche photodiodes due to incident
radiation may be minimal at irradiation levels below 1015
neutrons/cm?2 and 108 rad (Si), the transient effects in avalanche
photodiodes can be significant. In fact, because avalanche
photodiodes are operated close to their breakdown voltage in a
metastable state, permanent catastrophic damage may occur in the
avalanche photodiode due to transient noise spikes in device
current generated during a ionizing-radiation exposure burst.
This problem can be alleviated with careful circuit design to
limit peak current spikes in the APD. This effect will be dis-
cussed in greater detail in a later section.

In contrast to the radiation hardness of p-i-n and avalanche
photodiodes, phototransistors are sensitive to irradiation be-
cause their internal gain is dependent on the minority carrier

lifetime in the base region. Since the minority carrier life-
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time in good quality p-type silicon material can be as large as
a few milliseconds, the pre-irradiation lifetime-damage constant
product, 10K, can be quite large. Accordingly, relatively low
radiation fluences can cause significant degradation in phototran-
sistor output. Neutron irradiation studies on phototransistors
and optoisolators containing phototransistors tend to confirm this
sensitivity. Epstein and Trimmer (Ref. 67) found that the current
transfer ratio (CTR) for phototransistor isolators decreased by a
factor of 104 at an LED current of 10 mA after a neutron irradia-
tion of 3.7 x 1013 n/cm2. For an optoisolator containing a similar
LED but a photodiode instead of a phototransistor, the neutron in-
duced degradation was smaller by a factor of 10 at the same neutron
fluence levels resulting in an overall 103 decrease in CTR. Mea-
surements in our laboratory on neutron irradiated phototransistors
reveal a degradation of 3 to 5 in the current transfer ratio at a
constant phototransistor collector current following an irradia-
tion of 1.5 x 1012 n/cm2.

Surface effects caused by ionizing-radiation have also been
shown to significantly affect phototransistors at relatively low
dose rates (Refs. 62 and 67). Epstein and Trimmer (Ref. 67) ob-
served current transfer ratio reductions in optoisolator photo-
transistors by a factor of 3 after receiving a dose of only 103
rad (Si). Similar results were found by Soda, et al. (Ref. 62)
during their studies on the effects of gamma irradiation on
phototransistor output as a function of phototransistor collector-
emitter voltage (Vge) and LED drive current. For typical operating
values of Vge and small LED current values, the surface effects

were found to be most severe, causing reductions by factors of 3



to 5 in photocurrent after 105 rad (Si). Soda, et al attributed
these effects to gamma induced spreading of the emitter;base
depletion region along the surface of the base region adjacent
to the Si0; passivation layer. Computer calculations on this
model gave results in agreement with the main features of the
observed experimental data.

The severity of irradiation-induced surface effects de-
pend on the operating conditions during exposure. Epstein and
Trimmer (Ref.67) found that for Voo of 10 V applied during gamma
irradiation, the degradation of the opto-isolator phototransistor
was much smaller than with no bias applied. Experiments in our
laboratory also demonstrate the dependence of gamma induced degra-
dation in phototransistors on bias conditions. In agreement
with previous measurements on transistor gain, we find that
phototransistors degrade less when their Jjunctions are forward
biased during irradiation than similar devices in a reverse
bias configuration.

With regard to permanent damage effects in photodetectors,
some general statements can be made. Permanent damage effects
in photodetectors due to radiation exposures can be grouped into
two main categories: increases 1in photodetector dark current
(leakage current) and decreases in photodetector optical respons-
ivity. In APD and p-i-n photodiodes, total radiation dose
exposures of 108 rad (si) and neutron fluence levels of 1014
n/cm2 result in only moderate degradation in optical responsivity
(10%-50%), but significant increases in leakage currents. Leakage

current increases are generally caused by increased numbers of
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recombination-generation sites within the collection region (us-
ually the depletion region) associated with radiation-induced
defects in the crystal lattice; irradiation induced surface shunt
paths also increase the dark current. Depending on the specific
detector circuit configuration, continued normal operation can
be achieved after these irradiation levels. Since many optical
detection schemes are designed to operate with substantial margins
(factors of 2-10) for miscellaneous optical signal losses, an
irradiation induced 50% decrease in signal current may not be
noticed in many opto-electronic systems. Leakage current increases
often must be compensated for by special circuitry. 1In contrast
to p-i-n photodiodes, phototransistors suffer from substantial
decreases in optical responsivity and large increases in detector
leakage current at similar levels of irradiation. 1In comparing
permanent damage effects for similar device structures fabricated
from different materials (silicon, III-V binary, III-V ternary,
and IITI-V quaternary compounds), some additional studies are
required for conclusive results. In general, III-V detectors
can be made to be at least as insensitive to the permanent effects
of radiation as silicon devices (Ref.49). Theoretical predictions
suggest that some direct bandgap III-V alloys may be less sensitive
to the permanent damage effects of radiation than silicon (Ref.48)
due to the inherently shorter diffusion lengths and shorter
lifetimes of minority carriers. Additional experiments and
technology development may be required to confirm these sugges-
tions. 1In certain applications where optical wavelengths great-

er than 1.1 microns must be detected, materials other than sili-



con must be used for detector fabrication and so any comparison
of properties must be 1limited by the wavelength range being
considered.

b. Transient effects - Photodetectors will experience severe

effects when exposed to intense transient ionizing-radiation
pulses, such as the conditions associated with a nuclear detona-
tion. The same semiconductor processes which generate the desired
signal current in a photodiode during normal device operation
also generate current in the photodiode during exposures to
ionizing-radiation. There are two possible approaches to this
problem: assume the optoelectronic system is inoperable for the
duration of the ionizing radiation pulse but will operate normally
again after an appropriate delay, or design special photodiodes
that will be insensitive to ionizing-radiation but will retain
optical sensitivity. At our laboratory we have actively inves-
tigated both solutions to the problem.

In considering the optoelectronic system inoperative during
exposure to ionizing-radiation environments two important aspects
muét be considered: can the intended application function nor-
mally with a "down time" during exposure and how long will the
"down time" last? If the optoelectronic components are used in
a critical timing-dependent application that cannot tolerate a
one microsecond to 15 millisecond loss of operation then this
approach to the transient ionizing-radiation problem is not viable.
If short "down times" are acceptable, then silicon p-i-n or

avalanche photodiodes may be acceptable in optoelectronic systems
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that must operate after exposure to transient radiation pulses
of 107 to 1010 rad/s. If the photodetector irradiation induced
noise current lasts only as long as the ionizing-radiation
pulse and short down times are acceptable, then considering the
optoelectronic system off during exposure may be an acceptable
solution to the ionizing-radiation problem. Unfortunately, some
experimental and theoretical evidence tends to suggest that this
may not always be the case; photodetectors may in fact be turned
off for longer periods of time than the irradiation pulse duration.
Computer modeling (Ref.68) of a reverse biased p-i-n detector
exposed to an intense pulse of ionizing-radiation has demonstrated
that long photocurrent tails can exist following termination of
the radiation pulse. These long photocurrent tails are due to a
phenomenon referred to as the "field collapse effect" which is
briefly explained below. An intense ionizing-radiation pulse
creates large densities of electrons and holes throughout the
i-region of p-i-n photodiodes. Due to the influence of the
electric field in the intrinsic region, the carriers drift toward
the junctions, creating a depletion of holes near the n-i junction
and a depletion of electrons near the p-i junction. The resultant
nonuiniformities in carrier densities across the i-region lead
to the formation of a space charge region which alters the electric
field distribution across the i-region. In the center of the
i-region, the field collapses to a small value but increases
near each junction (p-i and n-i) to maintain the applied voltage.
Consequently, the large densities of carriers remaining in the

center of the i-region are collected slowly at low drift velocities



or diffusion limited velocities. This slow collection of carriers
gives a long term photocurrent tail which could interfere with
data link operation for significant times after the end of the
ionizing-radiation pulse.

We have experimentally verified the field collapse effect
by exposing p-i-n photodiocdes to 30 ns wide x-ray pulses from
a Febetron machine. Figure 4.5 shows a representation of the
oscilloscope trace recorded during the x-ray pulse. For the
lower dose rate of 7.7x108 rad/s (Si) illustrated in the upper
curve of Figure 4.5, the induced current time signature is charac-
teristic of the excitation x-ray pulse and in general at lower
dose rates the induced current follows the irradiation pulse.
However, at the higher dose rate of 8.7x109 rad/s (Si) illus-
trated in the lower curve of Figure 4.5, the irradiation-induced
photo-current extends in time beyond the duration of the excitation
x-ray pulse. By measuring the area under the irradiation-induced
current versus time curves similar to Figure 4.5, the total charge
collected as a function of total dose (where total dose is pro-
portional to dose rate for fixed pulse durations as in this
expériment) can be mathemétically determined and is shown in
Figure 4.6. As expected the charge collected is linearly related
to the total dose; this is indicated by a unity slope for the
total collected charge vs. dose curve illustrated with open
circle data points on Figure 4.6. This linear variation shows
that the long tail waveform of the irradiation-induced current
is not due to some extraneous effect such as instrumentation
amplifier saturation. If the waveform of the irradiation in-

duced current was identical in shape to the x-ray pulse waveform,
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then the peak voltage measured across the fixed load resistor
(attached between the photodiode under test and the power
supply) should vary linearly with dose. The curve denoted
with asterisks in Figure 4.6 illustrates the nonlinear rela-
tionship between the measured peak voltage and the total dose
for dose rates above 109 rad/s (Si). These observations agree
with the delayed collection of a significant portion of the
X-ray induced minority carriers as predicted by the field col-
lapse theory. It can be concluded that the delayed collection
effect due to the field collapse phenomenon can cause an opto-
electronic data link to be "down" for several hundred nanoseconds
after exposure to an intense pulse of ionizing-radiation. The
length of time for recovery depends on the irradiation dose rate,
the applied bias voltage, and the specifics of the device geometry.

Walters and Hall (Ref. 69) have found that pulsed neutron irra-
diation can produce similar long-term ionizing-radiation induced
currents in avalanche photodiodes. Following a 50 microsecond
neutron irradiation delivering 2.4 x 1012 neutrons/cm2, 15 milli-
seconds of "down" time was required to allow irradiation induced
photocurrents to decrease to near zero. These tests were per-
formed at Sandia National Laboratories SPR-11lA reactor facility
which has a clean neutron spectrum free of significant gamma and
beta doses. These results are interesting since the 15 milli-
second recovery time is too long to be attributed to the field
collapse effect described above. These longer times are charac-
teristic of transient annealing of neutron damage in Si as ob-

served in silicon solar cells after neutron irradiation (Ref. 57).



This relatively 1long recovery time has important implications
on systems using these components and expected to operate shortly
after a pulsed neutron exposure.

In addition to intense, short duration 1ionizing pulses,
longer term, low dose rate environments can also affect photo-
detector performance. These include dose rates in the 10 rad/s
to 106 rad/s range lasting for periods of milliseconds to steady
state exposures. Lowery and Friddell (Ref.70) have made measure-
ments of the magnitude of photocurrents generated in photodiodes
from different irradiation sources. They normalized their
results to g¢enerate an approximate value of the irradiation
induced photocurrent for a dose rate of 1 rad/s, per cm3  of
detector volume. These approximations are for p-i-n detectors
fabricated from silicon. Rough averages based on their results
are as follows: 0.5 to 3 Megavolt (MeV) x-rays - 12 microamps;
10 to 20 MeV Bremmstrahlung - 5 microamps; cobalt-60 gamma rays -
10 microamps; and 10 MeV electrons - 8 microamps. These values
are dependent on the specific device geometry but they give an
approximate indication of the magnitudes of photodiode noise
currents to be expected dufing an ionizing-radiation pulse. It
should be noted that many optoelectronic systems normally operate
with 1-10 microamps of signal current. A typical .25 cm? silicon
p—i-n photodiode with an active volume of 6 x 10-3 em3 will
generate about 60 microamps of gamma induced photocurrent when
exposed to 103 rad/s from a cobalt-60 source. In many appli-
cations, this magnitude of photocurrent will overwhelm the signai
current. Hardwick and Kalma (Ref.41) studied the effects of low

dose rate irradiation on a complete optical fiber data link that
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might be implemented in a space-borne application. In their study,
they measured the increase in root mean square (rms) noise current
for silicon p-i-n photodiodes that resulted from 1 MeV electron
fluences of 109 to 101l e/cm2 and gamma irradiation dose rates
of .1 to 104 rad/s from a cobalt-60 source. At 1011, 1 Mev
e/cm?2, Kalma and Hardwick measured an rms noise current of .1
microamps in a .01 cm? detector. In addition, Hardwick and
Kalma studied the effects of random irradiation induced noise
spikes in digital electronic detection systems. Finally they
concluded that degradation in all aspects (photodetector, optical
fiber, and optical source) of the 1link must be considered
in evaluating the effects of low dose rate ionizing-radiation.

The other approach to the problem of transient irradiation
effects in photodiodes is to construct special photodiodes that
minimize these effects. These types of photodiodes have been
investigated by our laboratory (Refs. 46-49,71) and by others
(Refs.39 and 40) during the past 6 years. The goal of these ef-
forts was to design a photodiode that minimizes the photocurrents
generated by ionizing radiation without sacrificing sensitivity
to optical radiation. ‘

Kalma and Hardwick (Ref.40) studied a specially fabricated
(Spectronics SPX-3290) small volume silicon p-i-n photodiode
that had an active region thickness of only 20 microns. Although
this device was demonstrated to be less sensitive to ionizing-
radiation than many of the conventional silicon p-i1-n photodiodes
tested, it also was characterized by about half the optical

responsivity of the other devices tested.



In our laboratory, we have designed, fabricated, and tested
special direct bandgap, double heterostructure photodiodes 'that
efficiently collect optically generated minority carriers but
reject most of the ionizing-radiation generated minority carriers.
The primary feature used here to improve the photodiode's ionizing-
radiation immunity was the substitution of a direct bandgap semi-
conductor (i.e. AlGaAs, AlGaSb, and InGaAsP) for the indirect
bandgap semiconductor (i.e. Si & Ge) currently used in most photo-
detectors. The relatively strong optical absorption effect in
direct bandgap semiconductor materials makes possible relatively
efficient photodiode structures with relatively thin active re-
gions. In addition, these direct bandgap materials have signifi-
cantly shorter minority carrier diffusion lengths than most
indirect materials. This only allows the collection of excess
minority carriers generated in the depletion region or within
close proximity to the depletion region. Minority carriers
created in other regions of the photodiode semiconductor die
(e.g. substrate) are not collected at the junction and thus do
not_contribute to photodiodg current. Since exposure to ionizing-
radiation uniformly generat-es minority carriers throughout the
semiconductor volume, the ionizing-radiation induced photocurrent
in a photodiode is strongly related to the volume of the region
in which excess minority carriers are collected. To further
enhance the immunity of these structures to ionizing-radiation
environments, an internal electric field was built into the device
structure to prevent the junction region from collecting extraneous

excess minority carriers generated in optically inactive regions of
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the device. The built-in electric field, created by the hetero-
structure configuation, is a result of the energy bandgap mis-
match between physically adjacent layers in the device's struc-
ture (Ref. 28). These structures have been grown in ternary and
quaternary compound semiconductor materials by altering the alloy
composition during the epitaxial growth process (Refs. 46-18,71,
72).

At our laboratory, these devices were fabricated in three
material systems: AlGaAs, AlGASb, and InGaAsP. These materials
were selected for their relatively large optical absorption co-
efficient in the optical wavelength range of interest (.7 um -
1.6 um), relatively short excess minority carrier diffusion
lengths (approximately 1-2 microns), and the availability of a
suitable materials processing technology - liquid phase epitaxy.

In designing and testing these devices, a relative gifure
of merit for the radiation insensitivity of these devices was
developed, Arr:

Jopt o

A = . . (4.5)
rr ) Jrad

where Jopt 1is the optical current density induced by an
incident flux ¢ and Jpzg 1is the radiation induced current
density resulting from a dose rate ¢. It should be noted
that Ayy 1s also a function of the ionizing-radiation photon
energy. Large values of Ay, correspond to less irradiation
insensitivity and Arrz is approximately proportional to the

optical signal to radiation induced noise power ratio of the



detector. Extensive analysis of this problem by Osbourn (Ref.71)
has shown the relationship between A,, and quantum efficiency as a
function of total active layer thickness. Figure 4.7 illustrates
this relationship. For a given quantum efficiency design goal,
different A, values can be achieved by judicious selection of
layer thicknesses. Figure 4.8 shows the accuracy of Osbourn's
model. For a range of device layer thicknesses, Osbourn calcu-
lated the expected quantum efficiency of the device and then we
measured the actual quantum efficiency at the conditions of the
calculation; agreement of theory and experiment was excellent.
Laboratory irradiation tests of these devices show that these
direct bandgap, double heterostructure devices are significantly
less sensitive to the effects of transient ionizing-radiation
than the presently available commercial p-~i-n photodiodes. Tests
were performed at Sandia National Laboratories Relativistic
Electron Beam Accelerator (REBA) operating in the pulsed x-ray
(tantalum target) mode. The pulse was approximately 50 ns in
duration with 95% of the emitted x-ray energy spectrum in the
1.5 to 2.5 MeV range. Dose rate variations were achieved by
varying the distance of the.darkened, electrostatically shielded
test chamber from the x-ray source. Reversed bias photodiodes
were connected to 50 ohm current viewing load resistors to measure
x-ray induced photocurrents. A collection of commercially avail-
able photodiodes including germanium, silicon, and indium gallium
arsenide phosphide devices and several specially designed double
heterostructure photodiodes including devices fabriated from

aluminum gallium arsenide, aluminum gallium antimonide, and indium
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gallium arsenide phosphide were studied. Our measurements indicate
that our optimally designed AlGaAs double heterostructure photo-
diode had an Ayy value 25 times better than the best silicon or
germanium device tested for .5 MeV to 2.0 MeV test spectrum. For
the same material systems, our InGaAsP photodiode optimized for
irradiation insensitivity had an Ayy 15 times greater than the com-
merical InGaAsP photodiode (presumably optimized for peak optical
responsivity). For a system required to operate during exposure to
a transient ionizing-radiation pulse, the effect of using one of
these irradiation insensitive detectors would be to substantially
reduce the system's initial optical signal power needs. In fact,
to maintain the same signal to noise ratio during exposure to tran-
sient ionizing-radiation pulses, approximately 15 to 30 times more
optical signal would be required if the best (greatest A,;y) commer-—
cial device were used instead of the optimally designed double
heterostructure device. For these comparisons, signal to noise
ratio is defined as the ratio of the desired optical signal induced
photodiode current to the ionizing-radiation induced photodiode

current.

6. SUMMARY

Carefully selected p-i-n and avalanche photodiodes can be
relatively hard to the permanent damage effects of radiation.
Phototransistors and certain integrated circuit combinations of
detectors and amplifiers are somewhat sensitive to the permanent
effects of radiation. Permanent damage effects in photodiodes

often result in small decreases in optical responsivity and



large increases in device leakage current. Permanent damage in
phototransistors often causes large decreases in optical sensi-
tivity and large increases in transistor leakage currents.
Short, intense, ionizing-radiation pulses and long term,
lower dose rate transient ionizing-radiation pulses cause signi-
ficant and permanent increases in leakage (dark) current in most
photodiodes. Specially designed photodiodes have been developed

to reduce the effects of exposure to transient ionizing-radiation

pulses. For some applications, systems that use optical detectors

can be turned off or assumed inoperative during and shortly after
exposure to an ionizing-radiation pulse. Care in applications
circuit design must be used to prevent the large, irradiation
induced currents from destroying the photodetector or sensitive

amplifiers connected to the photodetector.
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V. MULTI-COMPONENT DEVICES AND SYSTEMS CONSIDERATIONS

Having reviewed the radiation damage properties of individual
optoelectronic components we now turn our attention to similar
effects in multi-component devices. Examples of composite devices
and systems made up of optoelectronic elements are: optical iso-
lators containing an LED and detector; transmitters and receivers
which contain not only the source and detector but also drive
circuits, amplifiers, etc.; pigtailed LEDs, lasers and detectors;
and complete fiber optic systems. Following a discussion of radia-
tion effects in the above devices, we will briefly review some
actual systems being contemplated for use in radiation environ-

ments.

1. OPTICAL ISOLATORS

Epstein and Trimmer (Ref. 1) have studied gamma and neutron
irradiation effects in isolators containing both photodiodes
and phototransistors. In this work, a separate GaAs emitter
was included, but separate detectors were not examined. As
expected, the photodiode isolator was much more resistant to
both neutron and gamma irradiation. After 108 rads, the current
transfer ratio, CTR, of the photodiode isolator decreased by an
order of magnitude, while the CTR of the phototransistor isolator
decreased by 3 to 4 orders of magnitude. Similar changes were
observed following a neutron irradiation of 3.7 x 1013 n/cmz.
Thermal annealing was also studied in this work (Ref. 1), and
considerable recovery in CTR for gamma-irradiation was observed

between 200 and 250° C which corresponds to a prominent annealing
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stage in gamma or electron irradiated GaAs. While the photo-
transistor isolator was much more sensitive to irradiation, it
is interesting to note that the CTR's for the two types of iso-
lators were approximately equal after & = 3.7 x 1013 n/cm2 because
of the much larger pre-irradiation CTR of the phototransistor iso-
lator. Consequently, as we have stated earlier in the discussion
of LEDs, it is important to consider the pre-irradiation charac-
teristics as well as the radiation hardness when selecting devices.

Soda, et al (Ref.2) studied gamma irradiation effects in
photodiode and phototransistor-containing isolators. This study
included the simultaneous irradiation and measurement of the indi-
vidual LEDs and detectors making up the isolators. Based on our
review of LED and detector radiation damage effects, it is appar-
ent that the two isolators examined by Soda, et al (Ref.2) are at
opposite ends of the radiation sensitivity scale. The Zn diffused
GaAs LED/ p-i-n photodiode isolator contained two components that
are relatively insensitive to irradiation, while the amphoterically
Si doped GaAs LED and phototransistor in the other isolator are
both quite sensitive devices. The extent of the degradation in
the phototransistor isolator depends on the operating conditions
as shown in Figure 5.1. These variations are primarily due to the
effectiveness of the ionization-induced surface damage in the
phototransistor at differing photocurrents and Vgp values. For
large LED current and small Ve, that is, the upper family of
curves in Figure 5.1, most of the isolator degradation is due to LED

damage effects. This can be seen by comparing the irradiated LED
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The operating characteristics for the upper family

of curves are for the most radiation resistant
conditions. The lower family of curves illustrate

the sensitivity of the phototransistor to ionization-
induced surface-effects (from K. J. Soda, C. E. Barnes
and R. A. Kiehl, IEEE Trans. Nucl. Sci. NS-22, 2475
(1975) ).
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with that for the irradiated isolator. However, as shown in the
lower family of curves, for small LED current and typical operating
voltages, the strong isolator degradation is due primarily to
phototransistor effects. Note that the LED degradation is approxi-
mately the same for both families of curves. These results agree
with the computer simulation of the emitter-base depletion layer
spreading model which shows that the surface damage is most ef-
fective at large Ve and small LED current.

The data in Figure 5.1 also illustrate the value of examining
individual components simultaneously along with the isolator.
The dashed curves are the products of LED and phototransistor
degradation which should approximate the curve for the irradiated
isolator. For the upper family the agreement is excellent. The
deviation in the lower set of curves is due to fluctuation in the
amount of surface damage from one phototransistor to another.'
Clearly, without the degradation data for the individual com-
ponents, it would be difficult to determine the mechanisms respon-
sible for isolator degradation.

At Sandia National Laboratories, R. P. Baker has examined
neutron damage effects in a phototransistor isolator (TIL 108)
similar to that examined by Soda, et al (Ref.2), and a dual channel
high reliability isolator (HP 4365) containing photodiodes and am-
plification circuitry. CTRs as a function of neutron fluence are
shown in Figure 5.2 for these devices. Note that the pre-irradia-
tion CTR for the HP 4365 is larger than that for the TIL 108. As

neutron irradiation proceeds, the phototransistor isolator degrades
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rapidly but the HP 4365 is insensitive to irradiation showing
little degradation until & exceeds 1013 n/cm2. It should be em-
phasized that this radiation hardness includes the neutron effects
on the amplifying transistors. The sudden drop in the CTR for the
HP 4365 between 1013 n/cm? and 1014 n/cm2 was difficult to explain
because measurements on individual components were not made.

Measurements in our laboratory (Ref.3) on neutron damage ef-
fects in the TIL 107 phototransistor isolator and its individual
components show that the amphoterically Si doped GaAs LED degrades
almost as rapidly as the phototransistor. Results for the TIL 107
isolator at two different collector currents are shown in Figure 5.3
along with data for other isolators. Note that the degradation
rate of the TIL 107, which is quite rapid, does not depend on I
as it did for gamma irradiated devices. The presence of degrada-
tion at the low fluence of 1 x 1011 n/cm2 is indicative of the com-
bined sensitivities of the LED and phototransistor. Clearly, this
is a very poor device for a radiation environment application.

More recently, as part of our study (Ref.4) of radiation ef-
fects in long wavelength (1.06 pm) InGaAs LEDs, we have examined
both gamma and neutron—inducéd degradation of isolators made up
of InGaAs LEDs and Si photodiodes optimized for detection at
1.06 pm. The neutron degradation of such an isolator is shown
in Figure 5.3. Note that this device is relatively insengitive
to irradiation in that the reduction in CTR is minimal below 2 x
1014 n/cm2.

In order to study gamma irradiation effects in the long wave-

length isolators, devices were constructed so that they could be
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separated for irradiation of one or both of the components. The
results of this type of experiment are shown in detail in Figure
5.4. Data for three isolators are shown: EGGC-1, which was irradi-
ated as a complete isolator without disassembly, LED-3, EGGPD-1,
where only the LED was irradiated, and LED-2, EGGPD-2, where only
the photodiode was irradiated. The specific emitters and detectors
used were as follows: the LEDs are RCA InGaAs devices designated
as C30116/F while the photodiodes were obtained from EG&G and are
designated as YAG-100A. Results similar to those in Figure 5.4
were obtained when the photodiode portion of the isolator was a
similar device obtained from Harshaw Chemical Co. Both types of
photodiodes are optimized for 1.06 um by using appropriate anti-
reflection coatings and thick i regions. Below & = 5.0 x 10® rads
little change was noted in the current transfer ratio (CTR) for
any of the three isolators. Above an LED current of 1 mA, the
results clearly indicate that up to a dose of 2.1 x 108 rads es-
sentially all the degradation has occurred in the LED and the
photodiode response is unchanged. Bias induced recovery was also
studied in the InGaAs emitters. As shown earlier in Figure 1.28,
and in Figure 5.4 for LED-3, a. 50 mA bias for 45 min. produced sig-
nificant recovery of the CTR. Therefore, from the point of view
of radiation damage, the InGaAs LEDs hold promise for potential
use in radiation environments. However, as we have already pointed
out, a radiation-hardened LED is of 1little use if its pre-
irradiation power output is very low. It is, therefore, important

to note that the typical CTR of 4 x 10~4 for the isolators in
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Figure 5.4 at realistic operating currents of 10 to 20 mA, is lower
than the CTRs of commercial GaAs/photodiode isolators which are
typically 1 to 3 x 1073,

Part of the loss in CTR may be a result of the reduced re-
sponsivity of Si detectors at 1.06 pum. Indeed, some of the III-V
compound detectors discussed in Section 4 are better suited to
operation at this wavelength. Although a partial reduction in
responsivity can be expected if these devices are optimized for
operation in an ionizing environment, the III-V photodiode struc-
ture is more appropriate for detection above 1 pm from both a
pre— and post-irradiation point of view than a Si detector.

Comparison with results presented earlier (see Figure 1.38)
indicates that the InGaAs emitters are less sensitive to irradia-
tion than the planar GaAs:Zn TIXL-36 but more sensitive than the
high radiance LEDs including the Plessey InGaAsP. Consequently, a
high radiance LED would be more appropriate for isolator applica-
tions requiring radiation exposure. This is especially true if a
steady state ionizing environment is anticipated for which our
optimized photodiodes are best suited. Recall that the radiation-
induced photocurrent in the detector is minimized by reducing de-
tector volume. With a high radiance LED one could reduce detector

area without sacrificing current transfer ratio.

2. PIGTAILED DEVICES
The combination of a fiber pigtail and an emitter or detector
constitutes a composite device which may require special considera-

tion from the point of view of radiation effects. As an example,



we present calculations of the output of Plessey pigtailed high
radiance GaAlAs LEDs assuming a combined exposure to both neutrons
and ionizing radiation (Ref.5). For the series of 12 pigtailed

LEDs examined in our study (Ref.5), the average measured power out-
puts prior to irradiation at -45°C, 25°C, and 75°C were 1020 W,
712 ywW, and 530 pW, respectively. Reduced power outputs corres-

ponding to specific neutron fluences were then calculated using the

normalized light output degradation curve in Figure 1.38 for the
PL-C45 LEDs. The same curve could be used to calculate post-
irradiation power outputs at different temperatures since it was
shown in this work (Ref.5) that the normalized degradation rate
is nearly independent of temperature. Next we linearly super-
imposed the effects of transient attenuation that were measured
in separate pieces of fiber with those of neutron reduced light
output. This is valid because our results indicated that neutron
irradiation does not affect the fiber pigtail and conversely,
ionization does not affect the LED. The reduced power, P(t,T),
out of the fiber pigtail in the presence of transient attenuation

is computed for a one meter long pigtail using the equations:

Pave (T)
a(t) = 10 log ——— dB/m (5.1
P(t,T)
and
P(t,T) = Pye(T)/202(t)/10, 5 (5.2)

where Paye(T) is the average power out of the pigtail at a given

temperature, T, with no transient attenuation (y = 0). These
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calculations resulted in the six sets of curves shown in Figure 5.5
for a neutron fluence level, ¢ = 1 x 1014 n/cmz, and two values
of dose rate; y = 4.6 x 10° rads/sec and y = 3.7 x 1010 rads/sec.
For the lower dose rate, the output power is essentially determined
by the temperature and the neutron fluence. Even at 20 ps and
-45°C the power is down by less than 20%. At one sec, the output
is very close to complete recovery at all temperatures. However,
for vy = 3.7 x 1010 rads/sec the transient attenuation has a strong
effect on output. The power output curves at the three tempera-
tures are quite different in shape and exhibit crossover points.
These features result from the compensating effects of increasing
light output with decreasing temperature and increasing attenuation
at a given time with decreasing temperature. While the recovery
is far from complete at 1 sec and -45°C, note that after this
amount of time recovery is nearly complete at room temperature and
above. The data in Figure 5.5 demonstrate that for the largest vy,
the power output can drop below 200 W at early times at all tem-
peratures.

Calculations for three different neutron fluences at room
temperature (25°C) are displayed in Figure 5.6. The LED output
varies from somewhat 1less than 100 W at short times and the
largest fluence to the pre-irradiation level of slightly over
700 W. Note that recovery 1is nearly complete after 1.0 sec.
The data given in Figures 5.5 and 5.6 illustrate that care must be
taken in selecting the pigtail fiber and the LED so as to maximize
power output for the specific conditions under which the fiber

optic system will be used.
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3. SYSTEMS CONSIDERATIONS

In the intervening years since the first edition of this
report, the major emphasis in the fiber optics field has shifted
from basic and applied research to engineering development and
actual deployment of fiber optic (FO) systems. For many of these
systems, there is an existing or anticipated radiation environment
through which the system must survive and operate. Any attempt
at making a complete and exhaustive list of existing and planned
FO systems would not be of particular value because this is such
a rapidly expanding field. Consequently, in this Section we will
only briefly present examples of such systems.

The field of pulsed power generation is an important appli-
cations area for FO systems. Whether one is talking about a
flash x-ray machine or an underground nuclear test, high speed
acquisition of diagnostic information is often hampered by a
hostile environment which can consist of EMP, nuclear radiation,
blast and thermal shock, and other detrimental effects. Primarily
because of their immunity to EMP effects, FO links can be particu-
larly advantageous in such environments. At Sandia National Labs.,
examples of such applications are at the HERMES flash x-ray machine
and the Pulsed Beam Fusion Accelerator (PBFA). The work at Los
Alamos National Labs on radiation effects in fibers, discussed in
an earlier Section, has evolved into sophisticated diagnostic tools
(Refs. 6-10) for use in underground tests (UGT) and laser fusion
experiments. Research has also begun (Ref.1ll) on the most appro-
priate FO link for nuclear reactor diagnostics. FO systems are

also actively in use at various EMP simulator facilities (Ref.12).
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Space-based applications of FO 1links have many advantages

and programs are underway to exploit these attractive features
(Refs.13-17). 1In addition to EMP and EMI immunity and radiation
hardness, volume and weight savings and high data rate capabilities
are attractive features. Taylor and Thacker (Ref.13), Aukerman,
et al (Ref.1l5), and Kuller and Hanifen (Ref.1l7) have recently dis-
cussed and summarized a variety of potential space applications.
It is hoped that a substantial data base for such applications
will be developed through experiments such as the Long-Duration
Exposure Facility (LDEF) (Ref.16) to be initiated in early 1984,
This experiment will include active monitoring of four FO links
as well as passive exposure of a variety of optoelectronic compo-
nents which will be recovered at the termination of the experiment.

Existing and potential military applications of FO systems
within the Air Force, Army and Navy are quite numerous and demon-
strate a variety of attractive features of these systems. Green-
well has recently summarized a number of these systems (Ref.l18)
and discussed their wvulnerability to nuclear radiation (Ref.19).
In addition, Taylor (Ref.20) and Sierak and Druckenmiller (Ref.21)
have summarized Air Force FO program development, while Barnoski
(Ref.22) and Wichansky, et al (Ref.23) have discussed Army applica-
tions. In addition to discussing Navy FO systems projects
(Ref.18), Greenwell (Ref.24) has provided a detailed analysis of
the FO links employed in the Common Weapon Control System (CWCS)

for the Ground Launched Cruise Missile (GLCM), the first tactical



weapons system to employ FO links with a nuclear exposure require-
ment. Included in this analysis is a link power budget for the FO
link which we reproduce in Figure 5.7 and Table I because it is
representative of the FO systems analysis one must perform. Shown
at the top of Figure 5.7 is a schematic of the GLCM link. This is
accompanied in the center of the Figure by the loss budget. At the
left is shown the expected power coupled into a fiber from a high
radience LED at two temperatures. For the non-nuclear case, the
upper set of curves show a reduction in power due to fiber and
connector losses to a level of a few microwatts available at the
detector. The additional reduction due to the expected nuclear
environment is indicated by the lower set of curves. Fortunately,
as shown in the lower part of Figure 5.7 and in Table I, even for
the worst case (post-nuclear event at low temperature) the power
is above the minimum required detector power for a bit error rate
less than 1 x 1072, It is important to note that without judicious
selection of the optoelectronic components using the research data
base as a guide, the FO link would not be operable.

In addition to the researph cited earlier on optical isolators
and pigtailed LEDs, radiation effects studies of more complex FO
systems have been conducted. Boeing Aerospace has engaged in an
extensive radiation hardened FO link receiver development program
for the AFWL (Refs 25 and 26). Their tests included y, total
dose, and neutron exposures of several receiver designs and also
complete FO links. It was shown that the various receiver designs

demonstrated the hardness levels expected for the FO links.
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Table I

Link power budget for the common weapon control system
(from R. A. Greenwell, p. 66 in Laser and Laser

Systems Reliability, Proc. of SPIE 328, 1982).

Prenuclear Event

Postnuclear Event

-54°C +65°C -54°C +65°C
Power coupled from source -8.2dBm -9.6 dBm -8.2 dBm -9.6 dBm

(151 uW) (109 pW) (151 uW) (109 uW)
Cable loss (300 m) -5.1 dB -3.0dB -23.1 dB -21 dB
Connector loss (4 each) -10 dB -10dB -10dB -10 dB
Power coupled to detector =233 dBm =22.6 dBm -41.3 dBm -40.6 dBm

(4.7 uW) (5.5 uW) (74 nW) (87 nW)

Power required at detector -46.2 dBm -46.2 dBm -46.2 dBm -46.2 dBm
(BER <107%) (24 nW) (24 nW) (24 nW) (24 nW)
Link margin 22.9dB 23.6 dB 4.9 dB 5.6 dB
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However, the choice of optimum receiver design depended on the
link characteristics and the anticipated radiation environment.
Kincaid (Ref.27) at Lockheed has also done development work on
radiation hardened receivers and transmitters. In this study
and the Boeing work, the receivers required a few hundred micro-
sec. to recover from high 7 exposure levels (1 x 102 to 1 x 1012
rad/s). For many systems, this time interval is sufficiently short
to allow required system turn-on after an ionization burst. Black-
burn (Ref.28) and Gilbert (Ref.29) have studied analog FO links
for radiation environment applications and predict favorable re-
sults on the basis of these studies.

This very brief review of systems studies of FO links for
radiation environment applications has not been complete partly
because much of this work appears in report form rather than in
the open literature. Based on what has appeared, however, one Ean
conclude that future prospects are bright for rapidly expanding

usage of FO systems in hostile environments.

4. SUMMARY

A few important general comments can be made based on our
review of radiation effects in optoelectronic components and
systems. First, although there are many components capable of
withstanding significant amounts of radiation, there is no single
component of a particular type which is most suitable for all
applications. Careful consideration of both non-nuclear require-
ments and the anticipated hostile environment will usually lead
to an FO link design made up of a relatively unique set of com-

ponents that are optimal for that application. It follows that



the specifications of the non-nuclear performance requirements and
the radiation scenario must be well-defined to make an intelligent,
well-thought out design.

With regard to radiation effects, one of the most important
FO link parameters is the operating wavelength. Its choice re-
stricts the number of material systems (i.e. Si, GaAs, InGaAsP)
out of which LEDs, lasers, and detectors can be fabricated. 1In
addition, wavelength selection limits the range of available fiber
properties including radiation response. Generally, below an upper
limit of approximately 1.6 microns, fiber properties and radiation
resistance are better at longer operating wavelengths. Thus, the
so-called "second window" at 1.3 microns has many advantages over
the 0.82 micron window. As a result, most future long link systems
will operate at the second window.

This review of radiation effects in optoelectronics leadslus
to suggest that the following three problems are the most important
for FO links operating in typical radiation environments:

1. Permanent damage effects in LEDs and lasers due to neutron
irradiation, or, for space applications, proton irradiation. The
neutron-induced defects degrade 1light output through competing
non-radiative recombination.

2. Tonization-induced transient and permanent attenuation in
optical fibers. Temporary signal reductions of hundreds of dB
can be experienced with an inappropriate fiber.

3. Ionization-induced photocurrents in detectors. These
photocurrents are generated by the same physical processes that
generate the signal photocurrent. Therefore, it is difficult to

separate the two without shielding.
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In spite of these problems, based on our review of radiation
effects in optoelectronics, we conclude that the application of

fiber optics to systems operating in hostile environments has many

advantages and will continue to expand rapidly in the future.
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