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SAND-TL-0399

A PROPOSAL TO NSF FOR A CA5-Cu,S
PHOTOVOLTAIC CELL DEVELOPMENT PROGRAM

R. 5. Berg and D. M, Mattox
Sandia Iaboratories, Albuquerque, New Mexico 87115

ABSTRACT

Prhotovoltalc devices ferkdireet gsoler to electrical energy conversion can
potentially furnish large amounts of electrical energy if problems associated with
fabricaticn and lifetime cen be solved, In this proposal to the National Science
Foundation, Sandis Laborstories ig requesting funding for a three year program to

‘1) study the material and process problems associated with the production of high
queality CdS~CuES solar photovoltaic cells using Chemical Ton Plating and 2) develop
techniques for the large scale production of such celle, The program is designed
to combine an extensmive developmental background in Ion Plating, expertisge in
materials and device characterization, and a broad base of analytical facilities.
The first year of the program wili address the application of Chemical Ton Plating
technigques to CAB and Cuzs and a characterization of films produced by the technique
The first year's results will then be utilized in the second year of the program
to study doping and property modification techniques. Depending on the shove
results, the third year of the program will be devoted to the fabriéation and
tegting of devices.

Throughout the proposed program, extensive use will be wade of the wide range
of anslytical capabilities at Sandia Laborastories. It is further proposed that
these facilities could be made available to other laboratories on a cooperstive
basis for the purpcse of extending and étandarﬂizing the testing performed by

the several researchere in this field.
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A, PROPOSAL SUMMARY

Fhotovoltaic devices for direct solar to electrical energy conversion are of
great interest due to the availebility of solar energy and the simplicity of direct
conversion techniques. These devices can potentislly furnish large amounts of
electrical energy with minimal environmental damsge and at low overall cost.
Although the thin film.CdS-CuZS cell 1= one of the more promising photovolteic
devices, it suffers from several problems associsted with cell fabrication and
lifetime. .The objeet of this research program is to address the material and
process problems for fabricating high efficiency low degradastion CdS-CuQS solar
cells with high yields using the technique of Chemical Ion Plating. Chemical Ton
Plaiing is & technique which is derived from the more general process of Ion
Piating, which is an atomistic deposition process in which the substrate
is subjected to & high energy ion flux sufficient to cause gppreciable sputtering
before and during film deposition. When the discharge that supplies the ions
also contains volatile compounds of constituents desired in the film, the process
is called Chemical Ton Plating.

In the proposed program, Chemical Ion Plating techniques for the deposition
of both CdS and CuQS will be developed. These techniques have been spplied to
mimercus materials for the purpose of controlling morphology, stoichiometry, and
other important properties. Initial experiments indicste that similar results

cen be expected with CdS snd Cu,5. These technigques could also be spplied to

2
other semiconductors,

Using the results of the deposition experiments, Chemical Ion Plating
technigues will then be applied to doping of Cd8 and Cugs films during deposition.

Both (48 and Cu. B have been doped with a variety of dopants for the purpose of

2
controlling and modifying film properties. Chemical Ion Plating techniques have



been used to dope other materials, and are, in principle, applicable to a much
larger variety of dopents than other techniques.

Finally, these techniques will be used to fabricate complete devices. Both
front end back~illuminated devices will be fabricated using & variety of presently
available materisls as substrates and contacts. The cells will be tested under a
variety of field and laboratory condltions. Throughout the program the tech-
nologies developed will be examined for their applicability to large scale
production of solar cell devices.

At each step in the proposed program, extensgive uge will be made of the
various analytical facilities aveilable at Sandia Iaboratories. These facilities
are among the most extensive in the world. As a means of extending research.and
standardizing enalytical techniques, it is_propose& that these facilitieg slso
could be made available to other laboratories on a cooperstive basis., Becsuse
of these existing facilities, this proposal contains no start-up or equipment
capitalization costs.

It ie estimated that a three year (minimum)} program will be reguired for
the completion of the proposed program. First vear funding is set up at
$303,000 for a five man-yeer effort. The proposal contains a detailed accounting
of the tagks to be mccomplished, the personnel involved, and the estimated time
schedule, In addition, decision points and choices available are enumerated.
ﬁhe reletion of this work to related activity at Sendia Laborstories and at

other leboratories is discussed briefly,



B. RESEARCH OBJECTIVES

Introduction

There are numerous discussions of the utilization of photovoltaic devices in
the litersture. Some enelysts estimate that significant emounts of the total
electrical energy needs of the country will one day be generated by photovoltaic
&eviees.l This prospect depends primarily on the economics of their production,
installation, maintenance, and their lifetime. This ocutlook is true for beth of
the principle devices: S5i single crystal and thin film CdS-CuQS solar cells.

Direct gap semiconductors are theoretically prefersble in photovolitaic
devices because of the generally sharper opticel shsorption edge at the energy
gap compared to indirect gap semiconductors. The resulting higher absorption
sllows the use of very thin filme of meterisgl in the deviee, Heterojunctlion solar
cells using direct gap semiconductors have an additionsal advantage over common
homojunction eells in that optical sdsorption can be controlled so that the
ghsorption of incident iadiation occurs within a narrow region adjacent to the
Junetion. Polycrystalline materisls can therefore be used in the cell fabrication
gince photo-carriers can gtill generate & current in spite of their short lifetime
and low mobility. The use of thin film technology and small amounts of material
per unit power output give the possibility of low cost, high volume fabrication of
solar 33118.1’2’3

Of the hetrojunction ghotavnitaic cells  the most widely considered is the
CdS-CuES cell, In this system the CdS is the n-type material with Eg = 2,4 eV
end the Cu.S is the p-type msterial with Eg = 1,2 eV. BHBeversl possible band

2
Y
disgrams for this cell have been suggested. »2 Thig thin film cell has been under

7

intensive development in England,6 France, and other European laboratories and is

used in some of the French satellite systems. Work has also been done on this



gystem in seversal U.S. laboratories.s’g Generally, it is reported that cells
of 4~6% efficiency can be prepared without great difficulty, though production
yvield can be a problem and there are several existing degradation mechanisms,
particularly in poorly fabricateé.and/or protected cells.lo

Conventional fromt illuminated devices for terrestrial applications use a
zinc-coated copper9 or metallized flexible pulymerll such g8 FEP teflon, Mylar,
or Kapton, for the substrate and back contact, The Cﬁs layer may ﬁhen be depesited
by & variety of technigues such as vacuum deposition12 or chemical spraying.ls
A thickness of about 10 to 30um is normally required For reasons related to cell
degradation and yield, aslthough thicknesses up to 50um for evaporated deviceslh
and down to about 2um for sprayed d.evices13 have been reported. A film resistivity
in the neighborhood of 10 O-cm is desired. The Cugs is then formed either by
13 15

chemical spraying, an evaporation-annealing process, or ion exchangel6 to a
thickness of a few tenths of a ﬁicrometer. A front electrode of gridded copper
is deposited or glued onto the surfaee.lg Figure 1la shows the design of a
typical front illuminsted cdS~Cu28 cell.

There have also bheen several recent suggestions_into the possibility_of 
fabricating new types of back-illuminated cells. Originally, these cells were
felt to have inherent limitetions due to the neceésity of dry formingthelﬁioaa.l
However, the use of an opticelly transparent electrically conductive coating such
as Snox, EnxSnQ“XOy, or{ﬁésnoh for the back contect deposited on glass or plestic,
and a somewhat thinner €4S layer have given back illuminated cells more promise.
The CEES layer can then be yrotected‘more effectively by & continuocus metal film,
while high optical absorption is maintained nesar the junction.ls Figure 1lb shows

the deslgn of a back illuminated cell,
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Statement of the Problem

ﬁany of the estimates of cas-cuzs cell utilization are besed on continuved
break-throughs in both faﬁrication techniques and cell lifetime,

The ressarch and development program proposed here is directed at céntrolling
and reducing the effects of the degradation mechanisms snd fabricetion problems
that have hindered the utilization of GdSwCuES golar cells, The principle
degradation mechanisms operational in'GdS-CuES celle have been identified.

They are:

1, Oxidation-reduction reactions in the Cugs layer, These resctions
result in a change to sub-stoichiometric Cu S, end are the result of
thermal~ and photo-asgisted oxidationih’l7 or electrochemical
ratadut:i:ion.g'8 They are believed to cause a reduced optical absafption
near the junction and reduced short circult current,

2, Field enhanced diffusion of copper through the junction.ls’lg This
is believed to result in an increase in the CAS resistivity near the
Junction. It also can produce copper structures in the junction and
CdS leyer, which cause decreased ghunt resistance snd eventuslly
shorting of the cell.

3. Thermally and optically stimulated reversible changes in the junction region
affecting the CuQS stoichiometryll and the cas.20 Thase may be reversed by
gpecial processing.

9,21

i, Film inhomogeneities which give rise to hot gpots and enhance CuQS

decomposition and cu diffusion.

Several of these degradation mechanisms are enhanced by non-gtoichicmetrie

Cugs and a low density CdB layer. A general problem of poor cell reproducibility

,18

11
and poor production yield exigts because of the lack of depesition control.



Posgible remedies to thege problems which have been suggested involve:

1. Operating the cell in a vacuum,lh an inert atmnsphere,gg or hydrogen
environmént2 to reduée oxidation.

2. Limiting the cell voltage to below the maximum power voltage and
limiting the operating temperature to eliminate electrochemical
decomposition and Cu diffusien;lg
3. JIncorporating chemically active dopants, or ”scaﬁangers“ into the CdS
layer to reduce or eliminate the effect of diffusion of copper atoms.7
i. Improving processes and process controls;2 to obtain high denslty Cds

layers, stoichiometric Cues, and grester Tilm uniformity over large

areas.

Specific Program Objectives

Te object of thig research program is to address the problems aszsociated

with the semiconductor materials and the proéesées for fabricating high quality

low degradation Cd8-Cu,. S thin film solar cells with & gosl of oblaining as high

s yield and as low a cost as possible using Chemical Ion Plating.

and flexibility of this technique could provide a significent part of the advance~

2

ment needed for the practicel utilization of CiS-Cu. 8 photovoltaic vells., In

2

particular, the following aspects will be studied:

10

1. Control of €4S stoichiometry and film morphology usging Chemical Ion
Plating technigues. |

2. Control of the electrical properties of (dS by doping during Chemical
Ion Piating.

3. Study of copper diffusion rates in Chemical Ion Plated CdS as a

function of film morphology and density,

The capabilities



L, ~Study of the effect of cheﬁically active dopants or "scavangers"
introduced by Chemical Ion Plating, on the diffusion of copper
through Cd8 films.

5. Control of stoichiometry and structure of Cuxs films using Chemical
Ion Plating technigues.

6. FExsmine effects of non-stoichiometry and doping on phase composition

and stability of CuxS.

The objectives of the first 12 montha of this program will be to develop the
Chemical Ion Plating technology applicable to cadmium sulfide and copper sulfide,
determine the effect of the CIP deposition process on the electrical and
morphological properties of CdS, and determine the effect of the CIP processing
on the stoichiometry, phases and phase stability of Cuxs. Longer term objectives
will involve the fabrication of solar cells and optimizing film propertiés for

thies purpose.

11



C. EESEARCH PLAN

This proposal encompasses work involving two important aress. First is the
versatility and adaptability of Chemical Ion Plating as a materials deposition
techmique. This technique and its application have received extensive development
at Sandia Laboratorles. Second is the experience and anal&tical capabilities
available at Sandis Leboratories which will be utilized in the study of materials
properties and degradstion mechanisms.

Chemical Ion Plating (CIP} is a technigue derived from conventional Ion
Plating,23 in which a developing film is subjected to ion bombardment sufficient to
cause appreciable sputtering of deposited material before and during deposition.
When any gas phase constituent or new component desired in the film is added to the
discharge, the technique is called Chemical Ion Plating. The sputtering is controlled
by the discharge parameters (principglly gas composition and pressure, and discharge
voltage) and the substrate biaé. The source may be any method for injecting
material into the discharge region, but is usually elther a conventional physical
vapor source or 8 sputtering cathode.

The effects of ion bombardment during deposition (Ion Plating) on the structurs,
morphology, and electrical properties of fllms have been studied extensively in
this laboratory. It has been found in experiments at Sandia laboratories that ion
hombardment during deposition can increase the denglity of the deposited material,
disfupt the columnar morphology usually associated with thick deposited films, and
modify the crystal structure #nd orientation of the deposited fi}.m.gh Ion bombard-

ment can alsc drastically modify both the stresses imposed daring deposition25

and
the stoichiomatrygé of certain kinds of films. Chemical Ton Plating techniques have
recently been applied to the deposition of (48, with comparable results.gT {Refer

to attachments 1)

12



Areas of Requlred Research

Task 1. Properties of CIP €4S

The development of CiP, e deposition system, involves the design of components
for the various system functions, such as substrate table and holder, discharge
electrodes, shielding, etc., There have Been gseveral studies performed ai Sandia

Laboratories setting forih the requirements for such a system.28’29’30

Although
depogition system design studiee often have been overloocked in deposition experi-
ments, it has been shown that proper design is a very important aspect of achieving
quality, reproducible resulie. In general, a very clean system with high through-
put is required to prevent excessive contamination of the depositing film., In
addition, the geometry and spacing of the source, subsitrate, and other electrodes
must be carefully chosen since they determine the discherge properties, film
uniformity, and other important parameters. Many of these factors have been
implemented in the existing system, and others are being added as required.

The capasbilities of such aystems gre also enhanced by the ability to control
substrate temperstures and to use either de or rf discharges and bisses, The use
of rf is particularly valuable when lnsulating or pocrly conducting films or
substrates are required.

The first of two studles to be completed in the initisl 12 month contract

pericd is a study of the properties of CIP CdS. There have been numerous studies of
31-36

the physical properties of CdsS. Cas is an n-type semiconductor; the source
of the carriers being related to a sub-stoichiometrie 8:C04 ratio. This suifur
deficiency is belleved to result in humerous traps and defect complexes in
the materi&l.B?

Cd8 has been deposited by evaporation, sputtering, end chemicsl spraying.

Eveporation is generally used for depositing photovolibalc devices due o its

13



generally higher deposition rstes and the low resisgtivities schieved. The low
resistivity 1s one result of the sub-stoichiometric composition, and is often

difficult to control. In general, the CdS 1s deposited at rates sufficlent to
38,39,40

Several schemes have been designed to .

eontrel the composition by using modified sources and dual source systems}5’38’h0’hl

give the desired resistivity.

However, some of the complexes that control the resistivity are mlso believed

20,34,37,42 Chemical

26,27

respousible for electrical and optical degradation effects.
Ton Plating has been used to control stoichiometry in several systems,
including éés.

Experiments with sputtering of C48 have reduced sulfur deficiencies by adding

b3

HéS to the discharge gas. Sputtering is preferred for photoconductive,
acoustoelectric, and several other devices due to the degree of perfection and
control of stoichiometry it pexrmits. However, the sputtering of CdS is a
relatively slow process. Chemical Ton Plating can be done at much higher rates
sinece the source is not limited to being a sputtering cathode.

Some studies have been performed on chemically"sprayed.Cds.35’k@’h5

Bprayed
Pilms have alsc been fabricated into pheotoveltaic devices,lB however, the physical
properties of these types of films are not well known.

One of the objectives of this proposai is to obtaln relatively high
resistivity (stoichiometric), high density CdS at high rates using Chemical Ion
Plating. To cobtain stoichiometric €4S by vacuum evaporation techniques regquires

34 The CIP process should result in more

the use of very low dercsition rates.
reproducible films with greater stability and density. Once these objectives
have been established, the films would be doped to the desired levels during

deposition. Initial results have been obtained using the CIF teechnigue where CAS

is evaporated through a gas discharge containing HéS, onto a voltage biased

substrate which is being subJected to ion bombardment. The bombardment is

14



controlled by the substrate bise and discharge parameters. It was found that high
guality CdS film can be deposited at much higher rates then is possible using

27 Measurements have indicated a tendency

standard vacuum deposition technigues.
towards higher resistivity in films deposited with large negative biases. The
CIP technique aveids many of the stoichiometry problems encountered when trying

| to vacuum depeosit C4S at high rates. It also should allow more reproducible and
controllable processging. The effects of ion bombardment have been studied by
reflection electron diffraction and were found %o include modifications of the
c-axis fiber axis dispersion through the film. Much more extensive crystallc-
graphic and morphological examinations (using reflection high energy electron
diffraction, x-ray analysis, scanning electron microscopy, and other technigues)

and electrical analysis (using resistivity, Hall coefficient, Seebeck coefficient,

and other measurements) are needed to properly characterize the deposits.

Task 2. Properties of CIP CuQS

Another objective of this task is to develop techniques similar to those

described in the previous section for a depeosition aystem for CIP Cuxg. This

system will then be used to study and control the phase composition and properties

of CIP Cu 8. The copper-sulfur system has been studied very extensively., Although
there are disagreements regarding the detalls of the phase dizeig:f*mn,1F6’h"-'r most
researchers report that in the neighborhood of Cuas there are several phases present
within relatively narrow composition and temperature renges. The phase disgram is
gummarized in Fig., 2. Most of the reported studies have been on samples that have
been evaporated, diffused, or cooled from high-temperature-mixture melts. Hpowever,
some studies have been on Guxs formed by ion exchange with €4S insa CuCl solution,

or dry chemically formed from Cu or CuCl layers vacuum deposited onto €4S and

subssquently annealed. These latter processes often form ternary Cu-8-Cd systems,

15
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which may account for some of the disagreements on the phase diagram. The
morphology of Cnxs layers has not been studled extensively, and only a few studles
are extant.

Although the physical, elecitrical, and optical properties of the Cu-S system
L6-51

have been studied, relatively little is known about their control in thin

films of CuxSané the relationship between the above properties and film morphology.

It is generallybelieved that Cu2$ (or chalcocite) gives the optimum cell performance

7 There are numercus studies on the effects

12,42

by maximizing the short circult current.

of various iom exchsnge fabrication parameters on cell performance.
52

In meny
cells, three or more phases are present within the Caxs layer, However, since
the cell itself is not well characterized, and the effects of composition profiles
and Jjunction morphologies are not known, much of the work has only empirical
significance.

The objectives of this task are to control the morphology of Cu,.S through the

2
use of the CIP technique and control of the stoichiometry by adding copper to the

discherge gas of the system in a manner similar to that of chemical vapor deposition

53 and could Le

{CVD). Several volatilizable copper bearing compounds are lnown
used. 'The same techniques outlined in the previous section will be used to

eharacterize the Cugs films.

Tagk 3. Doping of CIP (48
There have been many studies on doping of CdS for the purpose of both

controlling carrier demsity and type. Experiments to control the carrier type

54,55,56,57 A variety of dopants have been incorporated in

38,142,60,61,63-66

have been inconclusive.
58,61

CdS by co-evaporation, ion~implantation,55’5? diffusion,37’

56

and gas phase introduction into a sputtering discharge. The dopants have heen

used primerily to modify the conductivity, although theyhave alsc been used for

17



defect and recrystallization studies. Table 1 gives a summary of €dS doping
informaetion. Since the densified, low defect CdS a8 produced in Task 1 is
intended to have high registivity, the first phase of this task concerns the

introduction of electrically active dopants for the control resistivity by

the use of CIP techniques. It is expected that the electrical properties
of the resulting films will be more combtrollable,

The second phase of this task iz the introduction of chemically active dopants

to control the effects of electrochemical migration of copper into the €48, It

is indicated in the literasture that certain dopants will interset with copper in

048 to partially inhibit the effects of diffusion of copper normslly associated
with degradation.7 Other impurities concentrated near the interface are bellieved
to act like a diffusion barrier., CIP techniques offer a unlque capability to
control these effects., The effect of additions of certain dopants on the morphology

and structure of the CIP (dS also will have to be studied.

Task 4. Doping of CIP Cu,S

There are very few experiments on the doping of CHES. Most of them involve
residual €38, €1, or other impurities incorporated in the Cugs during the formation
(either ion exchange or dry chemical) of dicdes. Another group of dopants in CuQS
is gas {such as Hys Ops Hée or other envircnmental gases) diffusing in from the
gurface of diodes, These have all been empirical studies relating impurity levels

to diode terminzl properties. The purpose of this task is to study the effects of

intentional doping of CIP CuES layers. 1t is known that in certain metsllurgical
systems "dopants!' have been added for the purpose of stabilizing phases., This has
been used in the stabilization of certain phases of the Cu-8 system.k6

It may also be pogsible to dope the CuES to relieve lattice mismatch stréins. The

versatility of CIP offers an opportunity to study many dopants not otherwlse

available. If such a dopant could be found for chalcoclite (CuQS), the diffusion

18



Impurity
Li

Al

cl

Cu

Zn

Ga

Ag

In

Pd

Type

Acc.

Acc.

Don.

Acc.

Don.

Acc.

Don.

TABLE T

Method

Ref,

Coevapcration
Tiffusion

Addition to Sputter Gas
Implantation

Diffusion

Diffusion
Grown with Crys.

Diffusion

Diffusion
Grown with Crys.

Diffusion
Coevaporation

Grown with Crys.
Diffusion

Diffusion
Implantation
Diffusion

Diffusion

58
59

56,58
55

38,hk2,60,63

38,42,59,60,61,63
54,62

29

60
62

38,59,60
61

59,62
60

59
57,59
6l

65

19



of Cu might be controlled in such a way ag to inhibit the diffusion of copper

beyond the normal chalcocite phase transition point.

Task 5. Febrication cof GdS-CuéS Solar Cells
Tumerous papers have discussed designs for C4dS-Cu.S photovoltale

2
7,12,15,17,66,67 Front illuminated cells (Fig. la) have received the most

cells.
attention. Recently, however, considerasble interest has developed in back
illuminated cells due to the potentislly higher efficiency and simplified
encapsulation of this design. While the devices are all similar, the details

of their construction depend on the fabrication techniques used and the properties
desired in the device. TFor example, some researchers have suggested evaporating
L45um of 4S8 rather than the conventional 20um in order to incresse long term
stability,lk while cells fabricated by chemical spraying have used 2um CdS films

due to higher density}3

Space a@plications have generally specified transparent or
pertially transparent coated plastic substrates for flexibility, low weight, and
optical transparency, while terrestrial applications usually specify more rigid
substrates for mechanical stability. Where weight is not a concern, glass or metal
foils have been used =& substrates. A varlety of such materials exists for
construction of both front and back illuminated devices, Initial work proposed
here will center on glass, although other materials may be consgldered for
gpacialized applications.

It is not our intent in this propossl to investigate electrical contacts in

detail. However, some effort will be made to survey detalls cof work on contact

materials and techniques in order to select materials sppropriate to our

fabrication and testing requirements. Scome possibilities for bazek illuminsted

diodes requiring a transparent electrically conducting back surface electrode

include Snox, Inx§n2~x0y mnécmgaxh_haye been uged. Opadue back contacits of

20



zinc-coated copper, zinc-cocated silver-loaded varnishes, and gold-chromlium
metellizations are possibilities for front illuminated diodes.
The selected contact scheme will be integrated into a research and develop-

ment program for the fabricatlion of Cd8~Cu, 8 photovoltale cells using the resulis

of earlier experiments on CdS and Cuxs. The final task will be the testing and
evaluation of cells, including accelerated life tests, stress testing, standard

spectral response, and electrical load experiments,

Additionsl Comments

The second ares covered by this proposal is the utilization of the extensive
analytical capabilities at Sandia Laboratories in the evaluation and characteri-
zation of solar cell materials and devices. 7These analytical capabilities are
among the most extensive in the world and have been assembled as s result of

work in related areas, The applicable capsbilities sre summarized below.

1. Physical and Chemical Characterization Facilities

The Chemistry and Materials Characterization Department has the function
of supporting the overall research and development effort at Sandis ILaboratories.
A complete list of capabilities is shown in Tsble 2. The capabilities and
facilities which are most applicable to this propesal are degcribed below. Each
ingtrument or ares of éharacterizations ig directed by a Member of the Techniesl
- Staff (MTS) who hes considerable experience in the yarticular field. Some of the

publications of related work on this equipment are listed in section H.

a. Scanning electron microscopy (SEM) - useful for distinguishing the
general grain growth pattern, grain sizes, and surface roughness
of the films.

b. Quantiment - a computer~-controlled automated, microscopic determination

of grain shape and size distributions.
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Tranemission Blectron Microscopy (TEM) - would facilitate investi-
gations of grain size (using preferential etching), film porosity,
and the general surface morphology.

X~ray and Electron Diffraction Analysis - these measurements will
establish the crystallographic orientations of the grains.

optical Measurements, Ellipscometry, ete,. -~ these techniques yield
the resl and imasglinary parts of the dielectric constants of
transparent films.

Trace Chemical Analysis of the Films - this will be necegsary to
verify doping levels and to search for any impurities introduced
during processing. Techunlgues available include:

1. Quantitative Wet Chemical Analysis |

2. Neutron Activation Analysis

3. Atomic Absorption Speétrometry

Compogitiongl analysis near the interfaces between films., As a
check on the extent of diffusion and compound formation at
interfaces the following analysis methods should prove extremely
useful:

1. Auger analysis, combined with lon sputter etching

2. Ion backscattering spectroscopy

3. Electron microprobe

i, Rutherford backscattering

All of these techniques are capsble of giving accurate composition.

depth profiles under certain conditions.



TABIE 2

SANDIA IABORATCRIES
PHYSICAL AND CHEMICAL
AVATYTICAL TECHNIQUES

Solution Methods: Structure/Morphology Analytical Methods:
Gravimetry X-ray Diffractiom
Titrimetry Powder
Coulometry Laue
Ton-selective Electrodes Lang
Polarography Pole Figure
Adsorption SBpectrophotometry Scenning Electron Microscopy
Atomic Absorption Spectrometry Optical Microscopy
Transmission Electron Diffraction
Direct Analytical Methods: Quantimet {Quantitative Metallography)
Infrared Spectroscopy Spatisl Distribution Methods:
Gas Chromatography
Neutron Activation Analysis Ton Seatiering Spectroscopy
Vacuum Fusion - Mass Spectrometry Secondary Ion Mass Spectroscopy
X-ray Fluorescence Sputter-Anger Electron Spectroscopy
SEM-Energy Dispersive Electron Mieroprobe
Electron Microprobe Trensmigsion Electron Microscopy
Ion Scattering Spectrometry Ion Backscattering Spectroscopy

Ton Backscattering Spectroscopy
Secondary Ion Magss Spectrometry
Appearance Potential Spectroscopy
Auger Electron Spectroscopy
Emission Spectroscopy

X-ray Diffraction

Huclear Reaction Spectroscopy

Ion Induced X-ray Spectroscopy
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2. Electrical Characterization Fecilities

Extensive capebilities exigt for the characteristic electrical measure-

ments associated with s solar cell evaluastion program. These include:

1. Electrical Resistivity - Several 4 probe resistivity set ups are
available for this program. The first, basically a research facility,

2 to 1072 O-cm

is capable of measuring 4 probe resistivities from ~ 10
from 1.1 K to 400 K. The other two set ups are designed to characterize
materials with somewhat lower resistivities; one of these ig a "portable,"
spring loaded, # pin aﬁparaﬁus degigned for quick, room tempersture
characterization as well ss material inhomogeniety checks. The other
is capable of measurements of samples in wvacuum or inert gas up to
1100°¢. A1l thesge facilities utilize the latest state of the art
FET input, digital, electrometers for current and voliage measurswents,
and in some cases the dasta is stored and analyzed with a PDP 8 "on-line"
computer.

2. Mobility - Two Hall mobility setups are availsble for uge in this
program for determinations of carrﬁer number and mobility. The first
is 5 room temperature "echaracterization” facility interfsced with =

PDP 8 computer. The second is & resesrch facility opersble over the

2
3 [s]is) )‘

range 1.1 to LOO K with an extremely high sensitivity (~5 x 16° vy

Thig later apparatus can be extended to higher temperature cperation
{up to 400°C) with some minor modifications,

3, geebeck Coefficient - Also useful as en asnslysis method gre messure-

ments of the Seebeck coefficient. These permit determination of
the carrier number and scattering mechanisms. Several types of

equipment are available. The first spparatus is designed for

=



fast, low nolse, messurements on bulk samples whose impedsance can be

a8 high as loll

{13 this equipment is also usable for thin film
mensurements with a few modifications. Other apparatus includes a
quick, room temperature, portable, Seebeck probe and an ion pumped
facility capable of Seebeck measurements from 76 K to ~ 1400 K.
This latter apparstus is also interfaced with a PDP 8 computer for
rapid data acquisition and analysis.

Minority Carrier Lifetime - Several standard methods will bhe cross-

correlated and the lifebime ot various illumination intensities
will be ascertained.

Current-Voltage and Capacitance-Volizge Measurements - In order to

probe the nature oxf electrode-filn Interfaces, grain boundary bvarrier
regions, and the cell p-n junction itself, current-voltage and
capacitance-voltage ﬁlets are invaluable. Equipment for performing
these experiments includes an automated I-V spectrometer capable of
taking accurate I-V plots as well as dI/&V versus V and G?I/&VQ versus
V. All the dats from this apparatus is capable of being "on-line"
computer processed and anslyzed. Capacitance-voltage dats will be
chtained using either a Genersl Radio 1615 capsacitsnce bridge with
a P.AR. dual phase lock-in amplifier, or a newly acquired, sutomatic,
digital, Boonton C-V bridge.

Meassurements of Cell Efficiency - Measurements of cell efficiency as

a2 functlon of illuminstion and temperature will be Implemented using
both indoor Xenon lamps and actual sunlight conditions. Equipment

for this phage of the program includes FET input-electrometers for

current and voltage measurements--these being interfaced with the FDP 8

computer,
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D, MAWAGEMENT PLAN
The tasgks to be performed in this CdS/Cuas heterojunction scolar cell program
are presented below. A milestone schedule indiceting important decision pointe is

also presented in Figure 3.

Program Mansgement

George Ssmars, Manager of the Physics of Bolids Research Department, is teo be
the program manager. The program mansger will be responsible for progrsm direction,
ccordination and control of costs and schedules. Status reports, topical reports
and the documentation will be proposed or contreclled by the program manager. A
block disgram of the progrem organization ls presented in Pigure 4 .

Donald M, Msttox, Supervisor of the Surface Metallurgy Divigion, is to he the
principal investigator. This division has had exbtensive inveolvement with thin film
physics and itechnology. Other organizations which will have extensive involvement
are the Electrical Transport Division {involved with transport phenomena), Solid
State Electronies Division (involved with device development and analyéis), Lot
Solid Interactions Division (extensively involved with Rutherforé backscattering
experiments), and the Materials Anslysis Division (involved with scanning electron
mierogcopy, transmission electron microscopy, electron and X-ray diffraction,
microprobe, ion backseattering, and other techniques). The capabilities of the
laboratory are summsrized more extensively in Section ¢. The pyramidal organiza-
tional Structqre at Sandis Ieboratories is designed to encourage intergroup

cooperative work on projects such as this.

Task 1 - Properties of CIP (dB

Thisg task consists of the development of a system for the Chemical Ion Plating
of CdS and the characterization of CIP films. The principle system wvariables to be

studied are system geometries, evaporation rate effects, discharge voltege, and
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Figure 3

MILESTCNE £CHEDULE
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substrete bias and temperature. Fabrication and technology studies will be
performed by R. S. Berg (Surface Metallurgy Division). The film properties that

are most important are:

1. Film morphology, including erystallite size distribution, fiber axis
dispersion, and their uniformity.

2, Film density.

3. Electriecal propeftias transverse and normal to the film, including

resistivity, mobility, carrier lifetime, and carrier density.

The wmorphelogy snalysis will be cerried out by the Materisls Analysis Division
using a variety of techniques. Studies on the diffusion of copper in CdS8 will be
done by J. A. Rorders (Ion Solid Interactions Division) using Rutherford back-
scattering and by the Materials Analysis Divislon using ion scaettering
gspectrometry. The electrieal studies will be performed by R. D. Nasby (Electrical
Transport Division). The task is designed to determine optimum parameters for film
dengification and the controllability and reproduclbility of deposition conditions

and electrical properties.

Tagk 2 - Properties of CIP CuES

This tesk consists of a developmental progrem parallel to Task 1 on CuES. The
principle system parameters are the same, However, the most important €£ilm
properties are somewhat different. They are:

1. Phase disgram (stoichiometry and crystallography) and the development of

a relatively simple laboratory test to determine composition.
2. Morphology and uniformity. |
3. Flectrical properties, including resistivity, mobility, lifetime, and

carrier densities.
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L. Stability and redox reactions resulting from optical, thermal and chemical
stimulus.

5. Optical properties (emissivity and absorptivity).

Work on parts 1 and 2 will be performed cooperatively by R. 8. Berg and the
Bolid State Blectronics Division. Electrical property studies will be performed
by R. D. Nasby (Electrical Transport Division). Stability and optical properties
megsurements will be performed by the Materials Analysis Divisicns and by R, K.

Quinn (Solid State Materials Division).

Task 3 - Doping of CIP Cd&8

This task consists of the characterization of the electrical and chemical
propérties of CA&8 films produced by introducing dopsnts into the films by the CIP
préeess. Since the CIP technigue permits much more versatility in selection of
dopants than other techniques, it is-anticipatad that a number of new dopants will
be investigated. The dopante are intended to perform the following functlons:

(1} regulate the electrical properties (resistivity, mobility, lifetiwme, carrier
density, ete.), and (2) control the effects of diffusion of copper in €dS. Studles
will alse be carried out to determine the effecis, if any, of the dopants on the
stability, density, morphology, etc., as studied in Task 1. These studies will be
carried out by R. 8. Berg and R. D. Nesby, together with a variety of analytical
groups including the Materials Analysis Division, Ion-Solid Interactions Division,

and others.

Task 4 - Doping of CIP CBES

This tesk parallels Task 3, and consists of the charscterization of the effects
of dopants on the electrical and metallurgicel properties of chS. The principle

function of dopants in cues are to control the regisbivity and stabilize the phsase
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gstructure. In conjunction with this, it is important to determine the effects of
doping on the other properties of CaQS. Thig task will be done by the same

personnel s Task 3.,

Task 5 - Fabrication of CdS/Cu,8 Solar Cells

This tesk congists of several subtasks, including surveys of previocus work
in contact materials and the fabrication and evwmlustion of cells produced using
the materials techniques developed in Tasks 1-hk. Both front and back contact
ceils will be considered. This will be coordinated by D. M. Mattox. Fabrication
techniques will be under the direction of R. 8. Berg. An extensive effort will
he made to charscterize the junction by & variety of techniques. These will
include profiling studies, performed by J. A. Borders and the Materials Analysis
Division, junction capacitance studies, performed by R. D. Nasby, and load-
degradation studies, performed in cooperation with the Solar Energy Projects and

Systems Divigions.

Decision Points

In the first 12 months of the study sufficient information should be generated
on the effect of the CIP deposition technology on the properties of the £d4S end
Cuas film to determine whether or not the approach has merit. If practicel high
dengity €38 films and stolchiometric CuES fiime can be produced, then the second
phase of the program can be funded %o tallor and optimizé the properties for use
in a solar cell configuration.

Since the anslytical and stanﬁafd evaluation technigues developed for use with
cur program would be spplicable to any CdS/CuQS program, we propose Lo make our
capaebilities available to other investigators. This will entail developing =
rapport with other lnvestigators and s nmubual eppreciation of the problems of

fabrication and analysis.
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E, REIATED PROGRAMS AWD ACTIVITIES WITHIN THE LABORATORIES

The mejor activities at Sandis ILaboratories involve the research, development,
design and testing of the non-ﬁuela&r portion of nuclear weapons systems. A prime
concern in this work is the reliability of components and gsystems. This requife-
ment has led to extensive high-technolbgy development progrems and to in-depth
programs in golid state theory, elect?cnic component testing, and degradation
simulation. In particular, the Surface Metellurgy Divisicn (D. M. Mattox,
supervisor) has a long history in research and development in thin films; the
Electronic Technology Department (C. M. Tapp, manager) has extensive experience
in trensferring thin film coﬁpanent technologies to production facilities; the
Solid State Electronic Division (D, G, Schueler, supervisor) in solid state
components research and development; Electrieal Transport Division (R. T. Johnson,
supervisof) in electricasl properties; and the Ton-Solid Interactions Division
(8. T. Picraux, supervisor) in radiation damage in semlconductors and diffusion
studies using Rutherford Backscattering analysis. A very extensive msterials
characterization department supports these efforts.

Sandia Laborstories has a very active solar-thermal program concerned with
collecting energy in the form cf heat for utilization in hesting, cooling, and
electric power generation. Sandia proposed the "total energy concept" where
collected thermal energy would 56 used for electrical power generation and the
waste heat woﬁld be uged for gther community requirements. Current programs are
in the development and utilization of parabolic focused and central "power tower"
collectora, CGroups involved in this work include the Solar Energy Projects Division
(R. H. Braasch, supervisor), Solar Energy Systems Division (R. P. Stromberg,
‘supervisor), and the Plowshare Technology Division (A. C. Skinrood, suyervisor)*
Thege groups are supported by the Materials and Process Directorate (L. M. Berry,

director).
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Sandia also has an in-house photovoltaics progrem aimed at (1) ascertaining
sources of degradstion and improving overall cell efficiency of thin film cells,
especially CdS/CuES,.(E) a scheme for sclar photovoltaic-solar thermal integration,
end (3) solar cell modeling and parsmeters studies at room and elevated temperatures
using the Sandis Deviece Simulation Computer Code.

Section H lists some publications in work related to the proposed photovoltaic

program,
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F. RELATED PROGRAMS IN OTHER ORGANIZATIONS

Mr. J. Jordan of Quantrol, Ine., hag been actively pursuing the use of chemical
~ spray techniques; however, Quaﬁtrol hag relatively little analytical back-up in
this effort. By doping the chemical spray, the properties of the CdS can be
‘modified in what 1s claimed to be a controlled manner. The CuES layer can also
be formed by spray techniques. Conceptually, this approach is amensble to high
volume production but msy suffer fromthe problem of energy economics since the
substrates must be maintained at & high temperature for an appreciable length of
time. One aspect of our proposal is the initiation of a cooperative analytical
prograem, in which Sandig's analytical eapsbilities would be avialable to other
invegtigators. Some initial contects with Mr. Jordan have been made.

Vacuum deposition-ion exchange techniques are‘the most conventional approach
to the fabrication of CdS-Cuas cellsf Dg. K. Boer of the University of Delaware
is a principal U.S. investigator in this field. This approach is also used by
the French in their production effort. Vacuum deposition processes are diffieult
to control, particulsrly the vacuum deposition of compounds. No yield or quality
data on their cells has been published. Other organizations are studying the use
of materials other than C48 and CuQS in the heterojunction. It is proposed that t%g
uge of othermaterials can circumvent some of the degradation problems encountered
in the Cd8/Cu 8 system.

Mogt of the NSF/RANN grantees and those seeking grants seem to have s rather
limited technological and anaiytical back~up. As part of this proposal we would
like to consider the possibility of making our technological, analytical and
teating facilities available to others working in this area. This would have the
effect of providiﬁg them with facilitlies and capabilities which they do not now

possess and in addition, a éommon testing and evaluation program could be developed



to 81low meaningful comparison to be made betweenkdevices fabricated by the variocus
technigues from various investigations.

Since owr proposed fabrication technique is unique among CdS-CuQS investiga.
tions, there cen be no direct comparison made with the programs. From the
standpoint of Thin Film Technology, it is expected thet this fabrication technique

will be less procegs sensitive than are the vecuum deposition techniques.
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G, UTILIZATION

The use of large ares CdS/CuES photoveoltaic arrays for electrical power
generagtion is & concept which &as been Qi&ely discussed in the literature. The
fergibility of this concept depends on the economics asssoclated with ;roductioﬁ,
installation, maintenance, and cell lifetime. The technology needed for high
volume fabrication of large area thin film systems is well develope&* and the
thin £film industry needs deta on the economic aspects of this program in order
to make decisions on whether or nct to become involved.

The object of this program is to systematically develop the technology needed
to fabricate CdS/CuQS thin film photoveltaic devices which may be made reproducible,
with high yield, high efficiency and with long usable lifetime. By understanding
and controlling the individual steps in fabrication it is expected that the
information necessary for technology'transfer will be generated and the dats
necesgary for economic evalustion will be provided to the thin £ilm industry
through publication and presentation of results.

Sandia ILaboratories will be available for active participation in the technology
transfer to organizations interested in scallng up the process to high-volume
production. Such technology transfer to production zgencies has heen an important

fanetion in Sandia’s activity for the past 25 years.

: .
For example, LOF has been producing 8 x 106 ft.2 per year of decorative glass
(10" x 12') using 2-layer thin film costings.
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H. PERSCNNEL AND BIBLIOGRAPHICS

Sandia Laborstories' experience in program management associated with the
regearch, design, and éeveicpment of nuclear ordnance provides thé basis for the
approach used in this proposal. The key personnel involved in major parts of the
program have been identified, and thelr resumes follow., In addition, several
other organizations will be involved with specific aspects of the program. Rather
than identify all of the numerous personnel that might contribute, biblicgraphies
have been prepared which show the breedth and depth of the capabilities at Sandis
Laboratories in seversl key mreas. These bibliographies are not intended to be

complete, but are only illustrative of the capabilities at Sandia
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NAME: @eorge A, Samsrs, Program Mshager
Education
B.8. - Chemical Engineering, University of Oklahoma, 1958
PhD - Chemical Engineering/Physics, University of Illinois, 1962

Employment Background

Sandia Ieboratories: 1962-1963, Staff Member, Applied Physics Research
Department

U.8. Army Electronics Laboratories: 1963-1965, Project Officer, Institute
for Exploratory Research {Solid State)

Sandia Taboratories: 1965-1067, Staff Member, Physical Research Department;
1967-1971, Supervisor, Sclld State Research Division;
1971-Present, Menager, Physics of So0lids Research
Department

Honors

Winner 197k Ipatieff Prize, American Chemical Society

Chairmen 1974 Gordon Conference - Research at High Pressure

Army Commendstion Medal (1965) for outstanding service {Research)

University of Tllinois Fellow 1958-195G

]

University of QOklshome Honors Greduste

Regearch Interests

Electronic Structure; Elecirical Transporit and Insulstor and Semiconductor
to-Metal Trengitions

Dielectric and Ferroelectric Properties

T

Ferromagnetic Properties

High Pressure Phenomens
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Publications

Over 60 publications in the technical literature plus & number of Sandia
Reports. The following is a partial list.

"Pemperature and Pressure Dependence of the Dielectric Properties of Ionic
Crystales end the Properties of Soft Mode Ferroelectrics,” in the volume
"Materials Under Pressure'” of the Honda Memorial Series on Materials Science
(to be published 197h).

"pressure and Temperature Dependences of the Dielectric and Ultrasonic
Properties of Polychlorotrifluoroethylene (PCTFE)," with I. J, Fritz,
J. Polymer Sci. Letters, Accepted (197h).

"Solar Energy: Sandia's Photovoltaic Resesrch Program," with D. 3. Schueler,
Sandia Report SIA-7h-0281, May 197h.

"Solar Energy: Photovoltaic Conversion for Terrestrial Applications,’Sandis
Report SIA-T74-0280, August 1973.

"pregsure snd Temperature Dependences of the Dielectric Properties and Ramsn
Spectra of BbHéPGh," with P, 8. Peercy, Phys. Rev. B8, 2033 (1973).

"Anharmonic Effects in KTalq: Ferroelectric Mode, Thermal Expansion and
Compressibility,” with B. Morosin, Phys. Rev. B8, 1256 (1973).

"Ferromagnetic Meterismls, Dynamic High Pressure Applications, Dielectric and
Ferroelectric Materials and Applications, and High Pressure Sintering,” Four
Chepters in a Report of the National Academy of Sciences/Materials Advisory

Board Committee on High Pressure Technology (NMAB Report-303, January 1973),

"The Grilneisen Parameter of the Soft Ferroelectric Mode in the Cubie Perovskites,”
Ferroelectries 2, 177 (1971).

"Effects of Pressure on the Magnetization of Ferrites: Anomaslies Due to Strain-
Induced Anisotropy in Porous Samples,” with R. C. Wayne and R, A, Lefever,
J. Appl. Phys. 41, 633 (1970).

"The Effects of Hydrostatic Pressure on Ferroelectric Properties,” Chap. 3,
pp. 155-239, in Advances in High Pressure Research, Vol, III, R. 8. Bradley,
Ed., Academic Press (London) 1569,

"Effect of Pressure on the Metal-Non-Metel Transiticn and Conductivity of
Fa30h," Phys. Rev. Letters 21, 795 (1968).

"Tempersture snd Pressure Dependence of the Dielectric Constants of the
Thallous Halides," Phys. Rev. 165, 959 (1968}.

"Tnsulator-to-Metal Trangsition at High Pressure," J. of Geophysical Research
72, 671 (1967).

"The Compressibility and Electrical Conductivity of Cadmium Sulfide at High
Pressures,” with A. A. Giardini, Phys. Rev. 140, A 388 (1965).
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Publications {Cont'd)

"Temperature Coefficient of Resistence of the High Pressure Phases of Si, ge,

and Bome III-V and IT-VI Compounds,” with 8. Minomurs and H. ¢. Drickamer,
7. Appl. Phys. 33, 3196 (1962).

"The Effects of Pressure on the Electronlc Structure and Conductivity of
Insulators snd Semiconductors,' PhD Thesis, University of Illincis (1962),

"presgure Induced Phage Transitions in Some II-VI Compounds,” with H. G.
Drickamer, J. Phys. Chem. Solids 23, 457 (1961).



NAME: Dorald M. Mattox, Prineipal Investigator
Educetion
B.S. - Eastern Kentucky State University (Physics) 1953

Graduate work - Magsachuseits Institute of Technology
(Meteorology - USAF) 1953-5h

M.8. - University of Kentucky (Physics) 1960

Employment Background

1973~-Present

Supervisor, Sandia Laboratories, Surface Metzllurgy Division--Supervised
approximately 10 persons involved in: Thin f£ilm technolegy development
(sputtering, vacuum evaporation, ion pilating), fabricetion of thin film
photovoltale materials by Chemical Ion Plating, surface-to-surface con-
tact studies (friction and slectrical contactsj, surface cleaning studies
(sputter-cleaning, UV/O3-cleaning and plasma cleaning), development of
selsctive solar absorber coatings (electrodeposition, vacuum evaporated
and gas eveporated), chemical vapor deposition (wear resistant coatings
and superconductor materials), hydrogen diffusion in metals (surface
properties, diffusion properties, thermal desorption studies).

1969~73

Supervisor, Sendie Leboratorieg, Surface Physics and Chemistry Division--
Supervised approximately 10 persons invelved in: Thin film techrnology
development (sputter-deposition, vecuum svaporation, ion plating), surface
analysis research and development (Auger spactroscopy, appearance potential
spectroscopy ), organic adhesives (engineering data generation) effects of

ion bombardment on Film properties {(gas incorporation, morphological changes),
thin film metallization, physics of gas discharges as related to sputtering.

1966-69

Supervisor, Sandia Laboratories, Ceramics and Thin Films Division~-Supexrvised
approximately 10 persons involved in: Thermodynamics of surfaces, thin film
deposition technology, electrical properties of rare earth hydrides, ceramic-
to-metal seals, strength and fracture of ceramic materials, chemical vapor
deposition of ceramics (boron nitride), thin f£ilm metallization (composite
film metallization, direct gold metallization of oxides),

1961-66
Staff Member, Sandia Laboratories--Involved in thin film technology develop-

ment {invented ion plating process), adhesion of thin films, electrical
properties of semiconductor materials.
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195761

Graduste regearch assistgnt and instructor--University of Kentucky
1953-57

Lisubtenant USAF--Meteorologist

Honors and Professional Activities:

Sigma Xi - 1953

American Vacuum Soclety

American Phyvsical Society

Board Member--Thin Film Division of American Vacuum Soclety 1971-present

Cheirman Program Committee (Thin Film Division) 21st National Meeting,
American Vacuum Scciety, Anaheim, California, October 197h

Member Program Commitiee--22nd National Meeting, American Vacuum
Society -~ to be held in Philadelphia, Ochober 1975.

Ingtructor--American Vacuwam Society, Sputiering and Ion Plating
Technology Short Course {presented at National Meetings) 1972-73

Publications

"Deposition of Semiconductor Films with High Solar Absorptivity" to be
published J. Vac. Sci. Technol.

"Ion Plating - A Review and Update,' Proceedings of 6th Internatiocnal
Conference on Electron and Ton Beam Science and Technology,” to be
published,

"Recent Advances in Ion Plating" tc be published in Jpn. J. Appl. Phys.

"Effect of Ion Bombardment D&ring Daposition on Thick Metal and Ceramic
Depositg: J. Vac. Sci. Technol. 1L, 671 (1974).

"High Absorptivity Solar Abscrbing Coatings” J. Vac. Sci. Technol. 11,
793 (1974). .

"Surface Cleaning by Ultraviolet Radiation" J. Vac. Sci. Technol. 11,

bl (197h).

"The Role of Surface Cleanliness on the Properties of Films Deposited by
Ion Plating Techniques" Proceedings of the 1973 International Conference

on Sputtering and Tts Applications (The French Vacuum Society, Volume des
Comptes Bendus, ler Collogue Internaticnal de Pulverisation Cathodique et
ses Applications-C.I.P. 73, Montpellier, France, 2-5 Octobre, 1973), p. 359
Societe Francaise du Vide, 19, rue du Renard 75004 Paris (F).

"Incorporation and Behavior of Helium in Sputter-Deposited Films" Pro-

ceedings of the 20th National Vacuum Symposium of the American Vacuum
Society, J. Vac. Sci. Technol. 11, 52 (1974).
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"Thin Film Metallization of Owides in Microelectronies,” Thin Solid Films
18, 173 (1973).

"Deposition of Metal Films by Laser-Controlled CVD) Proceedings of the Uth
International Conference on Chemical Vapor Deposition, Edited by G. G.
Wakefield and J. M. Blocher, Jr. (Electrochemical Society, 1973), p. 196.

"Sputter Deposition and Ion Plating Technology,” AVS Thin Film Division
Monograph (1973).

"Fundamentals of Ion Plating, Special Proceedings Issue of the 19th National
Vacuum Symposium, American Vacuum Society, J. Vac. Sci. Technol. 10, b7 (1973)

"Physical Properties of Thick Sputter-Deposited Glass Films, J. Electrochem.
Soec., 120, 1535 (1973}. 7

"Structure Modification by Ion Bombardment During Depositicn, J. Vac. Sei.
Technol. 9, 528 (1972).

"Incorporation of Helium in Deposited Gold Films) J. Vac, Sei. Technmol. 8,

19k (1971).
"Composite Film Metallizing for Ceraﬁicsf J. Electrochem. Soe. 117, #11,
161 {1970).

And 38 other publications dealing with thin film research and development
and surface science, '

Presentations

"Clean Surface Technology, (Invited) Gordon Research Conference on Aghegion,
August 197k,

"Recent Advances in Ion Plating) (Invited), 6th International Vacuum Con-
gress, Kyoto, Japan, Mareh 1074,

"The Role of Surface Cleanliness on the Properties of Films Deposited by
Ion Plating Technigues'(Invited), 1973 International Conference on Sput~-
tering and Its Applications, Sponsored by the French Vacuum Society,
Mentpellier, France, October 1973.

"fhin Film Metallization of Oxides) {(Invited), 27th Annual Frequency Con-
trol Symposium, Sponscored by the U.S. Army Electronics Commend, Cherry
Hill, New Jersey, June 1973.

"Ion Plating - Concepts and Applications) (Invited), NASA Technology
Utilization Conference on Spubtering and Ion Plating, Cleveland, Chio,
March 1972.

And many other presentations at professional socieby meetings, industrial
and academic leecations.
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Patent Disclosures

50

"A Method for In-Situ Formation of Diffusion Barriers During Vapor Deposi-
tion of Non-Reactive Metals" (197h).

"A Method of Hydrogen Containment in Metals Through Surface Adsorpticn of
a Polar Molescule Berrier”, October 1973.

"A Method for Monitoring the Diffusion of Hydrogen into the Surface of
Metals", September 1973.

"A Storage Device for Removing from and Preventing Recontamination of
Metallic Surfaces by Oxidizable Conmtaminants”, September 1973.

"stabilization of Tantalum Nitride Resistors", August 1973.
"Atmospheric Pollution Detector"”, June 1973

And others



NAME: Raymond 5. Berg

Education
B.S. - Electrical Engineering, Purdue University, 1964
M.8. - Electrical Engineering, Purdue University, 1966
PhD -~ Purdue University, 1972

Imployment Background

1972-Pregent

Member of the Technical Staff, Sandia Lsboratories. Involved with deposition
technigues, control and modification of morphology; incorperation of gases
into materisls; transmission electron microscopy.

1967-71
Graduste Ingtructor in Electrical Engineering, Purdue University.
1960-64

Industry-University Cooperative Student, Automatic Electric Laboratories,
Northlake, I11.

Honcorsg and Profesgicnal Ackivities

NDFA-IV Fellow, 196467

Tau Beta P1 Engineering Society

Sigma Pi Sigme Physics Society

Sigma Xi

Institute of Electrical and Electronic Engineers

Electron Microscopy Society of America

American Vacuum Society

Educetion Committee of the American Vacuum Society

Program Chairman, 11th Annual Symposium, New Mexico Chapter, American
Vacuum Soclety

Publiecations

"Deposition of CdS by Evaporation Through a Gag Discharge”(w/R. D. Nasby),
Proceedings of the 2lst National Vacuum Symposium, J. Vac. Sci. Technol.,
tc be published.

"Incorporation and Behavior of Helium in Sputter-Deposited Films", (w/G. J.

Kominiek and D. M. Mattox), Proceedings of 20th National Vacuum Symposium,
J. Vac. Sci. Technol. 11, pp. 52-55 (1974).
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"Deposition of Metal Films By Lassr-Controlled CVDY, (w/D. M. Mattox),
Proceedings of the Uth International Conference on Chemical Vapor Deposi-
tion, The Electrochemical Society, Princeton, N.J. (1973).

"Deposition of Metal Films by Laser~Controlled CVD'(w/D. M. Mattox),
Extended Abstract, J. Electrochem. Soc. (August 19?3).

"Block Dine Interactions in Coarsely Crystalline Permailoy Films', Fh.D.
Dissertation, Purdus University (1972).

"A Survey of Non-Ohmic Pheromena in Materials) Automstic Electric Labora-
tories, Inc., Report PD-0110 (196L).

Pregentations

52

"Depogition of CdS by Evaporation Through a Gas Discharge”, (w/R. D. Nasby)

21st National Vacuum Symposium, American Vacuum Society, Pasadena, California,

October 8-11, 1974.

"Block Line Interactions in Coarsely Crystalline Permallioy Films," (w/ F. J,

Friedleender and L. F, Silva), International Msgnetics Conference, Toronto,

Canada, May 14-17, 197h,

"Effect of Thin Film Geometry on Helium Incorporated Into Gold Films",
(w/G. J. Kominiak and D. M, Mattox), Third Anrual Symposium, Florida
Chapter of the American Vacuum Society, S%t. Petersburg, Florida,
February 6-7, 1973.

"Incorporation and Behavior of Helium in Sputter-Deposited Films", (w/G. J.
Kominiak and D. M. Mattox), 20th National Vacuum Symposium, American
Vacuum Soclety, New York, New Tork, October 9-13, 1973.

"Deposition of Metal Films by Laser-Contrclled VD", (w/D.M. Mattox), 4th
International Conference on Chemical Vapor Deposition, Electrochemicsl
Society, Boston, Massachusetts, Ocbober 7-12, 1G73.

"Incorporation and Behavior of Helium in Sputter Deposited Films", (w/G. J.
Kominisk and D. M, Mattox), Conference on Surface Studies, Dow Chemical
Co., Golden, Colorado, September 5-7, 1973.

"Evalustion of Magnetic Films by Lorentz Microscopy,' Midwest Section,
American Vacuum Society, Argonne National Laborabtory, Argomne, Illinois,
May 21-22, 1970.



NAME: Robert D. Nasby

Education _
B.A. - Physics, Rice University, 1961
M.S. - Physics, Solid State, Purdue University, 1963
PhD. - Physice, Solid State, University of Texas, 1967

Work History

Sendis Laboratories: 1968-present, Staff Member. Research on transport
properties of materials with specific areas of:
electrical and thermal transport properties of 8iGe
thermoelectric alloys, precipitation of dopents in
S8iGe thermcelectrie alloys, and the electrical
vroperties of 045 films produced by Chemical Ion Plating.

Texns Instruments Incorporated: Summer Employment, 1960,62,63, and 6k.
Studied effects of semiconductor processing
- gteps on electrical properties of base silicon
glices, reliabllity studies of a Mariner
spacecraft electronic package, reliability
production moniter for Ranzer spacecraft
electronic package, missile feasibility

study.
Honors
- Texas Instruments Inc. Fellowship, University of Texas, lQéﬁ-lQé?
- General Electrie Foundation Scholarship, Purdue University, 1961-1962
~ Member Sigme Pi Sigma -

- Who's Who in the West

Publications

"Deposition of CdS by Eveporation Through Gas Discharge,' with R. S. Berg,
J. Vac. Sci. and Technol., to be published, Jan. 1975.

"Application of the ILifshitz-Slyozov Theory to Precipitation of Phosphorus
- in Silicon-(ermanium Thermoelectric Alloys," with E. L. Burgess, J. Appl.

Phys. 45, 2375 (197h).

"oharacterization of the Thermoelectric Properties of Silicon-Germanium
Alloys," with E. L, Burgess, Sandia Technical Review SLA-73-0651; The MC2730
Radioisotopic Thermoelectric Generator: A Development Report, SIA-74-00L6

(1974).
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"Room Tempersture Electrieal Properties and Dopant Precipitation for SiCe
Thermoelectric Alloys,"” with E. L. Burgess, Proc. Seventh Intersocciety Energy
Conversion Engineering Conference (1972), p. 130,

"Precipitation of Dopants in Silicon-Germanium Thermoelectric Alloys,” with
E. L. Burgess, J. Appl. Phys. 43, 2908 (1972).

"A Concept for a Chemically Powered Thermoelectric or Thermionie Power Supply,"
Sendia Laborstories Report SC-~RR-70-640 (1971).

"Hall Effect in Lithium-Ammonis Soluticns,” with J. €. Thompson, J. Chem.
Phys. 53, 109 (1970); and in Metal Ammonis Solutions, ed. William L. Jolly,
Benchmark.?apers in Inorganic Chemistry Series (Dowden-Hutchinson, 1972).

"On Measurement of the Hell Effect in Metal-Ammonis Soluticnms,” with J. C.
Thompson, J. Chem. Phys. 49, 963 (1968).

"A Study of the Hall Effect in Metal-Ammonia Solutions in the Metal to Non-
Metal Transition Region,” PhD Dissertation, University of Texas (15967).



NAME: Rod X. Quinno

Education
B.S. - Chemistry, Southern Methodist University, May 1961
M.8. - Physical Chemistry, Southern Methodist University, August 1963
PhD., - Inorganic Chemistry, University of Texas, June 1967

Employment Background

Sandia laboratories: June 1967-pregent. Staff member in materials research
divieion of solld stete research department. Duties
heave included a variety of research problems in
electrochemistry, solid state chemistry, and inorgenic
crystal synthesis. The instruments and techniques
adapted to and used in these programs include
stetionary electrode voltemmetry, ring-disk
voltammetry, rotating ring-disk cyclic voltammetry,
Faradasy magnetic susceptibility, quadropole mass
spectrometry, differential scanning calorimetry,
thermogravimetry, differentisl thermal analysis, vapor
transport-crystal growth, and UV-via-near IR spectrometry

Texas Instruments Incorporated: June 1960-August 1961. Engineer in charge of
(Semiconductor Resesrch and coordinating device development for a 1-3 aup
Development Laboratories) power translstor, 2N2150, with particular
| regponeiblillty for materinls and materials
compatabllity problems.

Texas Instruments Incorporated; Summers 1959, 60, 62 and 64, Various
(Semiconductor Research and regpongibilities in materials problems
Development Laboratories) related to semlconductor devices.

Professional Actlvities and Honors

R. A. Welch Fellowship 1965, 1966, 1967

Member, Americen Chemieal Society

Member, Honorary Soclety Phi Lambda Upsilon

Member, Honorary Scciety Sigme Xi

Member, Electrochemical Soclety
Publications

"BElectrochemistry at Thin Solid Films," with N, R. Armstrong and N. E.
Vanderbough, J. Vac. Sci. Technol, in press.
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"Roteting Ring Disk Electrode Studies of the Electrochemistry of Aromatic
Carbonyl Compounds in the Solvent Sulfolane,” with N. R, Armstrong and
¥. E. Vanderbough, J, Electrochem. Soc., in press.

"NMR and Susceptibility Studies of Pt-Rh Alloys,” with H. T. Weaver,
Phys. Rev., 10, 1816 (1974).

"Compositional Dependence of Structural and Thermel Properties of As-Te
Amorphous Alloys," Msterials Res. Bull. 9 (6), 803 (1974).

"Surface Nucleated Crystellization in Ge,-TegpAs. Semiconducting Galsses,”
with R. T. Johnson and C. J. Miglionico, &ateria§s Res. Bull. 9 (5), 667

(1974).

"oltammetry in Sulfolane I: The Blectrochemical Behavior of Benzaldehyde
and Substituted Benzaldehydes,” with N, R. Armstrong and N. E. Vanderborgh,
Analytical Chemistry, 46, 1759 (197h4).

"Electrical and Structural Properties of Annealed As-Te and Ag-Te-I
Semiconducting Glasses: Surface and Bulk Effects,” with R. T. Johnson and

J. A. Borders, J. Non-Crystelline Solids, 15, 289 (1974).

"NMR and Susceptibility Studies of Pt-Rh Alloys," with H. T. Weaver, Proceedings
of the Nineteenth Anrual Conference on Magneftism and Magnetlc Materisls, 1973,
Boston, Mass., 297.

"Spontaneous Generation of Acoustic Signals During Switching of Amorphous
Semiconductors,” with A. C. Beattie and R. T. Johnson, Jr., Proc. of the
Fifth International Conference on Amorphous snd Liguid Semiconductors, 1973,
Germisch-Parterkirchen (F.R. Germany), J. Stuke and W. Brenig, eds., Taylor
and Francis OTD, London, pp. 881-887.

"Electrical Transport and Structural Properties of Bulk As-Te~I, A&~Te-Ge,
and As-Te Chalcogenide Glasses,” with C. H. Seager and D. Emin, Phys. Rev.
B8, L7k6 (1973).

"Nuclear Resonance and Maghetic Susceptibility Study of Platinum - Group IV A
Compounds," with H. 7. Weaver, R. J. Baughman, and R, C. Knauer, J. Chenm.
Phys., 59, 4961 (1973).

"Magnetic and Structural Properties of Manganese Pyridine Linear Chain Salts,’
with P. M. Richards and B. Morosin, J, Chem. Phys., 59, 4h7h (1974).

"Themmally-Indueed Structural and Electrical Effects in Ge-Te-Based Amorphous
Alloys," with R. T. Johnson, Jr., J. Non-Crystalline Solids, 12, 213 (1973).

"Preparation, Single Cryetal Growth, and Characterization of PtSi and PtGe,"
with R, J. Baughman, Mater. Res. Bull. 7, 1035 (1972).

T

"Tow Temperature Farsday Susceptibility Apperatus,” with R. ¢. Knauer, Rev.

Sei. Instrum. 43, 1543 {1972).

"Thermally Induced Surface and Bulk Electrical Effects in Semiconducfing
Glesses,™ with R. T. Johmson, Jr., J. Appl. Phys. h3, 3875 (1972).



"Nuclear Resonance and Susceptibility Studies on PtSi," with H, T. Weaver,
R. C. Knauer, and R, J. Baughman, Solid State Communications 11, 453 (1972).

"Small Polaron Hopping Motion in Some Chalcogenide Glasses,” with D. Bmin
and C. H. Seager, Phys. Rev. Letters 28, 813 (1972).

"Electronic Trensport Measurements in the Ag-Te-I Chalcogenide Glasses,”
with C. H. Seager and D. Emin, J. Non-Crystalline Solids 8-10, 34l (1972).

"Compositional Dependence of the Thermal, Structural, and Electrical Properties
of As~Te~I Glasses,"” with R. T. Johnson, Jr., J. Non-Crystslline Solids 7,

53 (1972). '

"Vaporization Associsted with Surface Electrical Switching As-Te-I and As-Te-
Ge Glasseg,” with R, T. Johnson, Jr. and D, A. Northrop, Solid State
Communications 9, 1397 (1971).
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Attachment 1

Structure Modification by lon Bombardment

during Deposition”

D. M. Matiox and G. J. Kominiak

Sendia Laboratories, Alburquergue, New Mexico 87115
{Received 28 July 1971)

It is shown that continuous or intermittent ion bombardment during deposition can change the
growth mode of thick deposits formed by sputtering or evaporation. The columnar morphclogy
commeniy found when deposits exceed 1 & in thickness can be disrupted and the deposit densified
by negatively biasing the deposit and subjecting it to ion bombardment during growth, This
effect is found to oceur in a number of metal systems and may be attributed te resputtering during
growth. In the case of sputter deposited tantalum, the density of 6-u thick films can be inereased
fram 14 g/em? at 0 deposit bias to 16.3 g/em® at —500-V bias. The macroscopic stress in the
depesited film is also shown to be a Tuaction of the depasit bias. It is proposed that this growih
habit modification may alse be obtained in sputier deposited nonmetallic materials and chemical
vapor deposits by ion bombarding the deposit during growth.

imraduction

With the advent of high capacity evaporation and
sputtering equipment and techniques, interest in thick
deposits of metals and alloys has increased. These
thick deposits have been used to form coatings and
freestanding shapes such as alloy coatings on gas
turbine blades! and titanium foil.* Of particular con-
cern are the morphology, density, and adherence of
thick deposits formed by sputter deposition and elec-
tron beam evaporation. Closely related to the problem
of adherence is the stress introduced into the deposits
during deposition.?

- A major problem in the {ormation of thick deposits
is the columnar morphology which usually occcurs
when the deposit thickness becomes greater than about
1 g, T'his growth habit determines many of the physical
properties of the deposit, The usual procedure for
disrupting the growth of this columnar habit is to
deposit the material on a heated substrate, allowing
recrystallization and grain growth during deposition.
This is effective when depositing relatively low melting
elements and alloys, but is not feasible when de-
positing refractory materials. The columnar mor-
phology obtained when chemically vapor depositing
(CVD) tungsten may be disrupted by mechanically
disturbing the surface during deposition® and the
smoothness of tungsten CVD coatings may be in-
creased by ion bombardment of the deposit during
growth,*

*This work supported by the U. 8. Atomic Energy Com.
mission.

It has been proposed that resputtering of Alms
during sputter deposition is an important factor in
ohtaining good coverage over steps,”# The resputtering
tends to fill in growth defects present in the films at
steps thus providing a “healing’” mechanism. The
same effect has been noted in the bias sputter deposi-
tion of metal films into slots® and in the coverage of
surfaces coated by the jon plating process.’

Recently it has been reported!! that copper de-
posited by high rate sputtering (> 100 A/sec) using
krypton exhibits recrystallization and grain growth at
room temperature whereas low rate sputter deposits de
not. This effect is attributed to a higher stress and
defect density in the high rate deposits than is found
in the low rate deposits. A substrate bias effect was
also noted and is attributed to the reduction of oxygen
contamination in the copper deposit with the applica-
tion of a small negative bias {—~75 V). Similar effects
have been reported in other bias sputtering studies.
Although appreciable gas may be trapped during the
sputtering process,? little krypton was incorporated
into the sputter deposited copper. Trapped gas has
been found to affect the grain growth in thin
filmg,

The object of this study was to investigate the effect
of deposition techniques and parameters on the mor-
phology and properties of thick deposits (1 to 25 &) of
tantalum. Of interest were techniques capable of
disrupting the columnar habit and densifying the
deposits.
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530 P. M. Mattox and G, J. Kominiak

TasLe | Crystallite size.

Bias Temperature Crystailite Crystaliite :
(Voits) 0 Structure size (R) from Dhe  size (A) from Pan Nate-
4 200 ’ 300 g-Ta+$bee-Ta 364 133
[ &80 B-Ta4-bee-Ta s »
0 300 bee-Ta 757 207
- 250 00 bee=Ta 414 140 (200)
500 300 bee-Ta 211 63 (200)
- 500 600 bee-Ta 219 61 (200}
In¢reasing (200)
intensity

*#-Ta peaks toa strong to allow bec crystaiffte size measgrement.

In the case of tantalum ander these bias deposition
conditions, the visual habit modification of the deposits
seems to occur when the substrate bias is greater than
200 V negative. This varies somewhat with substrate
temperature in that the columnar morphology ie more
ohvious at the low temperature {~20°C) studied than
at the higher temperature (600°C.

It is found that the habit medification can be made
to occur at any stage of the deposition. Figure 4 shows
u polished and etched tantalum deposit which began
growth on a grounded substrate and shows the typical
columnar habit. A —500-V bias was then applied and
the habit immediately became less colummar. If the
biag is shut off, the habit again becomes columnar.

As one would expect, the density of the deposits ig
related to their morphology and was found to increase
with negative substrate bias. Densities were deter-
mined by weighing the subsirates before and after
deposition and measuring the deposit thickness on
metallographic sections. Figure 5 showe the density
variation obtained on deposits formed on carbon at
300°C as a function of substrate bias. Each point
represents an average of at least three samples. The
bulk densitv for tantalum is 16.6 g/cm®.

The relative macroscopic stress in the substrate-
deposit system was determined by a cantilever tech-
nique often used to determine the stress in electro-
deposits.!® By knowing the dimensions and modulus of
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Froure 5. Density of 6-a thick tantalum deposits formed at
J00°C as a function of substrate bias during deposition.

the beam and the film material, an absolute value for
stress may be calculated. Since one would expect the
modulus of the deposit material to vary with habit, we
did not determine an absolute value for stress but
rather determined the relative stress. This was done by
measuring the deflection of 10-mil thick graphite
beams and expressing the stress as the sagitta length as
measured by a toolmaker’s microscope. Typical beams
wete 3.8-cm long and the modulus of the poco graphite
beams was measured to be 10.8X10¥ dyn/emdd?
Figure 6 shows the relative stresses measured as a
function of substrate hias normalized for slight differ-
ences in deposit thickness, beam modulus, and beam
length. The more dense deposits formed at high nega-
tive bias exhibit the most stress. All sputter-deposited
tantalum showed intrinsic compressive stress 2s has
been reported with other sputter deposited metals.!®
At higher substrate biases there was a decrease in
deposition rate of up to 209,

Relative crystallite size was determined using x-ray
line broadening techniques. Table | shows the size vari-
ation as a function of substrate bias and temperature.
The measurement of size was complicated by the
presence of & tantalum® at ground and positive bias
and appearance of the {200} diffraction line at higher
biases, Size measurements on two crystallographic
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Fioune 6, Relative stress of 6-a thick tantalum deposits formed

at 300°C as a function of substrate bias during deposition.
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greatest density {— 100-V dc bias) had the most ran-
dom crystallographic orientation. Note that even at
the high deposition rates associated with-e-beam depo-
sition, the bias and associated ion bombardment cause
appreciable increases in deposit density.

GAS CONTENT

Gas conrtent is also affected Ly bias. Figure 5 shows
the argon content of rf sputter-deposited chromium.
Ion bombardment during deposition can be used to
deliberately incorporate large quantities of sputtering
gas in the deposited materiall® At high biases there
is a decrease in gas content, probably due to heating.
(as incorporation can be minimized by heating the
deposit during deposition.

SUMMARY

Ton bombardment may be used to modify the mor-
phology of deposited coatings. The reason for the
greater effect of ion bombardment on rf sputter-
deposited material compared to dc sputter-deposited
material is unknown. There 15 apparently a minimnum
ion/depositing-atom ratic needed to be effective in
disruption of the colummnar morphology. fon bombard-
ment during deposition can also increase the deposit
density, particularly when compared to sputter depo-
sition onto electrically Aoating-insulating substrates.
{on bombardment may also alter the composition of
alloy and compound systems. The intrinsic stress and
was content of the deposited material also depend on

J. Vac. Scl. Technol, Yol. 11, No. 4, July/Aug. 1474
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the ion bombardment, and these properties may be
important to the physical properties of the deposited
material,
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Attachment 3

Physical Properties of Thick Sputter-Deposited Glass Films

D. M. Mattox and G, J. Kominiak
Sandia Laboratories, Division 53382, Albugquerque, New Mexico 87115

ABSTRACT

The coefficdent of thermal expanalon (CTE) of 5u thick rf sputter-depotited
Corning 1720 glass films wag measured using a cantilever beam technigue, The
films were rf-bins sputtered in an argon (Ar films) and an argon-8% oxygen
(Ar!O% films) %as mixture, The Ar films deposited with a low subsiraie bias
(430, 0, and —BOV) exhibited an erratic CTE on initial heating but were weil
behaved after a 600°C alr anneal High bias (—100, —200V) Ar flims and
Ar/O; films showed no erratic behavior on initial heatinf. Chernical analysiy
indicated no significant change in the minor constituents of the gputtered glass,
but neutron activation analysis showed a progressively greater oxygen deple-
tion with increasing negative bisg for both the Ar snd Ar/0: films, Etch rates
were shown to Inereass with increasing negative bias, It is suggested that the
structursl changes that oteur in some gless fllms st temperatures far below
the atrain point of the bulk glass {670°C) are due to a combination of inirinsic
siresy and a high concentration of defects, Surface coverage by the sputter-

deposited glass Alms is discussed.

The use of sputtered filme of any {ype has several
potential problem areas: (i) The films may contain
high concenirations of defects and be highly stressed.
This may be reflected in unususl physical behavior
such ag the room temperature structural changes noted
in high-rate sputter-depesited copper (1), (i) For
complex materials such as glasses, alloys, and com-
pounds, there may be compositional changes during
deposition (2) which cen affect the properties of the
material, For Si0; oxygen depletion iz a commonly
observed compositions} change (8). (i) Sometimes
there are unusual structural and crystalline modifica-
tions found in sputter-deposited films which may give
properties differing from those of the bulk material (4}.
It is the exception rather than the rule when deposited
films have bulk properties.

Generally, the physical properties of thin sputter-
deposited glass films are not of great concern; how-
ever, as the film thickness increases, the properties
may become important in specific applications. In this
investigation, the coefficient of thermal expansion

Key words: apuitered giass Alms, bias, strain point, surface cov-
erage, vompoeition, coeffleient of thermal expansion.

({CTE) of 8u thick »f sputter-deposited glase films was
investigated as a function of substrate bias during
deposition and ss 8 function of spultering gas com-
position. It was found that after annealing, the sputters
deposited films had a CTE close 1o that of the bulk
glass, Before annesling, films deposited under some
conditions showed an erratic hehavior of the CTE,

The sbility of the deposited films to cover surface
topography was also studied. Generally, it has been
found that fAlms deposited by some type of negative
substrate bias deposition technique show a better abil-
ity to cover surface discontinuities than do films de-
posited with no hias (b).

Exparimental

An axially sywiwetric sputiering system with 4
planar diode design was used to rf spuiter deposit the
glass films {8)., The substrates were clamped to an
electrically isvlated, water-coaled holder which was
an integral part of the top plate of the vacuum system.
This “sputter-up” design was used to minimize the
problem of dust and debriz falling on the substrate
and causing pinholes. The 0.8 em thick Corning 1729
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glass (an alumino-silicate glass) plate used as a sput-
tering target was laid on a water-cooled copper block.
A problem was encountered in nonuniform heating of
the glass plate during sputtering, causing cracking.
The edges of the cracks then showed increased sput-
tering rates. Copper was also found to migrate along
nonseparated cracks, giving contamination in the de-
posited film, This problem was alleviated by the in-
sertion of a 0.3 cm thick fused quartz plate between
t};e };{20 glass sputtering target and the copper cooling
block,

The rf sputtering supply was a commercial MRC
Model 3007 unit capacitively coupled to the target and
substrate holder by conventional “L” tuning networks.
Power input and rf peak voltage were held constant
during deposition and the reflected power was min-
imized. Substrate biases were obtained either by tuning
the substrate with respect to ground (7) to obtain
low positive (430V), zero, and low negative (—50V)
biases, or by utilizing the rf splitting network on the
power supply to obtain higher negative biases (—100
and —200V). :

A shutter which could be rotated in a plane parallel
to the electrodes and moved vertically was used in
the system, This shutter allowed sputfer cleaning of
the substrates and presputtering of the target without
cross contamination. It also allowed slow target warm-
up and a stable sputtering condition to be established
before beginning sputter deposition on the substrates.

A target-substrate distance of 7 cm was used
throughout the investigation. A 50 oersted axial mag-
netic field was used for all depositions except for the
high negative bias conditions where the magnetic
field prevented the establishing of a stable discharge.

Commercial pure argon (Ar) gas and an argon-5%
oxygen (Ar/Os) gas mixture was used for sputtering.
Flow rates were controlled using a variable leak while
the gas pressure wag monitored using a Schultz-Phelps
high pressure ionization gauge. Vacuum system
throughput was controlled by throtiling the gate valve.
The gas inlet was in the top of the chamber, and gas
was removed through the baseplate.

For measurement of physical properties, glass films
deposited in pure argon (Ar films) were deposited
on 1 X 7 cm tungsten beams 0.1 mm thick. When
using Ar/Oj plasma oxidation of the tungsten was
excessive and the glass films (Ar/O; films) were de-
- posited on 0.2 mm thick alumina beams. Films for
chemical analysis were deposited on carbon, high re-
sistivity low oxygen silicon slices, and low gas content
platinum. The substrates were clamped to the water-
cooled substrate block using no contacting material.

In order to cover steps and defects, film thicknesses
of 5-10x were desired. With the sputtering conditions
used, the deposition rate was about 1 u/hr (4 pxg/cm?/
min), The sputtering rate in Ar varied from 5 xg/cm?/
min at 2 kV target potential and 430V bias to 3 ug/
em?/min at —200V bias. Rates in Ar/O; showed the
same variation with bias and about a 20% decrease in
deposition rate at a given bias as compared to argon
sputtering. This decrease of sputtering rate with the
addition of oxygen is appreciably less than that re-
ported in the literature for sputtering SiO; films (8).

The substrates were solvent cleaned before being
mounted in the vacuum system. The vacuum system
was pumped to 5 x 10—¢ Torr, after which the gas
inlet was opened and gas flow regulated to give 1u
indicated pressure in the chamber. The gate valve of
the vacuum system wasg then throttled to give a final
pressure of 10 in the chamber. The pressure was mon-
itored throughout the deposition.

The substrates were sputter cleaned at 1 kV rf for
about 30 min with the shutter covering the sputtering
target. The shutter was then moved to cover the sub-
strates and the target was presputtered. The presput-
tering of the target was done by slowly increasing
the input power so as to allow gradual heating of the
target to prevent shattering from thermal shock. The
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target voltage was raised to 2 kV peak-to-peak rf
which required a power level of about 1000W to the
15 em diameter target,

After steady state was established, the shutter was
opened and the deposition was made for a predeter-
mined time to give the desired film thickness. After the
deposition was complete, the system was allowed to
cool under vacuum before the films were removed. In
order to form pinhole-free films, it was found neces-
sary to deposit the film using two to three depositions.
Between depositions the substrates were removed and
the surface rubbed with acetone on a lint-free cloth.
This procedure apparently moved or removed particu-
late contamination to the extent necessary to prevent
pinholes from propagating through the several glass
layers, The layers were lightly sputter cleaned be-
tween depositions,

After deposition the coated beam was mounted in
a muffle furnace having an optical window in such a
way that the deflection on heating was perpendicular
to the gravitational field to eliminate gravitational de=-
flection. The cantilevered beam was then heated in
100°C increments and the deflection of the free end
was measured using an optical cathetometer.

The radius of curvature p of the beam was then
determined using the equation

1 25
p L2
where & = the deflection of the end of the beam and L

= the beam length,
The coefficient of thermal expansion (CTE) was
calculated using the equation (89, 10)

1
— = 6B(ag — o) AT(1 4+ m)2/h
P
1
{3(1+m)2+ (14 mn) (m2+-—) }
mn

where p = radius of curvature, er = expansion coeffi-
cient of film, oy = expansion coefficient of substrate,
AT = temperature increment, m = thickness of sub-
strate/thickness of film, and h = total thickness, Bulk
modulus values were used for the glass film.

Results

Figure 1 shows the normalized beam deflection of an
Ar +30 film (argon gas, 430V bias) as a function of
temperature, On initial heating, the deflection is seen
to vary erratically and actually change sign. Other Ar
low bias films showed the same behavior on initial
heating, though not as radically as did the Ar 430
films. The Ar/Q; films did not show this erratic be-
havior with the exception of the Ar/Og —50 films, in

Elp PERLECLION. Vs TEMPERATURE
B 5 RF SPUTTERED 1720 GLASS
ON TUNGSTEN [TARGET VOLTAGE » 2 KV)
Ar+ 30V BIAS IRF.)
AS DEPOSITED

v AFTER ANNEAL

NORMALIZED DEFLECTION x 107
: o
—

TEMPERATURE °C)

Fig. 1. Deflection of beam end showing typical behavior of an as-
deposited film and an annealed film (extreme examples).
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which it ocourred to a slight extent, Initial deflection
of the beam at room temperature showed that the
Ar +30 as-deposited films had a high compressive
stress,

After annealing to 600°C in air for less than 1 hr, all
beams showed the tvpe of defiection shown by the
straight line in Fig. 1. Figure 2 shows the CTE of Ar
films prepered with various biases after annealing
compared with the literature values of bulk tungsten
and bulk Corning 1720 glass in the 0°-600°C iempera-
ture range. The values compare very well. The CTE
of the Ar/Q: films was very close to that of the an-
nealed Ar films. The initial erratic behavior of the Ar
films was the source of some concern since stress dur-
ing initial heating might cause failure in service.

The deposited glass films were analyzed by emisgion
spectroscopy for the minor constituents which nor-
maily control the CTE, There was no appreciable
change in the minor constifuents of the sputter-de-

posited Ar glass films compared with those of the bulk

glass, Neutron activation analysis of the gilicon-oxygen
ratio was made on the glass films using bulk 1720 glass
as a standard. Table I shows that the oxygen depletion
is greatest in the high negative bias Ar and Ar/Qs
films. Low bias Ar/Os films and the Ar 430 fllms ghow
the least oxyper depletion. Some oxXygen was recov-
ered on annealing the high bias Ar films in air at
860°C, but little cxygen change was noted in the Ar/(s
films on annealing. The oxygen depletion was also evi~
dent in the color; near stoichiometric films were clear
and nearly colorless while the oxygen-deficient fims
had a brown coloration.

The IR transmission of thin films (5000A) deposited
on high purity, low oxygen silicon was studied. The
430V flims show = broad absorption pesk i the range
1100-800 ¢m—*. The --200V films show a definite Si-O
stretching band st about 1100 cra=l, In the Ar +30V
film a definite shift of 25 cm™? toward shorter wave-

Tabls [ Oxygen content of glass films a5 o function of deposition
conditions ond subsequent anmest Values abtainad by neutron
activation anelysls using buik glass ot a stondord

Adter 600°C
in atr
As deposited % (L8) P (£=8)

Gas Bim depietion depletion
e i
Ar B0 i 18
Ar « 100 1] ]

r - 300 20 §
Ar/Qy 430 1] 0
Ar/Qr 0 [} %
AriOy 50 13 i3
A/ - 360 i8 1.3
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lengths was found on annealing, suggesting a bond
length change due io stress relief {11,12} or change
in composition, The low bias Ar films alse showed
appreciable moisture pickup al room temperature, as
evidenced by the abserption peak at 3333 cm™? in the
as-deposited fillms, The high bias Ar and Ar/Op films
showed no such water pickup. .

Thick films (~100s) were deposited for etch rate
studies. A region was masked using acid stopofl and
the filing were etched in “P-etch” {13)! for a period
of time sufficient to give about a 25x step in the glass.
After etching, the acid stopoff was removed and the
step helght was measured using a Talysurf profilom-
eter. Figure 3 shows the etch rates for Ar and Ar/0O;
as-deposited fims. The etch rates incressed with nega-
tive bias and even in’the best films, exceed the rate of
bulk 1720 by a factor of 2 The high bias films showed
bubbling on etching while the low bias films showed no
bubbling, After annealing to 600°C in air, the films be-
gzme fragile, the eteh rates approached that of the
bulk, and nco bubbling was observed on etching, Fusion
analysis shows several weight per cent (w/fo) argon
in the —200V Ar and Ar/O. Slms before annealing and
zero {001 w/o detection limit) to several tenths of a
weight per cent in the zerc bias films,

The ability of the sputter-deposited glass films to
cover surface discontinuities was found to be very de-
pendent on the ifype of discontinuity. As shown in
Fig, 4, & 5x glass film covered a 5z siep very well but
dié not bridge over a void In the surface. Very thick
films can fill 8 void o some extent, as shown in Fig.
5, but the geometrical shadowing of void walls tend fo
leave a “pipe” of unfiled vold. If the void geometry is
stich that the botiom and walls are out of the line of
sight from the target, such as shown in Fig. 6, incom-
plete sealing of the void can result, This is alsu the
case if the depth of the defect is large compared to
the width.

It was found that a high negative rf bias on the sub-
strates during deposition caused appreciable changes
in the film morphology when the films were deposited
oty & surfasce having severe topological features. Fig~
wre 7 shows a fracture cross section of thick glass films
depotited on a grainy carbon surface with a +30 and
—280V hiag, The low bias filme show a columnar
structure similar to that observed in thick metal films
{4). The bias-deposited films show no such structure.
The columnar structure s attributed to geometrical
shadowing effects as the flm is deposited over the
rough surface, Jon bombardment of the bias-deposited
film during depesition causes resputtering which tends
to ercde peaks and fill valleys, thus preventing the de-
velopment of the columnar structure (4).

i Peeten = 15 parts hydroBuoric acid, 10 parts nilrie sehd, and
300 parts water.

k3
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AS DEFOLINED
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Fig. 3. Chamical stch rate of s deposited films as o function of
blas deuring deposition (P-eteh i 15 parts HF, 14 poris HNQy, and
300 ports HyQ).
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Aftachment 4

DEPOSITION OF (dS BY EVAPORATION
THROUGE A GAS DISCHARGE"

R. 8. Berg and R. D. Nasby
Sandia Iaboratories, Albuquerque, New Mexico 87115

ABSTRACT

Cedmivm sulfide 1s ar Importent material used in thin-fiim photo-
voltaic devicen. The deposition of cadmium sulfide films by single
indirect source evaporetion through & gas discharge is investigated
and the effects of the discharge on film properties apd deposition
retes are discussed., The discherge has & direct and advantagsous
effect on both the electrical and optical properties of ﬁhe Cds thin
films. These propertiés may be controlled by suitable cholces of
. evaporation and gas &1seh&;ge parameters . Coﬁxrol of these properties
is important in device applications and it is proposed that this
technigue s a praetical-method for controlling properties of €485

thin films suech &s doping snd morphology.

¥
Supported by the U. 8. Atomic Energy Commissicn.
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INTRODUCTTON

Cadmium sulfide has been used as a semiconductor in thim Film
photowoltale cells for many years.l This semiconductor materiel is
generally deposited by direct thermel eveporation in a vacuum st rates
sufficiently léw to sgsure that, after further processing, the resistivity
will be of the required value {about 10 to 100 Q-cm).2’3 Resistivities
obtalned in this way have been attributed to a slight deficiency of
sulfur in the deposit.h Although there havé been studies on several

aspects of these fiims,”?%T+8

such films, particularly those used in
soler cell devices, remain largely uncheracterized due to their
complexity.

There have been several nataﬁie studies on the behavior of cells
febricated with pure, single crystal material.9’10 In these experiments,
single cryst&ls of €4S with high intripsic resistivity were doped to the
desired resistivity. High purity, high resistivity polycrystalline Cds
samples also have been made in thin film form, generally for photo-
conductor, acoustoelectrie, or cther non-photovoltaic devices. Such
£1lms bave been deposited by vacuum evaporztion either by using a

reletively complex two~source techniqueli’lz

or by restricting the
deposition rate to very low valuesB (s lﬁ/sec) in order to maintain
stoichiometry. The films are characterized by a relatively high
resistivity and by an oriented, hexagonsl polycrystalline structur§.3’?
Similar propertles have been reported for sputtered CdS films,13 but
they have also been aepositeﬁ at relatively low retes. The sputtering

process has been studied in greét detail, and some of the factors



--3—

influencing the stoichiometry and structure have been identified.’
Limiting the vacuum system throughput, for example, can limit the
flushing of sulfur from the system, which is an effect‘tﬁﬁt is similar
in some ways to growth of cryztals in & sealed a.mpule.LF There have
been reports that the carrler type as well as concentration can be
controlled in several IT-VI compounds by doping during depcsitien.lh’ls
Ion bowbardment during sputter deposition of other materials ean result
in re-emission of components whieh are in excess of that reguired for
stoichiometry. 16

In this investigation, we heve sttempted to devise a gimple
technique for high rate deposition of CdS by evaporaticon which will
yield filme with high intrinsic resistivity and which can be eagily
doped during deposition. The technique consiste of pingle source
svaporabion through a gas discharge containing velatile compounds of the
constituents desired In the film. This general technique with no sub-
strate bias has been termed activated reactive e?aporstion.lT. Yging &
diseharge with & substrate bias, the deposition has been termed chemicsl
len plating.IS This paper discusses the guality of f£ilms obitalned by this
technlque snd discusses the effects of some of the depositlon variables.
It is zuggested that this technique cen be extended to the growth of fllims

with controlled doplng levels.
EXPERIMENTAT, TECHNIQUE

Thin £ilm samples of CdS were produced in e standard oll diffusion
pumped vecuum system which had an uliimste vacuum in the low IO-?

*
Torr range. The source meterlal wes SN pure pressed CdS pellets

¥
MRC MARZ grade power pressed into pellete.
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sublimed from a Methis "baffled box" scurce.” Substrates were stendard

microscope slides mounted on a water cooled gubstrate table sbout five

inches above the source (Fig. 1). The table could be electrically

' bissed. A shutter shlelded the substrate until the source was stabilized.

A discharge rinz elecirode which was concentric with the rest of thé
system was placed between the substrate and source. For depositions
utilizing a c-i:ischarge, either argon or an argon~0.85% hy%fogen sulfide
mixture was admitted to the system to 5 x 10_&“ Torr pressure. The high-

vocuul valve was then throttled to give & system pressure of 11.0'“2 Torr,

The :I.{)'2 Torr pressure wes selected since it was the lowest presgure at

which the discharge was steble and would meintain iteelf at relatively

* low voltages witbout additionel electrodes. It was desirable to have

Jow pressure in order tc permit high deposition rates and low voltage to
ninimize sample damege due to bombardment by high energy particles from
the plasma., Just prior to opening the shutter, & high negative voltage
(generally -2%XV) was ﬁppl:iled o the ring. BSubsequent %o deposition, the
gystem was allowed t0 cool and the films were removed.

Depositions were made at verlous scurce power levels with a) no
gas in the system (pormsl vecuum evaporation), b) Ar discharge in the
system, and e) Ar-0.85% HES discharge in the system in order to identify
genarsl characteristics of the gystem and effects of the dizcharge on
£ilm properties,

Electrical resistivities of the films were measured at room-

19,20

temperature using a de van der Pauw method. Samples were 1 inch

sguares with contacts st the corners. Initially indium-gallium c:ontactsel

*R D Mathis Co. modsl SM-10
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Electrical resistivities were measured at room temperature using

s de van der Pauw mﬁthod.lg’ao

Samples were 1 inch squares with contacts
st the corners. Initizlly indium-gallium conxactsal wére.applied to the
f1lns Immediately after removal from the vacuum system. However,
variable and high contact resistances were found on the higher resistivity
films. Improved centﬁcts were made by sputter cleaning in argon and
vecuur depositing indium. Some lower resisbivity semples (1-100 (-cm)
were messured using an in-line fouwr voint vrobe method with pressure
contacts. Derk reslstivity values were measured after semples had
eqﬁilibrated from 80-10C hours in the dark., Light resistivities were
measured under an intensity of 45 mW/cmg from a Xénon lamp after stabili-
zetion for approximately 20 minutes. .

It was found that on the high resistivity samples deposited in a
discharge, & more conductive msterial wes deposited on the side of the
glags slide,which was & low re-emission suz':‘.‘ac:t=z.3"6 Thig layer had to
be removed before reliable meassurements could be made,

A Beckman DX-2 spectrophotbmater was used for optical transmission

gstudies.
EXPERIMENTAL RESULTS AND DISCUSSION

The initinl geries of gamples was made by thermal evaporation in
vacuun. This series indicated that there was & very nerrov range of
source temperatures over which reletlvely good semples could be obialned.
A typicel good sample had a resistivity between 1 and 10 Q-cm, exhibited

& relatively eherp optlcel absorption edge at epproximately the energy
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of the band gap (2.4 eV) and appeared yellow-green. At glightly
higher source temperatures, samples had resistivitles less than
1_Q~¢m;'were generally metallic in appearsnce with.veéy iittle optical
transparency end had a very soft optical absorption edge well below the
energy of tﬁe band gap. Higher source temperatures generally pro&ﬁcé a

dlfference in evaporation rates between the cadnmium and sulfur whieh

“eause the evaporant to become cadmium enriched.22 This together with

water cooling of the substrate probably §roducea & softening of the
opticel cut-off and & decresse of the cut-off to lower energies. None
of these samples showed any photoconductivity.

With the argon discharge sample resistivities could be increased,
and the absorption edge became somewhat sharper than those for
vacuum evaporsted films at the sape gsource tempe%atures‘ In addition,
the range of source btemperatures for which resistivities were grester
than 1 {i~cm vas extended, Samples with resistivities of 10-100 {l-cm
showed very slight photosensitivity, with only 20 to 30% increases in
resistivities from light to dark conditions.

When the Ar-0.85% 8 mixture with a -2kV discharge potential was
used, some of the dark resistivities of as-deposited samples inéreased

to more than 10rr

Q-cm. The films becane quite photosensitive and the
optical cub-off became much sharper 2t the band gap energy. Although
it iz generally agreed that heating of the substrate increases the
resistivity for both vacuum evaporated and sputiered films,3’13 no
experiments have yet been @erf§rmea using hested substrates due to the

limitations of our apparatus.
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Most of the samples in this series were deposited ugsing a -2kV
discharge potential ¢n the ring electrode.and were deposited thicknesses
of 1-1.5 ym at rates of about SOOE./min. The sﬁmple thiclﬁessgs were
chosen to be above the range reported to produce appreciable moéification

p

of the resistivity due to surface scattering,” and st the same time were
thin enougﬁ to preven;t; any serious depletion of source materisl from
the relatively small source. Good ssmples were gen&ally in the range
of 106-107 Q~-cm. These semples exhibited moderately strorz photo-
responses, with dark/light resistivity ratios of about 1000.

The deposition process showed good short term stahility arﬁ
reproducibility. Sets of samples made with progressively more negative
biases (0-400v) tended to increase in resistivity by almost & factor of
10. Thls inecrease 1s probsbly a resulbd of increased sample bombardment
by particles from the discharge, which caused i'leating and resputiering
of the film r:onr,t_:::men’ss.16 Morrhology changes may elsc have oecurred
such as those observed on both mstals and insulators,-’>

The effect of the discharge was chserved quite dramatically on e 'set
of samples made by changing 'l:he; discherge voltage. Derk resistivities
inereaged by 2 orders of magnitude from sbout .105 to > 108 (i=cm when the
discharge voltage was Ilncressed from 2.0kV to 2,.5kV. The corresponding

increase in substrate current was from 1 mA to 1.5 mi, implying &an

inecrease In the strength of the ion bombardment.

113



B
CONCLUSIONS

Tt has been shown that resistivitles of CdS grester then 10' Q-cm
can be obtained by thermal evaporation in a gas discharge con%aining EES
at deposition retes of about 500 Afmin. It is felt that this technique
can be further optimized to give sa.mpies with higher resistivities and
at higher deposition rates .tb&n have been observed so far. The deposition
technique may also yield better control of properties during device
fabrication and can be extended to controlled doping of the CAS during
deposition. It is suggested that this technigue is a practical method

for controlling properties. of CdS.
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FIGURE CAPTIONS

Fig. 1. Arrangement of components for deydsitian of CdSAthroﬁgh

a gas discharge.
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