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Abstract 
This report represents the completion of a two-year Laboratory-Directed Research 

and Development program that focused on research for a novel approach for combining 
optical and surface acoustic wave  techniques. The basis for this work  is the spatial move- 
ment of laser-generated excitons by a surface acoustic wave in a GaAs/A10.30G%,70As 8- 
nm wide quantum well at liquid helium temperature. When surface acoustic waves are 
applied to laser-generated excitons, the number of  photons emitted from the illuminated 
region decreases with larger applied RF voltages  and  longer pulse widths, demonstrating 
that  laser-generated excitons are transported away from their point of origin by the surface 
acoustic  waves. Three separate objectives  of this research were to (1) show the generation 
of excitons in a GaAsjAlGaAs quantum well  structure; (2) fabricate the surface acoustic 
waves devices on the GaAs/AlGaAs quantum well  structure  and  show that the surface 
acoustic waves  can be generated; and (3) investigate  the  interaction of the excitons and the 
sulface acoustic waves. These studies include the  description of the experimental methods, 
sample design  and fabrication, and cryogenic testing  necessary to accomplish these objec- 
tives. Details of the photolithography of the surface-acoustic-wave  pattern is also pre- 
sented.  Finally,  exciton  photon count raies versus surface  acoustic  wave input voltage will 
be shown for different pulse widths clearly  demonstrating  exciton  movement by surface 
acoustic  waves. 
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1. Introduction 

This project investigates a novel  approach for combining optical and surface acous- 

tic wave (SAW) techniques. The basis for this  study is the spatial movement of laser-gen- 

erated electron-hole pairs, also called excitons, by a surface acoustic wave. This report 

will detail the design and photolithographic fabrication of surface acoustic wave devices 

'on a gallium arsenide/aluminum gallium arsenide quantum well structure. It will also 

describe the testing of these surface acoustic wave devices at liquid helium temperature 

and demonstrate that laser-generated excitons are transported when surface acoustic waves 

are applied. 

1.1. Background 

ple to quasi-two-dimensional mobile carriers in a semiconductor.'  The strong lateral 

piezoelectric fields accompanying a surface acoustic  wave  on a semiconductor quantum 

well structure will  field-ionize  and dissociate optically generated excitons and  efficiently 

trap the created electron-hole pairs in the moving  lateral potential superlattice of the sound 

wave. The resulting spatial separation of the photogenerated ambipolar charges leads to an 

increase of the radiative lifetime by orders of magnitude as compared to the unperturbed 

excitons. The confinement of the photogenerated electron-hole pairs to two dimensions, 

together with the  moving lateral superlattice, allows reversible charge separation.24 The 

strongly reduced wave function overlap results in very long storage times for this polariza- 

tion  that propagates across the sample at  the speed of sound. External and deliberate 

screening of the piezoelectric fields triggers radiative recombination after long delay times 

at a location on  the sample being different from the one of optical e ~ c i t a t i o n . ~ ' ~  

Previous work has shown that the piezoelectric fields of a SAW can  effectively cou- 

This research was undertaken to report on the interactions between surface acoustic 

waves and excitons in the two-dimensional electron  gas system of the GaAs/A10.3Ga,,,As 

heterojunction at liquid helium temperature. This work  was aimed at reproducing the find- 

ings of Wixf~rth',~' '  and R ~ c k e ~ , ~ ,  which  is to show that when surface acoustic waves are 

applied to laser-generated excitons, fewer photons  are emitted in the illuminated region, 

and that the photon count decreases with larger voltages  and longer pulse widths. Repro- 



duction of the previous research will  show proof-of-concept which can then be used to 

define future research directions. 

1.2. Surface acoustic w a v e  
Surface  acoustic waves (SAWS) are  elliptically polarized waves that  are  a  combina- 

tion of a longitudinal (compressional) wave as well as  a  transverse  (shear) wave coupled 

together in a fixed ratio. In piezoelectric  substrates there is also an accompanying  electro- 

static wave. The  crystalline  structure of a  piezoelectric  substrate is acentric. When a 

mechanical  stress is applied  to  a  piezoelectric  material,  ions  are  displaced in an asymmet- 

ric manner and electric dipoles are produced in the  crystal.  This  generates a polarization 

change or voltage. Conversely, when an electric field is applied, dipoles  are  induced in  the 

crystal  and  the resulting small atomic displacements produce a  mechanical  strain. If an 

alternating field is  applied  to  a piezoelectric crystal, the electric  displacement  also varies 

periodically. Surface waves propagate along the surface of the  piezoelectric  substrate, and 

the  amplitude of the wave  motion into the depth of the substrate decays within a  distance 

on the  order of a  wavelengthh.  See Figure 1 for details. For a 200 MHz SAW device on 

GaAs,  the wavelength is approximately 14 bm.  The wave is not uniform in the y-direction. 

Over the  size of the samples used here, no variation is seen  in  the transverse  direction, or 

I wave propagation I 

piezoelectric substrate Y 

Figure 1: Surface waves  propagate along the substrate in the z-direction  and  decay into the  depth of 
the substrate (y-direction)  within  a  distance on the order of a  wavelength h. No variation is  seen in the 
x-direction. 
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x-direction, along the  surface. Particles move both  in the  direction of wave propagation, 

the z-direction, and perpendicular  to  the  surface, the y-direction. 

The  interdigital  transducer  (IDT) is the most important component in the SAW 

device and is illustrated in Fig. 2. It is used to interface between the  electrical  circuit and 

the  acoustic delay line both as  a  transmitter (electrical to  acoustic) and  as a receiver 

(acoustic to electric).  The  IDT converts the  electrical signal to an acoustic  signal. An IDT 

consists of a metallic pattern of interdigitated electrodes  fabricated on the  top  polished 

surface of the  piezoelectric  substrate using photolithographic techniques. A complete 

delay line  consists of two  IDTs,  one acting as  a  transmitter  and the other as a receiver. 

Transmitter Receiver - 

(b) 

Figure 2: (a) The IDT as a  transmitter  and  a  receiver. (b) A SAW device, showing 
the IDTs as well as wave propagation 

Metallic IDTs are  deposited in a vacuum on a piezoelectric  substrate such as  quartz or gal- 

lium arsenide. For the most efficient transducer operation, the SAW wavelength h should 

match the IDT periodicity. This occurs when the fingers are spaced at half-wavelength 

intervals, where the wavelength h = v$ Here v is the  surface wave velocity andfis the 

excitation frequency. When  an alternating voltage of frequencyfis applied to the IDT,  an 

electric field is created between adjacent fingers. A strain field is  also  generated  because of 

the  electromechanical interaction in the  piezoelectric  substrate.  This strain field is an 

imprint of the IDT and  propagates away from the  IDT in both directions as a surface wave. 

The  surface wave is then detected by a second IDT  as  the SAW passes through it  because 



the surface Wave carries with it an electric field  via the piezoelectric effect which generates 

a voltage between adjacent IDT fingers. For a more  extensive  review  of IDTs, the reader is 

directed to White.' 

The substrate material used for the fabrication of the SAW devices for this experi- 

ment  was gallium arsenide. Gallium arsenide is piezoelectric, but judged it by  its capabili- 

ties of sustaining a surface acoustic wave (see Ash  and  Paige'), it does not appear to be as 

attractive a substrate material as quartz. Its piezoelectric coupling is slightly less than 

quartz and its attenuation slightly higher.  However,  gallium arsenide is semiconducting 

which allows the generation of excitons, and  it  is lattice-matched to aluminum arsenide 

which allows the growth of a quantum  well layer in  which to trap the free electron-hole 

pairs. Also, being semiconducting allows the integration of  SAW devices with electronics, 

if desired, for future research directions. 

1.3. Excitons 
An exciton is a quantum of electronic excitation energy  travelling in a periodic struc- 

ture, whose motion is characterized by a wave  vector. The exciton consists of an electron 

.and a hole coupled together, and it carries no electric charge and cannot contribute to elec- 

tric conduction. The exciton is represented by the two particles coupled by a Coulomb 

force. Excitons are the excited electronic energy states of semiconducting and insulating 

crystals. Such crystals are characterized by the fact that  all the excited states are separated 

from the ground state by a finite (and  often large) energy  gap. Since in  only a few crystals 

is this energy gap small enough to allow appreciable population  of  the excited states at 

normal working temperatures, these states are  normally studied by excitation with light. 

Crystals with an energy gap are transparent for light up to frequencies where hv- EG, 

beyond  which  they  begin to absorb.  In  this equation, h is Planck's constant, v is the fre- 

quency of light, and EG is the semiconductor bandgap energy. There is also absorption at 

low infrared frequencies due to lattice vibration and  not electronic transitions, but this will 

not be of concern here. For a more thorough review  of excitons, the reader is referred to 

Dexter and Knoxg and  Kuper  and  Whitfield." 

When a photon is absorbed by a direct bandgap semiconductor, an exciton is gener- 

ated in the illuminated region. If there are no interactions that perturb the exciton, it will 
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recombine and emit a photon whose energy is equal to the semiconductor bandgap energy 

minus the binding energy of the exciton. The presence  of a short-pulse  duration  surface 

acoustic wave can transport the  exciton from its region of origin to another  spatial location 

where the photon can then be emitted. On a piezoelectric substrate, the elliptically  polar- 

ized surface acoustic waves  are accompanied by  both  lateral and vertical piezoelectric 

fields, propagating at the speed of sound. These fields  field ionize optically generated exci- 

tons and confine  the resulting electrons and  holes  in  the moving lateral potential wells  sep- 

arated by  one-half  wavelength of the surface acoustic  wave.5 See Figure 3. Excitons, 

although neutral entities, are moved  by the electric field generated by the surface acoustic 

wave. The actual mechanism for the movement of  the excitons is via the separation of the 

excitons into electron-hole pairs which are affected by the electric field gradient! Because 

of this SAW-induced separation, the electron-hole recombination  probability is dramati- 

cally reduced, and the radiative lifetime is  increased  when compared to the unperturbed 

Figure 3: Exciton  transport  mechanism, showing the ionized 
exciton  confined by the surface acoustic  wave. The electron 
is trapped in the  potential minima of the  conduction  band, and 
the hole is trapped in the maxima of the valence  band 

Quantum well 

case (- 1 nsec). The dynamically trapped  electron-hole pairs can be physically transported 

over microscopic distances at the speed of sound, and  they  will emit photons upon coming 

to  rest at the new position. 

1.4. Quantum wells 
Different semiconductor materials have  different  energy  bandgaps. The energy band- 

gap is  defined as the energy difference  between  the  valence band and the conduction band. 

The valence band  is the energy band in  which the electrons occupy bonding orbitals and 

are  not  generally free  to move in response to  an electric field. The conduction band  is the 

energy band in which the electrons are free to  move  under  the  application of an electric 

field. If two materials of different bandgaps are grown on top of one another, a discontinu- 
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Quantized energy levels 
Figure 4: Single quantum well  formed  by GaAs/AIGaAs, showing  the  quantized energy levels 

ity  in the conduction and the valence  bands occurs at the interface  between the two materi- 

als, due  to the discontinuity in  the  energy gap. Depending on how  much  of the 

discontinuity occurs within  the conduction band or the valence band, a discontinuity in the 

electric potential at the interface can be  formed. If a material  of smaller bandgap is sand- 

wiched between two layers of  material  of  larger bandgap, a finite potential well  is formed. 

See Figure 4. This is the case  for this research, where gallium arsenide is layered between 

aluminum gallium arsenide, a material  with  which  it  is  lattice-matched. If the  width  of the 

well  is made sufficiently  small  that  spatial  quantization effects occur in the direction per- 

pendicular to the  interface,  then the well is said to be a single quantum well. As a result, 

electrons confined  within  the  well  can  have  only discrete quantized energies in  specific 

directions. In the directions parallel to the interface the electronic energies are  not quan- 

tized and the electrons retain their band  properties. The electrons have one fewer spatial 
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degree of freedom when  confined to the potential  well formed at the interface. This result- 

ing system is called a two-dimensional electron gas. 

1.5. Purpose of this work 
The purpose of this study is to  implement the instrumentation and fabricate the SAW 

devices to demonstrate the movement of excitons using surface acoustic waves to repro- 

duce the previous research on this topic. Three separate objectives of this study are to (1) 

show the generation of excitons in a GaAdAlGaAs  quantum well structure; (2) fabricate 

the SAW devices on the GaAdAlGaAs  quantum well structure and  show that the surface 

acoustic waves  can be generated; and (3) investigate the interaction of the excitons and the 

surface acoustic waves. A laser will  illuminate the area between SAW transducers pat- 

terned on a GaAs/AlGaAs  quantum well structure, and the photon output will be shown to 

decrease when the surface acoustic waves  are initiated on the substrate. The experimental 

methods, sample design and fabrication, and cryogenic testing necessary to accomplish 

these objectives will be described. 

Section 2 describes the experimental details of this report. The sample design and 

growth  will be discussed. The photolithography of the SAW pattern  will be given, starting 

with the mask generation. Diagrams and descriptions of the  optical detection system used 

to detect the exciton transport will be given. Section 3 contains the results and discussion 

from the experiments. The photoluminescence spectra for the  GaAs/AlGaAs sample will 

be shown. The SAW device network analysis will be discussed. Plots of the photon counts 

versus SAW input voltage will  be  shown for different pulse widths. Section 4 details the 

conclusions and future directions to be taken for this experiment. 



2. Experimental  Details 

2.1. GaAs sample  design and growth 
The  undoped  quantum well samples were  grown by molecular beam epitaxy on a 3” 

undoped (100) semi-insulating GaAs substrate which  was 625 pm thick. The epitaxy con- 

sists of 300 nm of undoped GaAs grown on the substrate to act as an ultra-pure base for 

the subsequent layers. This was followed by a 100 nmA10,3Ga,,7As barrier layer. The 

quantum well consists of 8 nm of GaAs grown  on top of this barrier layer. The  quantum 

well layer is then covered by another 100 nmA10,3Ga0,7As barrier layer,  which  is followed 

by a 10 nm GaAs  cap layer. The capping layer is necessary because the AlGaAs layer oxi- 

dizes easily. See Figure 5. The crystal cut used here (the (100) surface with [I  101 propaga- 

tion) results in the highest achievable electromechanical coupling coefficient for surface 

acoustic waves  on gallium arsenide.8 

For this experiment, the quantum well  is  to be used as the trapping location for the 

spatially separated electron-hole pairs. As described in Section 1.4, the quantum well  has 

discrete energy levels, and  this is where the electron-hole pairs will reside while they are 

being transported by the surface acoustic wave. 

Bulk GaAs  was not  used for this experiment because excitons are harder to generate 

and less confined in the  bulk material. Electrons and holes in the GaAs  quantum well are 

confined to two dimensions and are more  likely to form an exciton. In the bulk material, 

- GaAs cap, undoped, 10 nm - GaAs quantum well, undoped, 8 nm 

As buffer, undoped, 300 nm 

(100) GaAs substrate 

Figure 5: A cross-section of the MBE growth layers for the GaAdAlGaAs quantum well structure gown 
this research. 
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the electrons and holes have three dimensions in  which to travel, and the probability of 

combination is much less. Also,  bulk GaAs has nonradiative surface states while the GaAs 

quantum well  is isolated from the surface so surface states are removed. The exciton bind- 

ing energy in GaAdAlGaAs  quantum wells is also larger than the bulk value, 12 meV  ver- 

sus 4 meV, respectively. A larger  binding  energy  gives rise to a smaller Bohr radius for the 

quantum well exciton, and  hence a larger oscillator strength for the optical transition. 

The photoluminescence spectra from the GaAs  quantum well  is uniquely identifiable 

from  the spectra for  the GaAs cap  and the epitaxially grown GaAs layers. The photons 

emitted from the quantum well are at an energy  which is the bandgap energy plus the 

increase in the energy due to quantum well  confinement minus the exciton binding energy 

in the quantum well. The photons emitted from the GaAs  cap and the epitaxially grown 

GaAs are at the bandgap energy minus the bulk (3-D) exciton binding energy. Because of 

two-dimensional confinement effects, the  exciton binding energy  in the quantum well is 

larger (as much as a factor of four) than the bulk GaAs exciton binding energy of 4 meV. 

Thus, the emitted photons from a 100-A-wide GaAs  quantum well are at higher energies 

(shorter wavelengths) compared to those emitted from either the GaAs cap layer or the 

GaAs substrate. 

2.2. SAW design 
Surface acoustic waves are  modes of elastic energy propagating along the surface of 

an elastic medium. The displacement amplitudes essentially decay in  an exponential fash- 

ion into the bulk  of the substrate. The main  energy  flow is concentrated within a distance 

of the order of a wavelength h beneath  the  surface. The particle displacement at and 

beneath the surface is elliptic, leading to an elliptical polarization of the  wave. The SAW 

velocity for (100) GaAs and [110] propagation is v = 2865 m/sec,*  and the interdigitated 

transducers for this project were designed to operate at a center frequency of 200 MHz. 

For these conditions, the theoretical SAW  wavelength should be 14.3 pm. 

The interdigital transducer is the most important component in the  SAW device. 

Each transducer finger is a discrete source for the generation of surface waves in the piezo- 

electric medium because the piezoelectrically generated stress varies with position near 



each transducer finger. A simple transfer function relates the continuous wave voltage V 

applied to a finger and electrical potential F associated with the waves radiated in each 

direction g m s  11 ' 

@* = psv , 

where ps is a substrate-dependent constant, cP+ is associated  with the rightward propagat- 

ing SAW, and W is a leftward propagating SAW. The parameter ps may be considered to 

be frequency independent. The frequency response arises mainly from the interference 

between finger contributions. When an array of fingers  is excited, as occurs in  an interdig- 

ita1 transducer, the wave potential for a rightward propagating wave cP+ evaluated at posi- 

tion z is a vector sum of the contributions of each  finger" or 

where z,  is the position of the nfh finger excited with  voltage V,, k = 2 ~ 4  andN is the total 

number of fingers. This equation has the form of a discrete Fourier transform of the 

sequence V,. The frequency response of the device is proportional to the Fourier transform 

of the sequence of transducer finger contributions. Desired frequency response can be 

achieved by varying  the individual finger contributions. If N identical fingers are spaced 

periodically with  period d and excited with alternating voltages V,, = (-l)"V0, Equation 2 

becomes" 

The sum in Equation 3 is a geometric series whose elements become unity,  and add con- 

structively,  when Mn = mz, or i= d/m, where m is  an  odd integer. This condition defines 



the relationship between SAW wavelength, 2, and the transducer periodicity, d. The IDT 
excites odd harmonics at odd multiples of the synchronous frequency, i.e.,fm = mfp 

When moving away from the synchronous frequency, the addition of components 

from individual fingers becomes incoherent, thus  giving rise to the frequency response'* 

l@+(f )I = I 

sin(X) 

in  which 

where fo is the transducer's synchronous frequency and Np is  the number of IDT periods: 

Np = NL?. See Figure 6 .  Note that when X is a multiple of p ,  0' is zero as a result of the 

complete cancellation between finger contributions. Consequently, the quality factor B 

Figure 6 A plot of lsin (x)/X, which is  the theoretical SAW device  network analysis. The signal is centered 
around the center frequency, fo, with  a  bandwidth of A$ The quality factor B is dictated by the number of 
finger-pairs used. 
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between first nulls on either side of the synchronous frequency  is12 

where @is the bandwidth. Thus, B is directly proportional to the number of IDT fingers. 

The IDTs for this experiment consisted of forty finger-pairs with a period of 14 mm. 

Each finger was  3.5 pm wide  with a 3.5  pm wide spacing between. The length of each fin- 

ger was 233 pm with a 7 pm spacing between the end of the finger  and the opposite finger- 

set. The distance between the transmitting and receiving transducers was 1865 pm.  The 

bandwidth for this  configuration  is 10 MHz. See Figure 7 for a figure of the IDT dimen- 

sions 

2.3 Mask design 
The software DW-2000,  version 7.0 from Design  Works  was  used to design the  mask 

layouts used for the SAW  device  photolithography. Photronics, Inc. of Colorado Springs, 

CO manufactured the 4” chrome plates. The design entailed an array of  SAW devices on 

the mask with alignment marks necessary for multilevel photolithography. The array of 

SAW devices were laid out in a 3” square to maximize the number of devices that could be 

fabricated on the 3” diameter substrate. The dimensions used were those found in Figure 

7. 

Previous testing of SAW devices on GaAs  quantum well structures similar to those 

used for this experiment showed capacitive coupling to the two-dimensional electron gas 

underneath the SAW devices. It was decided that if the quantum well  were removed 

underneath the transducers, the coupling could be  avoided.’ A mask was  made to allow  an 

etch of the  quantum well  only  underneath each of the IDTs, leaving the quantum well 

intact in the acoustic wave  path  between the transducers. This etch  would be done prior to 

the  SAW device lithography. See Figure 8. The etched areas were designed to completely 

encompass each transducer so that the metallization of the SAW  device  would be planar. 
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556.5 pm -4 

- 1863~m 

P 

3.5 pm 3.5 pm 

f 
233 pm 

1 
14 P 

Figure 7: An  overview of the IDT dimensions used for the  SAW device design 

GaAs substrate .. .....  ... ... .. . ~ ~~~~~~ ~ ~ ~ ~~ . ...........  ......... 

Figure 8: A cross-section of the SAW  device  with the quantum  well etch. The quantum 
well is left intact in the acoustic wave  path  between transducers. The etch can  be  seen to 
extend through the layers grown by MBE, down to the GaAs substrate 
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This  etched  area allowed for at least 40 pm  on any side of the SAW device to ensure  that 

alignment was  not a concern. 

For the best resolution of the mask features  using  contact photolithography, the  sub- 

strate  and mask must be  in contact  as  close  as possible. However, to nullify the  effect  of 

the quantum well and avoid the  capacitive  coupling,  the 518 nm deposited by MBE would 

need to be etched, down to the (100) GaAs substrate.  This  etch  step of approximately 0.5 

mm, though, would still allow for very  good resolution using contact  lithography. 

2.4 Lithography 
The surface acoustic wave devices were fabricated in the  Compound  Semiconductor 

Research Laboratory at Sandia National Laboratories, which is a  class 100 clean room. 

The 3” GaAs  quantum well  wafer  was scribed and broken into three pieces.  This was to 

allow for any subsequent design changes which might be necessary for  this  experiment. 

Approximately one-third of the wafer was used to  fabricate  this first batch of  SAW 

devices.  A blank GaAs wafer,  which  did  not  have a  quantum well, was also  scribed  and 

broken.  A  piece of this wafer  was to act as a  calibration for the etch process. 

A  critical  parameter when fabricating SAW devices on a  piezoelectric medium is 

that the  wave propagation must be optimized to achieve the  minimum loss between trans- 

ducers.  For (100) gallium arsenide,  this is achieved by assuring that the wave propagation 

between transducers is along the [l IO] crystal direction, which is parallel  to  the  major  flat. 

At  each lithography  step, special attention was  paid to  this fact and the  features on the 

mask were first aligned  to the major flat on the wafer. 

The first process  for the two wafer pieces was  to photolithographically pattern  the 

etch mask onto  the wafers before  using  a reactive-ion etch  process to dry etch the material. 

The two wafer pieces were subjected to a solvent clean which consisted of a five minute 

rinse in acetone,  followed by a methanol spray, then a  five  minute  rinse in isopropanol.  A 

five minute deionized water rinse was  used to remove any remaining solvent  residue.  The 

wafers were then sprayed with a  solution of ammonium hydroxide diluted with deionized 

water in a ratio of 1:20 to  remove the native oxide that is on the wafer surface and  increase 
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the adhesion of the next processing step. Immediately after this rinse,  the wafers were 

placed in an automated vacuum  oven, theYES Model 58SM HMDS Vapor Prime  Oven, 

which dispenses hexamethyldisilizane onto the wafers to promote adhesion between the 

wafer surface and photoresist. A29245 photoresist  was  then  spun  onto the wafers  at 4000 

rpm for 30 seconds using a  Headway Model PWMlOl spinner. Under these conditions, 

the  A29245 photoresist  is  nominally 4.8 pm  thick. The photoresist was  baked on a  hot- 

plate  at 110°C  for two minutes to remove  volatile  organic compounds and harden the pho- 

toresist. The etch pattern was  photolithographically printed onto the wafer using a  Karl 

Suss MA6 aligner,  which exposed the photoresist for 15 seconds using  hard contact mode. 

The photoresist was  developed in AZ4OOK 1:4 developer for 190 seconds, resulting in 

open areas on the wafer  where the etch would take place.  An LFE barrel asher was  used at 

a  power  of  five  watts for five minutes to remove any  residual  photoresist in the open areas. 

The dry etching of the wafers  was done in  a Semigroup reactive-ion etching system 

using chlorine  and boron trichloride  gases. The piece  with no quantum well was etched 

first  to ascertain an etch rate for the system, which  was  initially guessed to be approxi- 

mately 500 8, per minute. Because the etch  needed to be at least through 5180 8, down to 

the GaAs substrate, a fifteen minute etch was done  to allow for variability in the etch rate. 

The etch depth was checked on an Alpha-Step Model 500 profilometer after the photore- 

sist was removed with acetone. The depth  was found on average to be 1.8  pm,  with the 

etch at the center of the wafer being shallower  than the edges. The piece containing the 

GaAs quantum well  was  then etched for ten  minutes, with its etch  depth found using the 

same  methods  to  be on average 1.3 pm. This etch  depth  is  definitely  through the quantum 

well layer  and into the  GaAs substrate, as  was  necessary. 

The next step in the processing was to pattern the SAW devices  onto  the  wafers. The 

wafers were again subjected to the  solvent  clean  using  acetone,  methanol, and isopro- 

panol. The deionized water rinse was followed by  the  1:20 ammonium hydroxide in water 

rinse to remove the oxide. Immediately following this rinse, the wafers were put into the 

HMDS oven. AZAI 10 photoresist  was  spun  on the wafers at 5000 rpm for thirty seconds, 

and the photoresist was  baked  on  a  hotplate at 110'C for ninety seconds. A241 10 spun 



under these conditions is  nominally 1.0 pm  thick. Using the Karl Suss MA6 aligner, an 

edgebead exposure was done to remove the thicker photoresist that piles up at the edges of , 

the wafer during spinning. An edgebead mask is  the same shape as the wafer, but slightly 

smaller in size to expose only a thin  region of the wafer at the edges. Removing the thicker 

photoresist at the wafer edge allows for better contact with  the mask and  is  needed espe- 

cially when trying to pattern features that are less than 5 pm. The edgebead was exposed 

for 45 seconds under vacuum contact, and it was  developed for ninety seconds in Shipley 

MIF312 developer  diluted 1:1.4 in deionized water. The wafer  was now placed in the 

aligner with the SAW device mask. Alignment  of the SAW devices with the etched areas 

on the wafer  was accomplished via a global alignment mark positioned at the center of the 

mask and several smaller alignment marks positioned at  several spots around the mask. 

The initial etch mask had corresponding alignment marks designed into it. After align- 

ment, the SAW device mask was exposed for four seconds using vacuum contact. Shipley 

MIF312 developer  diluted 1: 1.4 was used for 150 seconds, resulting in  open areas where 

the SAW device metal  will  be. The barrel asher was  again  used  at a power of five watts for 

five minutes to remove residual photoresist in the open areas on the  wafer. 

Metallization of  the SAW devices was  achieved using a CVC e-beam evaporator. 

The samples were  rinsed  with  the 1:20 ammonium hydroxide/deionized water solution to 

remove the oxide before placing them in the  evaporator. The base pressure at  the begin- 

ning of the evaporation  was 5 X lo-’ torr. The metallization consisted of 150 A of  Ti fol- 

lowed by 1500 A of Au. The samples were then placed in acetone to lift off the metal 

everywhere the photoresist had  not  been  previously exposed, developed and rinsed away. 

See Figure 9 for a photo of a SAW device transducer, including the etch. 

The resulting SAW  devices matched the design specifications with the transducers’ 

fingers and spacings approximately equal  at 3.5 pm.  Alignment of the SAW device layer 

to the etch layer was  somewhat  difficult due to small alignment mark size, but the final 

result was  that the alignment of the SAW devices was  parallel  to the etch layer but  dis- 

placed by a few microns in both the x- and y-directions, which was acceptable. As 

described before, at least forty microns of extra etch had  been designed around the SAW 
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Figure 9 A microscope photograph of a photolithographically fabricated SAW 
device transducer. The dark line seen to encompass  and  parallel the transducer 
on all four sides is the etch which extends down to the GaAs substrate. 

device  to allow for some  misalignment. Because the SAW devices were parallel to the  etch 

layer which had been aligned  to the major flat of the wafer, the efficiency of the  signal 

coupling between transducers should be'at  a maximum. 

The SAW devices were diced using an Assembly Technologies  dicing saw, Model 

1500, with an S1635 blade with a 1.5 mil kerf.  This  blade  was used to minimize  the sub- 

strate  loss during dicing.  The SAW devices were glued  into  a  stainless  steel flatpack using 

a two-component epoxy. A Westbond ultrasonic wire  bonder was used to make  electrical 

contact between the SAW device and  the flatpack. 

2.5. Optical detection 
The configuration of the  light guiding system used for this research is shown in Fig- 

ure 10. The  laser used is a  Spectra-Physics Model 2030 argon-krypton ion  laser at a wave- 

length of 514.5 nm. The laser beam energy is  coupled  into  the  optical fiber by means of a 

microscope  objective.  The same fiber is used to transmit the  laser  light  to  the SAW device 

and to  return  the  luminescence  signal, which is directed to  the  spectrometer and photon 

counter by a beam splitter and optical elements. The quartz plate beam splitter  transmits 



laser 
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Figure 10: The light guiding system used. 

96% of the laser light to  the spectrometer and photon counter, while reflecting 4% to the 

RF test set-up. 

Two different types of optical fiber were used for this experiment. The optical fiber 

from the optics to the  liquid helium dewar  was a Chromatic Technologies, Inc. 500 Series 

100Clm/140pm optical fiber cable. The fiber used inside the dewar  was an ITT optical fiber 

waveguide, type T1301 100pm/140pm with a graded  index. This fiber is enclosed by a 

plastic sheath. The difference between the  two cables is that the Chromatic Technologies 

cable is a sturdy commercially made cable while the ITT cable has less jacketing and was 

more suited to the mounting fixture dimensions. 

The mounting fixture for the SAW device is  shown  in Figure 11. The RF test fixture 

was machined from a rod  of G10 phenolic plastic, which is a high pressure, thermosetting 

industrial laminated plastic. This material has a lower heat capacity than stainless steel 

which allows for less boil-off of liquid helium during cryogenic testing. The  G10 phenolic 

plastic has high flexural, impact, and bond strength at room temperature, as  well as good 

electrical properties under  dry and humid conditions. The flatpack  was attached to the 

mounting fixture  using screws, a brass  bar, and a copper plate. The copper plate was 

placed under the  flatpack  to act as a ground plane. The brass bar  was  screwed down onto 
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Figure 11: The RF test fixture used for the 
cryogenic  testing of the SAW device. 

brassbar- 

the  edge of the flatpack to make a compression fit between the flatpack and the underlying 

copper plate.  Electrical  connection to the flatpack  was made using flexible coaxial cable. 

The ITT optical  fiber was fed down to the SAW  device  through  a hole machined in 

the fixture. The optical  fiber  was  positioned to be at a  point approximately equidistant 

from both transducers. At room temperature the  height of the fiber  was adjusted until the 

SAW device response was attenuated slightly  by the fiber  touching the SAW device sur- 

face. The closer the fiber could be  to the SAW device,  the  better the coupling of the pho- 

tons back into the fiber,  but the surface acoustic  wave  was  detrimentally  affected  by 

anything in contact with the substrate surface. The fiber  was placed as close to the sub- 

strate  as possible without contacting the substrate. 

2.6 Experimental test set-up 
The low-temperature optical-system configuration for the RF testing of the SAW 

device is shown in Figure 12. The SAW device was immersed in a Cryofab CMSH-30 

thirty liter dewar of liquid helium. An American  Magnetics  helium  level probe was used to 
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Figure 12: An overview of the RF test set-up 

monitor the liquid helium level in the dewar.  For the pulsed experiments, the Systron-Don- 

ner Model lOlC pulse generator was  used to send a pulse to the HP8341B RF generator, 

the Tektronix Model 485 oscilloscope, and  the Stanford SR400 photon counter. After 

receiving this pulse, the RF generator sends a voltage pulse to the SAW device to initiate 

the surface acoustic wave.  The oscilloscope’s external trigger was also set by the pulse 

generator’s pulse to display the acoustic signal coming out the SAW device relative to the 

F G  generator’s pulse input. The pulse generator’s  pulse  was also used to trigger the photon 

counter to begin the photon count when  the surface acoustic wave  was passing underneath 

the fiber. The HP8447B amplifier  gives a 50 dB amplification of the SAW device output 

signal for display on the oscilloscope. The digital voltmeter (DVM) and  x-y recorder were 

used in the  CW  mode when  the  initial  frequency spectrum sweeps of the SAW devices 

were made. These were necessary  to find the device attenuation versus frequency. 
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The photon counter measures  the photoluminescence signal by counting the number 

of photons during a gated period. A first count is  taken when the acoustic wave  is passing 

underneath the fiber. A second count is  taken  when the acoustic wave  has gone past the 



fiber. The photon counter then takes the difference. This gives a direct indication of how 

many excitons have been transported. The gate delay for the second count period  was set 

at  2.5  psec. The center-to-center wave  path between transducers is  2421 pm and the veloc- 

ity of sound in gallium arsenide is 2865 d s e c ,  giving a time of approximately 0.85 psec 

for the acoustic wave to traverse the wave path. The value of 2.5 p e c  was used to assure 

that the surface acoustic wave  had  passed and would  not affect the photon count. The opti- 

mal gate delay for the first  photon count was found empirically by varying this gate delay 

from 150  to 1000 nsec and  finding  the time where the maximum difference between the 

first and second counts occurred, which  is  where the most excitons were being swept 

away. The repetition rate for the photon counting sequence was  every 3psec. 

Signal discriminators are  used to provide signal to noise improvement in  the photon 

counter by blocking the low amplitude noise pulses from the photomultiplier tube.  As the 

discriminator voltage level is increased, fewer photons have the necessary pulse height to 

be counted. The discriminator voltage  level for the A-gated photon counter was chosen to 

be well above the noise level, and the value for the B-gated photon counter was adjusted to 

give a minimum in the differential photon count measurement with no applied RF excita- 

tion voltage. This adjustment was  necessary due to the inherent variation between the two 

discriminators. 

2.7 RF testing 
The waveform timing diagram is  shown  in Figure 13. To initiate one differential 

photon count measurement, the pulse modulation output from the pulse generator would 

be sent. The pulse width  was varied from 100 to 500 nsec in different experiments. After a 

delay due to the cable length (approximately 1 nsec/foot), the photon counter and gate 

delays are triggered. The RF output is triggered after a slightly longer delay due  to a cable 

delay plus a built-in RF generator delay. This RF pulse is sent to the SAW device transmit- 

ter, initiating the surface acoustic wave. After the empirically determined optimal gate 

delay (shown here to be 575 nsec),  the A-gated photon counter is started. The gate width 

for counting was  manually set to be the same width as the pulse generator pulse width. 

The surface acoustic wave  has  been  travelling across the substrate and it takes approxi- 

mately 850 nsec to travel to the receiving transducer and initiate the surface acoustic wave 
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in this region. At  time t = 2.5 p e c  plus the initial photon counter cable delay, the B-gated 

photon counter is  begun (this is  not  shown  on the figure to avoid unnecessary elongation 

of the  x-axis). At  time t = 3 pec ,  the sequence was started over. 

2.8 Generation of excitons 
Light from the argon-krypton laser (A = 514.5 nm) was used for optical interband 

excitation above the GaAs  quantum well  bandgap energy. Laser illumination and detection 

were done at the same spot on the sample, approximately equidistant from both transduc- 

ers. In the moving potential superlattice with  wavelength A = 14 pmi the excitons become 

polarized predominantly by the lateral electric field  until  they dissociate at  high fields into 

spatially separated electron-hole pairs. The electrons and holes are then trapped in their 

respective energetic minima, i.e., the electrons in  the potential minima of the SAW which 

are the regions of positive electric potential, and  the holes in the valence band maxima 

which are the regions of negative electric potential3 (see Figure 3). As  the potential modu- 

lation is  moving with the  speed of sound, the spatially separated and trapped electron-hole 

pairs are swept away by the SAW and are propagated across the sample without recombin- 

ing. 

J 
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3. Results and  Discussion 

3.1 Photoluminescence spectra 
Several photoluminescence spectra were taken in areas around the wafer after it was 

grown to initially gauge photon counts versus wavenumber  and check the  purity of the gal- 

lium arsenide sample. Pure samples give a narrow  wavenumber  peak while impurities 

cause multiple or rounded peaks. These initial spectra showed  the  wafer to be  of good 

quality, having a narrow line width, and hence, it looked promising for use in this experi- 

ment. 

Before the RF testing was  begun, another spectrum was  taken to check the photolu- 

minescence at the exact spot where the laser would hit the SAW device. Figure 14 shows 

the photoluminescence spectra for the two cases where  the SAW device did and did not 

have an applied RF voltage. The photon count can be seen to decrease from approximately 

210,000 with no applied RF voltage to 190,000 when  an RF voltage  was applied, while the 

exciton energy was constant at approximately 12699 ern-'. 

The photoluminescence spectra with and without  the applied RF voltage shows the 

generation of excitons in the GaAs/AIGaAs quantum well structure designed for this 

research. This demonstrates the  first of the three objectives for this work. 

3.2 Network analysis of SAW device 
The SAW devices were analyzed at room temperature using Cascade Microtech 

microprobes and a HP Model 8753 network analyzer. The insertion loss versus frequency 

curve for the 200 MHz SAW device is shown in Figure 15.  The network analysis shows a 

frequency peak at approximately 198.6 MHz, which  is  very near the 200 MHz  for which 

the IDTs were designed. The quality factor, B, as calculated by the center frequency 

divided by the change in frequency using Eq. 6, is found to be approximately 26.5. Theo- 

retically for forty finger-pairs, this should be 20. The experimental bandwidth is found to 

be approximately 7.5 MHz; the theoretical value from Eq. 6 is 10 MHz.  The typical Isin 

(x)/xl curve which is theoretically  expected from the  SAW device (see figure 6) can  be 

seen  to  be altered. The distinct lobes of the sinc function have become muted. This muta- 

tion  is due to triple transit reflection  which  is a situation  where  an initial acoustic wave is 
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Figure 15: The SAW device network analysis curve, showing the peak 
frequency to be approximately 198.6 MHz, with  a  minimum insertion 
loss of -50 dB 

launched by the transmitting IDT,  reflected  backwards from the receiving IDT,  reflected 

back again from the transmitting IDT,  then  finally  received by the receiving IDT. Triple 

transit reflection alters and attenuates the output signal. This situation can be due to too 

much IDT metal  but it also can happen due to the waves  reflecting off the smooth end of 

the substrate. When the devices fabricated for this experiment were diced, the ed,  oes were 

ragged which  limited this cause for triple transit reflection. The edges of the etch under- 

neath  the transducers could be a source for the  reflections. The main cause of the reflec- 

tions, however, is most likely  that too much IDT metal  was deposited during the 

fabrication of the device. The 1650 A of titanium and  gold  which were deposited on these 

devices act as a reflecting barrier, sending the incoming  wave  back into itself. However, 

the SAW device was considered to be usable for RF testing in that there still was approxi- 



mately 13 dB of insertion loss between  the usable frequency  peak and the baseline acous- 

tic signal. 

The network analysis shows that the fabrication of the SAW devices  on the GaAs/ 

AlGaAs quantum well  structure  was accomplished and that the surface acoustic waves 

were generated successfully. This was the second of the  three objectives for this  study. 

It should be noted that  to bring about the  transport  of  excitons using surface acoustic 

waves, only one transducer is actually  necessary.  If  the  wave  is  known to be launched suc- 

cessfully, a receiving transducer would  be  redundant  since information on the surface 

acoustic wave is not  necessary  to  know if excitons are  moved.  However,  an objective of 

this report was to fabricate the  SAW  devices  on the GaAdAlGaAs quantum well structure 

and show that the surface acoustic waves could be generated. To do this entailed having a 

receiving transducer. 

3.3 RF testing results 
The RF testing of the SAW device  was done at T = 4.2 K using the low temperature 

optical system configuration  shown in Figure 12 to measure  the  photon  output as a func- 

tion of the applied electrical field  (power)  to the SAW  device. The RF pulse width, and 

accordingly the channels A  and B photon counter gate  widths, were varied from 100 to 

500 nsec in 100 nsec  increments. For each  value of pulse width,  the  applied  peak-to-peak 

voltage was varied from approximately 0.3 to 3 volts. The differential  photon count, which 

is the number of photons counted when  the surface acoustic  wave  has  passed minus the 

number when it is present, was  monitored. This should be a positive  value, since  fewer 

photons should be counted when the surface  acoustic  wave is present. It was hypothesized 

that as the RF pulse width  was increased, more ionized excitons  would be  swept away by 

the surface acoustic wave,  and the differential  photon  count  would become a larger posi- 

tive value. Also, for increasing pulse width  values.  the slope of the differential photon 

count versus applied  voltage should be  larger. This is  due  to  the fact that  when the applied 

voltage is zero, the differential  photon  count should be zero for any  pulse  width curve, and 

at larger  applied  voltages, the differential photon count  will  be  more  positive for a longer 

pulse width. Figure 16 shows  the  differential  photon  counts versus applied peak-to-peak 
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voltage for RF pulse widths of 100, 200,300,400, and 500 nsec. As the pulse widths are 

increased, the differential photon count can be seen to increase, as expected. More ionized 

excitons are being swept  away with the longer  pulse.  It  can also be seen that the slope 

increases for increasing pulse widths, implying that at a given  voltage, more ionized exci- 

tons are swept away  with a longer pulse width. The standard deviation for ten differential 

photon count readings was calculated for each data point. A typical value is  shown on the 

plot. 

It should be noted that a y-offset has  been added to the 500 nsec pulse width curve. 

The slope was obviously unaffected by this change; the offset was added to place the low- 

est voltage value in the 500 nsec pulse width curve higher on the y-axis than  that of the 

corresponding point  in the 400 nsec pulse width curve. The data shows the 500 nsec pulse 
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Figure 16: The differential  photon count versus  the  applied  peak-to-peak RF vohge  for pulse  widths of 100 to 
500 nsec. Higher counts are seen for longer pulse  widths  and for larger  applied  voltages 



width curve to have a negative differential photon count for peak-to-peak voltages below 

approximately one volt. This would correlate to a situation where more photons are 

counted when the surface acoustic wave is present than  when  it  is gone, which is obvi- 

ously an error. One possible explanation for this situation  is that the discriminator voltage 

levels for the photon counter were  not calibrated correctly for this run. Drift of these levels 

could introduce experimental error, where  the differential photon count is no longer zero 

with no appliedRF excitation voltage. The discriminator voltage levels for the  five data 

sets were initially set to  give a zero differential count for the 100 nsec data set and not 

rechecked during the subsequent testing with longer pulse widths. If the level  €or gate B 

would drift upward, giving a lower  photon count, while  the  level for gate A would drift 

downward, giving a higher photon count, the differential (B-A) photon count could then 

go negative. This is the most  likely cause for the anomalous negative differential photon 

count seen in the 500 nsec  pulse  width data set. 

A discussion of the y-intercepts of  each  of the curves in Figure 16 needs to be cov- 

ered. In the voltage range used for these data sets, 0.3 to 3 volts, the differential photon 

count can  be approximated as linear, as is shown by the linear least squares fit attached to 

each data set. Extrapolating this linearity to zero volts, however, does not  show a zero pho- 

ton count, as  would be expected. This is due to the fact that  below 0.3 volts, these data sets 

are not linear. Previous testing showed  that  below this point, the differential photon count 

versus pulse width  is essentially parabolic to zero. Below a certain applied turn-on volt- 

age, the surface acoustic waves  do  not transport excitons efficiently. The data sets used for 

this research were focused on the  region  where the data sets were essentially linear. There- 

fore, the y-intercepts of the linear fits do not show a value  of zero for the differential pho- 

ton count. 

Each of the pulse width curves in Figure 16 has a linear least squares fit plotted with 

it. Figure 17 is a plot of the slope of each of these fits  versus pulse width. The slope, which 

is differential counts per peak-to-peak volt, can  be seen to increase with pulse width. This 
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Figure 17: The slope of each of the curves in Figure 16 is plotted versus pulse  width, 
showing  that the number of excitons  transported is directly  proportional to pulse width. 
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Figure 18: This  comprehensive  plot  shows the differential  photon count versus  the  normalized 
term of peak-to-peak RF voltage  multiplied by the pulse  width 
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is a clear indication that the number of excitons transported is  directly  proportional to 

pulse width: more excitons are transported  with  longer pulse widths. 

Figure 18 shows the differential  photon count versus the experimental data normal- 

ized on the x-axis by multiplying the peak-to-peak  voltage  by the pulse width for  each of 

the pulse width curves, 100 to 400 nsec. The 500 nsec pulse width data set  was excluded 

from  this plot, because of the arbitrary y-offset  necessary to place this plot  higher on the y- 

axis than the 400 nsec data  set. When plotted this way, it can be  seen that the slope of each 

of the pulse width curves is approximately the same, while the differential  photon count 

increases for longer pulse widths. The conglomerate view  given  in the figure  shows that 

the differential photon count was  monotonically increasing when voltage and pulse width 

were normalized. 

The third objective of this study has now been shown. Figures 16-18 have shown the 

interaction of excitons and surface acoustic  waves under varying pulse width and applied 

voltage conditions. It can be seen that surface acoustic  waves can transport laser-generated 

excitons using a GaAs/AlGaAs quantum well structure. 
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4. Conclusions  and  Future  Directions 

4.1 Conclusions 
This experiment has demonstrated that excitons can be transported in GaAdAlGaAs 

quantum wells using surface acoustic waves. As the  pulse width and applied RF voltage 

was increased, the differential photon count became more positive, indicating the move- 

ment of the excitons. 

This report has described the quantum well and surface acoustic wave  device design 

necessary to verify the original hypothesis. The photoluminescence spectra demonstrated 

that excitons could be generated in the GaAdAlGaAs  quantum well structure. Sample fab- 

rication was detailed along with the necessary instrumentation to implement the cryogenic 

testing. The network analysis showed the fabricated SAW device characterization to be 

adequate for use in this research. Finally, the details and results of the SAW device RF 

testing were given  to fully document the steps involved  in demonstrating that this research 

topic was successful. 

4.2 Exciton  transport  versus  fewer excitons 
There are two questions which  need to be discussed regarding the justification of 

exciton transport. How does one justify that excitons were actually being swept away and 

not  merely that fewer excitons were present  when  the surface acoustic wave was initiated? 

Also, could the excitons have collapsed, recombined, and possibly been  converted into lat- 

tice vibrations (phonons)? These questions deserve some attention. 

Could fewer excitons have  been  present  when the surface acoustic wave  was initi- . 

ated? The  number of excitons is dependent on the number of photons absorbed by the 

semiconductor. When a photon  is  absorbed  in a direct bandgap semiconductor, an exciton 

is generated in the illuminated region. If there  are no interactions that perturb the exciton, 

it will emit a photon in the same location where the exciton was generated, with an  energy 

equal  to  the semiconductor bandgap energy minus the binding energy of the exciton. The 

presence of a surface acoustic wave affects the location where  the exciton recombines, 

causing it to recombine at a remote location, but it does not affect the number of excitons 



generated. The  same  number of excitons is present whether or not  there is an applied RF 

voltage to the SAW device. 

Could the excitons have collapsed, recombined, and been converted into phonons? A 

phonon  is a quantum particle associated with  the lattice vibrations of a crystal. Excitons 

can be converted into phonons, but in this situation, the probability of this happening is 

low. The bandgap energy of gallium arsenide at 4 K is  about 1510 meV, while the maxi- 

mum energy emitted per longitudinal optical (LO) phonon  in gallium arsenide is 37 

meV.13 The LO phonon  is the principle phonon energy  in gallium arsenide. By conserva- 

tion of energy, approximately 41 phonons would have to  be simultaneously emitted for 

each exciton. The probability of this happening would  be very small; first order processes 

dominate over higher order proce~ses. '~ It would be much  more likely to emit one photon 

than 41 phonons at any one time. Experimental data has  shown that if an oscillator 

strength of value 1.0 is assigned to the exciton, the  phonon  could  be assigned a maximum 

relative strength of 0.1. The probability of emitting 41 simultaneous phonons would then 

be (0.1)41, which would be extremely low. This assumes no other simultaneous processes 

due to impurities. For the sample used for this research, however, the ultrapure sample 

quality has been demonstrated by the photoluminescence spectra of Figure 14, showing a 

photon count of approximately 200,000 taken at a power density of 1 pW/cm2 with  no 

phonon sidebands or background impurity effects. The high count rate at such a low  power 

density shows the sample to be optically pure. Therefore, due to the facts that the sample 

used was ultrapure in quality and that there  was  no evidence of sidebands on the photolu- 

minescence spectra, it can safely be assumed that very  few of the excitons were converted 

to phonons. 

4.3 Design problems 
Concerning the three objectives of this research, the generation of excitons and  the 

investigation of the interaction of the excitons and surface acoustic waves worked suffi- 
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ciently well to achieve the objectives of this study. The SAW device, while functional for 

this experiment, could be optimized. 

One major concern with the surface acoustic  wave  device design was the use of too 

much metal, which caused triple transit reflection  problems.  For  exciton transport, triple 

transit reflections pose the problem of determining the timing of the surface acoustic  wave 

and being able to evaluate where the exciton  is being transported. Further research could 

be undertaken to minimize the amount of metal  while maximizing the acoustic signal. 

There would be a lower limit as to how thin the metal could be before the acoustic signal 

degrades. Future research could investigate  gold  metallization  in the 500 - 1000 A range. 

As discussed in Section 3.2, however, two transducers  are not necessary for exciton  trans- 

port. If future research does not require the SAW  device characterization as well as the 

exciton transport information, the receiving transducer could be eliminated and this cause 

of triple transit reflection  would be  moot. 

The other triple transit reflection  concern was the  reflection  of  the  surface acoustic 

wave off the  edge of the etch. Future research  could be geared toward  a wet etching pro- 

cess. Dry etching, such as the reactive-ion etching used for this research,  leaves  a straight- 

wall  profile.  Wet etching.could roughen the edges and make the reflective  angle something 

other than 180 degrees. This would allow  the  etch edge to reflect at an angle that is not 

directly back into the oncoming wave. 

The bandwidth  of the surface acoustic wave  signal was adequate for this experiment, 

but  it could  be made narrower by incorporating more  finger-pairs into the IDTs. A  narrow 

bandwidth  is desirable to  avoid spurious oscillations and to improve the frequency stabil- 

ity of the device. A future modification for this design would  be  to increase the number of 

finger-pairs to fifty  to  narrow  the bandwidth. This should also increase the insertion loss 

difference between the usable frequency peak  and the baseline acoustic  signal. 

Another issue that warrants some attention is the fact that the network analysis of 

these SAW devices (see figure 15) showed  a  minimum  insertion loss to be at approxi- 

mately -50 dB. As insertion loss becomes more  negative,  more  electrical  energy  is  con- 



verted to heat instead of piezoelectric energy. This experiment was done at liquid helium 

temperature, and adding heat  to  the system is not an optimal situation. Also, a stronger 

surface acoustic wave  signal could transport more excitons. While this design for  the SAW 

devices worked  well enough to be  used for this research, optimization of the SAW device 

design to give a less negative minimum insertion loss could be undertaken. 

The design problems discussed in this section entailed the optimization of the SAW 

device. While the suggestions discussed are valid, the transport of excitons did not require 

an optimal surface acoustic wave. SAW device design modifications may,  however, 

increase the number of excitons transported. 

4.4 Future directions 
Demonstrating that surface acoustic waves  can be used to allow excitons'to travel to 

other locations opens up many possibilities. The next step in this research could be to 

investigate a two-fiber setup to be able to locate where the exciton will recombine and  give 

off the photon. Metallized stripes as  well as etched grooves  have  been investigated to 

reflect an incoming surface acoustic wave  to a predetermined l ~ c a t i o n . ' ~  The use of a sec- 

ond acoustic wave propagating in  the opposite direction to the initial wave  has also been 

studied. If the amplitudes and frequencies of both  waves are the same, a standing wave 

pattern  is formed, and the electron-hole pairs recombine6  These may indicate a direction 

to take in solving how to bring about the exciton recombination at a specific location. A 

future direction could be to use the surface acoustic wave devices to build a photon race- 

track, of sorts, in which four SAW  devices are positioned at 90" to each other and are used 

to turn the transported exciton  at  right angles, eventually returning it to its original loca- 

tion. See Figure 19. The timing of this configuration  would be such that the moving elec- 

tron-hole pair would be almost ready  to stop and  recombine to emit a photon when the 

next surface acoustic wave  would hit, redirecting it and send it travelling along into the 

next  SAW device wave  path. After a predetermined number of revolutions around the race- 

track, the electron-hole pair would  be kicked out of the loop by a fifth  SAW device. This 

could lead to an application of this  technology as a cipher lock or a variable optical delay 
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SAW #3 

SAW #5 SAW #1 

Figure 19: The photon racetrack, consisting of four SAW devices whose acoustic 
wave  paths  are  at 90" to each other. The  laser-generated  exciton could be transported 
around the racetrack until  the fifth SAW device is initiated  to end the sequence. 

line where the timing  delay  between the input and output positions is controlled by the 

timing sequence. 

Real-world uses of this  technology require operation  of these devices at room tem- 

perature instead of at liquid  helium  temperature.  Surface acoustic wave operation at room 

temperature is not a problem, but exciton  generation  is  very temperature dependent. Tem- 

perature effects are a possibility for future investigation  to ascertain if a room-temperathe 

system for exciton transport would be viable. 

4.5 Summary 
The purpose of this study  was to implement the instrumentation and fabricate the 

SAW devices to  demonstratethe movement of excitons  in a GaAs/AlGaAs quantum well 

using surface acoustic  waves, in  an effort to reproduce the previous  work on this topic. 

The three objectives  of this research  were  met:  (1) the generation of excitons in the GaAsl 

AlGaAs quantum well  structure was shown; (2) the fabrication  of the SAW  devices  on the 
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GaAs/AlGaAs quantum well structure was achieved, and surface  acoustic waves were 

generated; and (3) the interaction of the excitons and surface acoustic waves  was investi- 

gated. The experimental methods, sample design and fabrication, and cryogenic  testing 

were detailed to verify the steps involved  in this experiment. The data  has shown a  more 

positive differential photon count when surface acoustic waves are present, indicating  the 

movement of excitons by the  surface acoustic waves. Longer pulse widths and larger 

applied RF voltages correlated with  an increasingly more positive differential photon 

count,  indicating  more excitons being transported.  Future  directions in acousto-optic 

devices have been proposed. 
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