!

r

AD-A238

149
Wi

4 NITU AND SUSTITTAE

Spatial Light Modulators with Arbitrary AFOSR-90-0118 DEF
Quantum Well Profiles .

OME mo. 07040188

'R ARG IRE TS VO RS ' “Ow/ B S ‘.-‘-ﬁ\"""v-—-‘mmw"uum
BAG o PP TRE (PHEION BT RIgrmg gh “mw*‘w“-nwo-!l'ﬂ-

Smeanw AAFHIMENTATION PAGE~ : ) o ﬂ

BAS T OER 16 W Sung 1P oty e o - 3% ——
W 19-1%0 QU §F M ORERreT! INS SuBBN. ¢ seETmene AUSWBEn S (G TDad IR). Wevemnen, D J0ME)
L. RLPORT DATE 3. REPORT TV PL AND DATLS COVERID

14 Jan 91 Annual Tech. Rpt 14 Jan 90 - 91

S. FUNDING MUMBLRS

& AUTHONA(S)

Dr. George N. Maracas
Dr. Krishan K. Bajaj

Mo 91 0:70

ME(S D ADORESS(LS) L PIRFORMING ORGANLZATION
1. nugmc ORGANIZATION 'f‘ (8 fN REPOKT NUMBER
Arizona State University
Electrical Engineering Department DWA 1764

Tempe, AZ 85287-5706

AFOSR/NE
Building 410

9. SPOXISORING ; MONITORING AGEINCY NAME(S] AND ADORESKES) 10. SPFONSORING  MONITORING

AGINCY REPORT NUMBILA

DTIC

Bolling AFB, DC 20332-6448 ELECTE
; E BN
11, SUPPLEMEINTARY WOTLS R - ‘-
9 B
138, OGS TRIBUTION / AVARABIITY STATEMENT S e— T ] 125 OG:RIBUTIOR COOt

113, ABSTRACT (Mammum 200 woras)

This is the year 1 technical repont for University Research Initiative (URI) program “Spatial
Light Moduiators with Arbitrary Quantum Well Profiles.* During the first year of the program we
have successiully grown GaAs/AlGaAs triangular and parabolic compositionally graded welis by
solid source (SS) Molecular Beam Epitaxy (MBE) and gas source (GS) molecular beam epitaxy

(GSMBE). In addition, strained InGaAs/GaAs wells have aiso been grown. An oplimization of
prowlih conditions for obtaining narrow exciton linewidths in square and nonrectanguiar wells was
completed. We have refined the superiattice compositional grading technique 1o obtain 3 meV
photoluminescence finewicths in a triangular quantum well.

A study of the optical properties has begun in which the structures are characterized by
feom temperature anc 2K photoluminescence and photocurrent spectroscopies. Responsivity
curves 1or structures having various well shapes have shown the excited states and a comparison
with theory is in progress. A preliminary comparison of contrast ratios in recianguiar and triangular
SEED devices has been completed.

Caiculations o! exciton transition energies, oscillator strength and modulater absormption
ratics have successtuily Deen performed for quantum wells having different profiles. The behavior
of these structures as 2 function o! electric field has also been performed. It was shown

theoretically that asymmetnc triangular quantum wells exhibit large contrast ratics at low electric
fields.

P —
14 SURILCT TIRMS

22

15. NUMBER OF PAGES

16. PRXCE CODL

17, SEQUNTY QASSIPICATION
Of REPORT

Unclassified

18

SECUMTY CLASSIFICATION |19, SICIRITY CASSIHCATION |2C. LUMBTATION OF ABSRAL
OF Thrs PAGR OFf ABSTRALT

Unclassified Unclassified uL

NSN 7340~01.380-3500

Swanecarg ~orm (98 Rev [.E5;
trotmgrg B0 AN Gt MG g




Spatial Light Modulators with Arbitrary Quantum

Well Profiles

University Research Initiative Program
AFOSR-90-0118 DEF

George N. Maracas
Arizona State University
Electrical Engineering Department
Tempe, AZ

Krishan K. Bajaj
Emory University
Physics Department
Atlanta, GA

91-04290
MHRRAREIN



Table of Contents

A. StAtemMENt Of WOTK ...ttt sttt st enases b eaee s 2
1 EXPOIiMENt......o ettt et 2
2 TROOMY ettt s bbb e e er sttt st ee 4

B. Status of the research effort: A substantive statement of significant
accomplishments and progress toward achieving the research

ODJECHIVES. et sttt sa et s n e bt 5
1 Theoretical treatment of nonrectangular well modulators................... 5
2 Experimental realization of nonrectangular quantum well
MOTUIBLOTS ...ttt rrrere et es e ae st sas et estesesssessesansesaasbessenssnssens 10
a. MBE growth of graded quantum wellS..........ccecerveeeernernreunnnn. 10
b. Optimization of PL quantum well linewidth...........ccooevvuuunucn... 12
C. Photocurrent SPECIIOSCOPY .......cveeeereerervsrnerenessnncnsresearnsseresssasnees 14
d. Self electro-optic effect devices (SEED) .........ccveveecevereveervcnnnnns 15
e. Other research activities related to this project..........ccccouuueu... 19
3 SUMMEY ..ottt sssesssssss s ssesssssnsssenssssssssssesssassasesnssssesassens 19
C. Publications in teChniCal JOUNAIS. .........ccoevveerrseerenserssesieessnises e reesssssssnnsssssassaens 20
D. Professional personnel associated with the research effort...........ccceeecueennee. 20
E. INEIACHIONS: ...ttt et sses esbenesess st s s s e ssos e sesaes e sastens 20
1 Papers presented at meetings, conferences, seminars, efc................ 21
2 Consultative and advisory functions to other laboratories and
BOBNCIES c...ecveeerrerieeserecissesesssesresesresessssssesesassessssssssessassesenssestansssssrssssssans 21
F. New discoveries, inventions, or patent disclosures and specific
applications stemming from the research effor. .........ccovveerceenncece. rerestsannennes 21
G. Other SAIEMENLS. .....cecceeeecrerrecrer s esssaesssssseesssesesseseresesseesesstasees s saseseees 21

Accesslon ro}' »
TNTIS GRARIL d
DTIC TAB

0
Unannounced |
Justification 4

By
| Distribution/ = |
Avallablllt;y_fy@os
Avail and/or

& t Special
| &%%y Dis P

| P"

|




AFCSR:URI Year 1, page 1

ABSTRACT

This is the year 1 technical report for University Research Initiative (URI) program “Spatial
Light Modulators with Arbitrary Quantum Well Profiles.” During the first year of the program we
have successfully grown GaAs/AlGaAs triangular and parabolic compositionally graded wells by
solid source (SS) Molecular Beam Epitaxy (MBE) and gas source (GS) molecular beam epitaxy
(GSMBE). In addition, strained InGaAs/GaAs wells have also been grown. An optimization of
growth conditions for obtaining narrow exciton linewidths in square and nonrectangular wells was
completed. We have refined the superlattice compositional grading technique to obtain 3 meV
photoluminescence linewidths in a tnangular quantum well.

A study of the optical properties has begun in which the structures are characterized by
room temperature and 2K photoluminescence and photocurrent spectroscopies. Responsivity
curves for structures having various well shapes have shown the excited states and a comparison
with theory is in progress. A preliminary comparison of contrast ratios in rectangular and triangular
SEED devices has been completed.

Calculations of exciton transition energies, oscillator strength and modulator absorption
ratios have successiully been performed for quantum wells having different profiles. The behavior
of these structures as a function of electric field has also been performed. It was shown
theoretically that asymmetric triangular quantum wells exhibit large contrast ratios at fow electric
fields.
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A. __ Statement of work

As stated in the original proposal, specific tasks to be performed during
year 1 are listed below. The progress during the year has been briefly
described accordingly. Details can be found in the next section.

The following acronyms are used for brevity throughout this report:

sQw single quantum well

MQW multiple quantum well

RQW rectangular quantum well

caw coupled quantum wells

ATQW asymmetric triangular quantum well

STQW symmetric triangular quantum well

APQW asymmetric parabolic quantum well

SPQW symmetric parabolic quantum well

Year1

1 Experiment

: row r nqular AlGaAs/GaAs MQW str r imized for shar
interfaces,

A considerable amount of effort has been dedicated toward the goal of
achieving a high degree of heterojunction interface abruptness. The On/Off ratio
of a spatial light modulator (SLM) operating via excitonic absorption and the
quantum confined Stark effect (QCSE) is very dependent on the exciton
linewidth of the optical transitions. We have grown GaAs/AlGaAs quantum wells
with the following 2K photoluminescence linewidths:

GaAs/AlGaAs
SS MBE 85A 1meV SQW & MQW 10 periods
GS MBE 100A 0.61 meV  SQW
0.74 meV  MQW 40 periods
ATQW 200A 3.13meV  SQW
3meV MQW 10 periods
Best GaAs/AlGaAs results from literature:
Ploog? (SS) 120A 0.56 meV SQW
Bhattacharya? (SS) 120A 0.8 meV  SQW
Bhattacharya? (SS) 120A 0.3 meV  SQW (with superlattice

barriers)

InGaAs/GaAs (SS-ASU)
RQW 50A 2 meV SQW x=0.15
ATQW 200A 3 meV SQW x=0.15
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* har ri ical an rical hni

Low temperature PL and photocurrent spectroscopy are routinely
used to measure the optical transitions of the ground and excited states
quantum wells. The behavior ot these levels has been experime
measured as a function of electric field and temperature.

* Grow coupled rectangular wells,
Two sets of coupled quantum wells have been grown and are awaiting tes

: i ial li r r imi

Spatial light modulators and waveguide modulators have
fabricated by photolithography, e-beam metaliization and chemical and re
ion etching. A revision of the original design has been completec
implemented. Contrast ratios for our devices have been obtained.

: i- i l i
The compositional grading technique has been refined and implerr
to grow different parabolic well test structures.

in addition to the.year 1 tasks, we have addressed some tasks sp:
in year 2. These are:

* vel rowth hni for par lic wells an mmetric i
graded wells,

The compositional grading technique has been refined and irnlen
to grow both symmetric and asymmetric quantum well structures. Br .n ty
composition profiles have been realized.

R 4

vel r for growin m ric trianqular an m

triangular wells.
See previous item.

: imuyl I -InG -G; morphic str

Strained InGaAs/GaAs quantum wells have been growr
characterized. These exhibit very high luminescence efficiency and narr
linewidths.

- r ~

GSMBE ATQW moduiators have been grown and their PL line
compare to those grown by solid source MBE.
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Here npis the index of refraction and the lineshape A(x) is assumed to be a
Lorentzian given by

80 = (F)—5—~
" d %)

having a width T

The excitonic energy shift as a function of applied electric field
determines the operating performance of an absorptive modulator. Thus it is
necessary to compute the absorption ratio versus electric field. This is
accomplished simply by normalizing the absorption to the zero field absorption
value or o(F)/a(F=0).

To summarize the results of the calculations we present a comparison of
three AlGaAs/GaAs modulators consisting of different quantum well profiles all
operating at a photon energy of 1.572 eV. Compared are a rectangular well
(Lw= 75A), an asymmetric parabolic well (Lw= 174A) and an asymmetric
triangular well (Lw= 676A). Figures 1a, 1b and 1c show the calculated
absorption ratios versus electric field in the device. The curves in each figure
are for different values of exciton transition linewidth in meV. The reduction in

electric field required to modulate the device for small exciton linewidths is
evident.

1.0 v

SQUARE WELL W= 758"
x=03
hw= 1572 me V

a (F)/x(F=0)

F { kViem)

Figure 1a. Variation of absorpt-on ratio at 1572 meV as a function of electric
field and exciton linewidth {me v for a square well,
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Figure 1b. Variation of absorption ratio at 1572 meV as a function of electric
field and exciton linewidth (meV) for an asymmetric parabolic well.
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Figure 1c. Variation of absorption ratio at 1572 meV as a function of electric field
and exciton linewidth (meV) for an asymmetric triangular well.
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In the case of the square well, application of relatively large fields are
required to achieve significant changes in the absorption ratio due to the small
well size. For a linewidth of 3meV, a field of approximately 50 kV/cm is required
to achieve a 30 percent decrease in absorption. This correspords to a voltage
of 10 volts applied across a 2um region.The corresponding field for the
parabolic well is 7 volts at a field of 35 kV/cm. The asymmetric triangular well,
however, requires only 1.4 volts for an applied field of -7kV/cm.

This behavior is due to the fact that the triangular well is the widest of the
three cases and thus the separation of the electron and hole charge
distributions is greater for a given applied electric field. The absorption
coefficient is thus a stronger function of electric field in this case. The calculated
contrast ratio (On/Off ratio) at -20kV/cm is approximately 6.7 for the triangular
well as compared to 1.02 for the corresponding triangular well.

In conclusion, triangular well modulators have the potential to achieve
high contrast ratios at low applied voltages thus making them useful for
integration with other devices. A model following the previous analysis is
presently being developed for a parabolic modulator.

A new approach to treating excitons in quantum wells is currently being
developed. The effects of the Coulomb potential in the xy planes are calculated
first and then the solution for bound states in the z direction is obtained. A
variational wavefunction with an appropriately modified Hamiltonian is used to
solve the Schrédinger equation.

The new approach has the advantages that a more accurate value for the
oscillator strength is obtained. Also because the potential variation in the z
direction due to the quantum well potential and applied field have no effect on
" the translational symmetry of the Hamiitonian in the xy plane, the eigenvalues
and eigenfunctions in the xy plane need only be obtained once.
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lizati f nr nqular ntum _well

modulators

This section describes the MBE growth of nonrectangular quantum wells
by the superlattice compositional grading technique. The quantum well
structures have been optimized for narrow linewidth and electro-optic devices
fabricated and tested. An additional application of the superlattice
compositional grading technique to vertical cavity surface emitting lasers
(VCSEL) is also mentioned.

a. MBE growth of graded guantum wells

Accurate, controllable semiconductor alloy compositional grading over
distances of approximately 100 A poses some problems to the MBE crystal
grower. There are two approaches to this problem. The first is to change the
group lil flux as a function of time to achieve a continuously grading. Because of
the long thermal time constant in solid source effusion cells, this was not
deemed to be a practical approach in order to obtain a high degree of control.
The second method is to approximate a particular alloy composition in a thin
region by averaging the thicknesses of two different alloy compositions. In
quantum wells, the averaging must be performed in regions (or cells) of total
thickness of approximately nine monolayers (ML) to obtain sufficiently fine
gradations of the alloy compositions to approximate, for instance, a linear
profile. Hence, the use of a superlattice consisting of unequal barriers (or wells)
must be grown. This discrete multilayer structure could be considered formed by
a "digital" grading technique as opposed to the continuously changing flux
method ("analog”). The experimental realization of such a structure is shown in
figure 2. Shown here is an example of an asymmetric triangular quantum well of
approximately 260A width. It consists of altesnating GaAs and Alg 3Gag 7As
layers grading the composition from x=0 at the well bottom to x=0.3 at the
barriers. The transmission electron micrograph of the ATQW is on the left
showing the discrete superlattice layers schematically depicted in the center
figure. At the far right is the approximate conduction band energy profile
showing the desired triangular potential well and two quantum well confined
electron states. The next section describes the experimental verification of
these states by optical techniques.
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AG19ua pueq uolaNpuod

Superlattice
grading - digital
approximation

Figure 2. Transmission electron micrograph (TEM, of a 260A asymmetric
triangular quantum well (left) consisting of GaAs/AlGaAs compcsitionally doped
superlattice in which a unit cell of approximately 25A has been used. On the
right is a schematic showing the superlattice compositional grading structure
and corresponding conduction band energy profile.

Typically a 9 ML superlattice cell is used in order to obtain a fine
gradation of the alloy composition. High resolution transmission electron
microscope (TEM) lattice imaging has shown that the heterointerfaces are
extremely abrupt. Interface abruptness is important to achieve narrow
photoluminescence linewidths in order to produce modulators with high
contrast ratios. A significart portion of the effort has been dedicated to
optimizing growth conditions to achieve the narrow linewidths required for high
contrast ratio optical modulators. These results are described in the next
section.

All MBE structures were grown at ASU in a Vacuum Generators (VG)
V80-H MBE system. This system consists of two growth chambers; one for solid
source (SS) growth and the other for gas source (GS) growth of IN-V
semiconductors. As; is generated in the GSMBE by pyrolysis of arsine in a low
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pressure cracker. We have used this system to grow nonrectangular quantum
wells both by SSMBE and GSMBE as described in later sections.

b. Optimization of PL quantum well linewidth

As previously shown, the contrast ratio in @ modulator is very dependent
on the excitonic transition linewidth. Hence, growth optimization for narrow PL
linewidth was necessary. Square well linewidths were initially used as the
gauge for our growth process because sufficient results were available in the
literature with which to compare. In our system, linewidths of 1 meV were
realized both for a single well and a 10 period MQW grown by SSMBE. The
best reported values that we are aware of are 0.56 meV (Ploog?) and 0.8 meV
(Bhattacharya?). A linewidth of 0.3 meV for a single quantum well with
superlattice barriers was also obtained by Bhattacharya2. In parallel, we grew
square QWs by GSMBE with linewidths of 0.61 meV and MQWs wih FWHM =
0.74 meV. This is presently the record narrowest linewidth achieved by
GSMBE. The results can most likely be improved but are sufficient for the
fabrication of the devices in this program.

A point of clarification should be mentioned before proceeding. Several
ATQW structures are presented in this section. At the present time there are
three different methods of determining the ATQW width. These are 1) theoretical
fiting of the photoluminescence ground state transition energy, 2) determination
of thickness by growth rate calibration and 3) direct thickness determination by
high resolution transmission electron microscopy (TEM). The TEM data is the
most accurate measure because individual atomic planes can be counted to
obtain QW thicknesses. At the present time, we do not have TEM micrographs of
all our samples to make direct comparisons and thus identify the well widths by
their values determined by growth rate calibration. These are identified as
"nominally 200A" for example to indicate the approximate design values. As will
be seen, there is a discrepancy among all of the techniques which arises from
difficulties in the growth of submonolayer structures and non-ideal composition
profiles. These discrepancies are presently the basis of much effort. We have
made progress in this comparison because we have obtained the first TEM
pictures of the ATQW structures.

Asymmetric triangular quantum wells were then grown for optical
evaluation. Figure 3 shows the 2K PL data of a "nominally" 200 A MBE ATQW
exhibiting a linewidth of approximately 4 meV. The narrowest linewidtn that we
have obtained for an ATQW is actually less than this (3.13 meV). Hence we
have demonstrated that the superlattice compositional grading technique can
be used to realize nonrectangular quantum wells with narrow linewidths. Effort
will continue toward further decreasing this linewidth in order to obtain the best
possible device properties. Calculations of the theoretical minimum linewidth for
nonrectangular QWs should be performed for comparison with the experimental
data.
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Asymmetric triangular quantum well
AlGaAs/GaAs
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Figure 3. Typical photoluminescence of a "nominally” 200A asymmetric
triangular quantum well grown by MBE. The FWHM for this sample is
approximately 4 meV. The TEM of figure 2 shows this to have a well width of
260A. The theory calculates a width of approximately 400A.

Growth of ATQWs was also performed by GSMBE. Figure 3a is a
photoluminescence plot of a "nominally” 200A ATQW grown by GSMBE. The
linewidth is shown to be 3.6 meV which is approximately the same as that
observed in the SSMBE grown structures. The main difference between the two
is the low energy tail characteristic of the GSMBE material. This effect due to a
higher background acceptor concentration which originates from the group V
gas source. This can be reduced by additional scrubbing of the hydride source
and also obtaining higher purity gas. Hydride purity is one of the main problems
in GSMBE today and is being addressed by several chemical manufacturers.
Nevertheless, we have optimized our growth conditions in both MBE and
GSMBE to produce approximately the same high optical quality material for this
program.
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Asymmetric triangular quantum well
grown by gas source MBE (AlGaAs/GaAs)
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Figure 3a. Photoluminescence plot of a "nominally” 200A asymmetric
triangular quantum well grown by gas source MBE. The FWHM is 3.6 meV. No
TEM is yet available for this sample. Theory calculates a well width of
approximately 260A.

The ground state transition in the SSMBE ATQW shown in figure 3
occurs at a lower energy than in the GSMBE ATQW in figure 3a even though
they are grown "nominally” the same. The difference in energies could be
explained by thickness variations and composition profile differences. We are
presently attempting to resolve these technological problems and the large
discrepancy between theory and experiment.

Optimization of strained InGaAs/GaAs QWs has also begun. The best
results we have obtained so far are a 2K FWHM of 2 meV for a "nominally” 50A
Ing.15Gap.gsAs RQW and 3 meV for a "nominally” 220A ATQW. The InGaAs QW
linewidth is slightly narrower than the equivalent AlGaAs/GaAs well. Work is
presently directed toward understanding these properties.

¢. Photocurrent spectroscopy

The theoretical calculations provide energies for all of the optical
transitions in a quantum weli of arbitrary shape. Photoluminescence only
measures the ground state however. Photocurrent spectroscopy was
implemented to determine the energies of all of the excited states in the well to
make a direct comparison wiih the theoretical calculations.

in photocurrent spectrescopy the current in a device is measured as a
function of optical excitation energy. There is a peak in the photocurrent (or
optical absorption) when the energy of the incident photon is equal to an
exciton transition energy in the quantum well. By tuning the incident photon
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energy through the quantum well states, all optical transitions can thus be
determined.

Figure 4 shows a typical photocurrent spectrum for an ATQW SEED
structure (details are in device section). Six optical transitions between confined
electron and hole states in the quantum well are labeled.

1.9e-10 7

1.7e-10 -

1.5e-10

1.3e-10

1.1e-10

9.9e-11 v,

7.9e-11

i o

<

5.9e-11

Photocurrent (A)

4.0e-11

2.0e-11

4
0.0e+0 =
1.44 1.49 1.54 1.59 1.64 1.69 1.74

Energy (el)

Figire 4. Photocurrent spectrum of an asymmetric triangular quantum well
structure having well width of Ly = 240A. Six excitonic transitions are identified.

There is reasonable agreement between the data shown and the
theoretical calculations of this structure for the ground state. There is a
divergence between theory and experiment for the higher excited states
however which may be due to either the well profile not being exactly linear or
an approximation in the theoretical model. Nevertheless, the agreement is
sufficient to enable the design of nonrectangular well devices because the
ground state is the dominant contributor to the contrast ratio. The differences
between theory and experiment are presently being addressed.

d. Selt electro-optic etfect devices (SEED)

A SEED is basically a p-i-h structure whose intrinsic active region is a
multiple quantum well. A typical AlGaAs/GaAs device structure is shown in
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figure 5. The intrinsic active region is comprised of a multiple quantum well
which can have any of the shapes described previously. Switching of the device
is achieved by reverse biasing the p-i-n diode, which increases the electric field
in the intrinsic region and shifts the exciton absorption edge by the quantum
confined Stark effect (QCSE). The InGaAs QW modulator structure is identical
except that the window in the n* GaAs substrate need not be etched. This is
because InGaAs QW optical transitions are below the GaAs bandgap and thus
photon absorption in the GaAs is minimal.

Light in

0.25um p-AlGaAs

0.25um i-AlGaAs

nonrectangular .
quantum well ! Vrev
(or multiple well)

0.25um i-AlGaAs

0.25um n-AlGaAs

n+ GaAs substrate

f—

Light out

Figure 5. Generic self electro-optic effect device (SEED) p-i-n structure. The
active region is an intrinsic multiple quantum well.

We are presently on the second iteration of prototype devices. The
second mask set addressed some of the deficiencies in the first and included
some additional test structures. Device active areas range from 10um X 10um to
100um X 100um. Figure 6 is a Nomarski photograph of several size devices
fabricated with the new mask set. Device fabrication is done with
photolithography, reactive ion and chemical etching and electron beam
metallization. Several sets of working devices have been fabricated and are
presently under investigation.

R,
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nonrectangular quantum well modulators

Figure 6. Nma}s piotograph of
used in this study.

Figure 7 shows a typical ATQW SEED modulator operating
characteristic. Plotted is the experimental data of responsivity versus
wavelength at different operating voltages. The excitonic shift to lower energies
as z function of electric field is clearly observed indicating the modulator
operation. At higher applied electric fields the n=1 €lectron to heavy hole
absorption decreases with respect to the higher energy ones as expected. An
increase in the current at low energies is a result of the reverse bias leakage
current in the diodes.

Comparisons with calculated responsivity curves show two main
ditierences. The first is that the leakage current at low energies is not modelec.
This could easily be included in the future. The second is that the theory
calculates responsivity versus electric field while in the experiments it is
measured versus voltage. in some early devices, the regions adjacent to the
intrinsic quantum well region were not fully depleted and there was an offset in
the excitonic shift versus voltage. This was observed as a zero energy shift
before some threshold voltage. With the device fayer optimization this problem
has been reduced in the tr.angular well configuration. Optimization of the
square well devices will be penormed soon.
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Figure 7. Responsivity versus waveiength for an asymmetric triangular
quantum well modulator as a function of device bias. The excitonic transitions
are shifted to lower energy with increasing electric field.

We have designed a spatial light modulator using asymmetrical
triangular quantum wells. The device is a 10 period nominally 200A ATQW
modulator (not shown here) and has a maximum contrast ratio of 1.3 (for
Vapplied = 16V) at an operating energy of 1.5108 eV. Work is in progress to
compare optimized triangular well modulators with equivalent rectangular well
modulators.

As previously mentioned, several device structures have been fabricated
with different well shapes and widths. Now that the material growth, device
fabrication and characterization have been brought online, we are in the
process of making a set of devices with different well shapes all having the
same transition energy and absorbing region thickness. This is for a direct
comparison of contrast ration among devices with different well shapes and is
expected to be completed early this spring.
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rch ivities r his proj

As a test of our MBE growth of compositionally graded structures, we
attempted the growth of an inGaAs vertical cavity surface emitting laser
(VCSEL). This uses compositionally graded Bragg reflectors to reduce the
electrical resistance of the mirrors toward the goal of reducing the threshold
current density of the device. Because of the high optical efficiency of our
InGaAs and because of the optimized superlattice compositional grading, we
have achieved a record low threshold current density for a VCSEL of 487 A/cm?2
in continuous wave, room temperature operation.

3 Summary

In summary, we have made progress toward the stated goals during the
first year of this program. MBE growth of compositionally graded quantum wells
has been optimized to yield narrow photoluminescence linewidths.
Rectangular, triangular, and parabolic shaped wells have been grown in the
GaAs/AlGaAs material system. Growth of strained InGaAs/GaAs quantum wells
has also been optimized. SEED devices have been fabricated from all of these
well profiles. Their electrical and optical properties have been tested. The
theoretical calculation of transition energy and oscillator strength versus electric
field for different values of exciton transition linewidth and quantum well width
has been completed. Models of spatial light modulators having different well

. shapes and sizes are in under way. Work is in progress to directly compare the

theoretical calculations with the experimental data.
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Telephone conversations with AFOSR staff have been on a regular basis
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made to AFOSR in July to discuss program developments.
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