SF 298 MASTER COPY KEEP THIS COPY FOR REPRODUCTION PURPOSES

REPORT DOCUMENTATION PAGE Form Approved

OMB NO. 0704-0188

Public reporting buraen far this collection of information 1s estmated to average 1 NOUr Per response. ncluding the timae for reviewing INStruchons. searching xisting Gata sources,
gathening ana maintaining the data and g and g the collection of information. Send comment regarging this burden esumates of any other aspect of this
coliection of information, including suggastions for reducing trus buraen. to Washington Headquarters Services, Directorate for mformation Opaerations and Repons. 1215 Jefterson
Davis Highway. Suite 1204, Arlington. VA 22202-4302. and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
15 Dec 97 Final Progress Report
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Imaging of spatially separated electron-hole plasma
dynamics in nipi-doped photonic materials

6. AUTHOR(S)
Daniel H. RiCh . } C DAAH04—94"G-0260

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

. s REPORT NUMBER

University of Southern California
Dept. of Materials Science & Engineering
Los Angeles, CA 90089-0241

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

AGENCY REPORT NUMBER
gg grrn){ %elslearch Office p
.0. Box 3

Research Triangle Park, NC 27709-2211 ALO 32 %69.al-PH-Y]

1

—_

. SUPPLEMENTARY NOTES

The views. opinions and/or findings contained in this report are those of the author(s) and should not be construed as

an official Department of the Army position, policy or decision, uniess so designated by other documentation.

12a. DISTRIBUTION / AVAILABILITY STATEMENT 1o mem=s

Approved for public release: distribution unlimited. \ 9980520 \ 47

13. ABSTRACT (Maximum 200 words)

The aim of this research is to examine the structural and optical properties of strained
InGaAs/GaAs quantum wells, quantum wires (QWRs) and dots (QDs) using new spatially, spectrally,
and temporally resolved electron probes. The presence of defects will degrade the nonlinear optical
properties and impact the performance of spatial light modulators and lasers. The carrier recombination
dynamics and nonlinear optical properties in nipi-doped InGaAs/GaAs quantum wells were studied using
a new approach called electron beam induced absorption (EBIA) modulation. Time-resolved
cathodoluminescence (CL) was used to study InGaP and GaAs based QDs and QWRs. Carrier
thermalization, ambipolar diffusion, and phase-space filling were studied with CL and EBIA, in an
attempt to understand the interrelationship between the optical, transport, and structural properties in
strained quantum heterostructures and nanostructures. These findings are expected to influence the design
and implementation of these materials in light modulators and lasers, which can be used for digital optical
communication, pattern recognition, and target tracking applications.

T

14. SUBJECT TERMS : 15. NUMBER IF PAGES

Nanostructures, quantum wires, quantum dots, quantum wells, 7

optical properties, cathodoluminescence 16. PRICE CODE
17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT

OR REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
-01-280- Standard Form 298 (Rev. 2-89)

NSN 7540-01-280-5500 . 253"?32“ o, sm.(zs oVig




Scientific personnel supported by this project during this reporting period:

Principal Investigator: Prof. Daniel H. Rich

Graduate Students: H.T. Lih, K. Rammohan, Y. Tang
Ph.D. Dissertations: H.T. Lin (Dec. 1996), K. Rammohan (Dec. 1996), Y. Tang (May 1998,
expected)

List of published papers under ARO sponsorship during this period:

37.

36.

35.

34.

33.

32.

31.

30.

29.

28.

27.

26.

Y. Tang, D.H. Rich, A.M. Moy and K.Y. Cheng, An Optical Method for Studying
Carrier Diffusion in Strained (InP),/(GaP), Quantum Wires, Appl. Phys. Lett., in press.
X. Zhang, D.H. Rich, C.K. Lin, and P.D. Dapkus, Cathodoluminescence study of
disordering of GaAs/AlGaAs quantum wells using an AlAs native oxide and thermal
annealing technique, submitted to J. Appl. Phys.

J.T. Kobayashi, N.P. Kobayashi, P.D. Dapkus, X. Zhang, and D.H. Rich, Initial stages
of MOCVD growth of GaN using a multi-step growth approach, Mater. Res. Soc. Symp.
Proc., 1997, in press.

N.P. Kobayashi, J.T. Kobayashi, P.D. Dapkus, W.J. Choi, A.E. Bond, X. Zhang, and
D.H. Rich, GaN growth on Si(111) substrates using oxidized AlAs as an intermediate
layer, Appl. Phys. Lett., in press.

C.K. Lin, X. Zhang, P.D. Dapkus, and D.H. Rich, Spatially selective disordering of
InGaAs/GaAs quantum wells using an AlAs native oxide and thermal annealing
technique, Appl. Phys. Lett., in press.

Y. Tang, D.H. Rich, A.M. Moy and K.Y. Cheng, Spatial variations in luminescence and

carrier relaxation in molecular beam epitaxial grown (InP),/(GaP), Quantum Wires, J.
Vac. Sci. Technol. B15, 1034 (1997).

O. Sjolund, H.T. Lin, D.H. Rich, M. Ghisoni, A. Larsson, S. Wang, J. Thordsson, and
T. G. Andersson, Cathodoluminescence and electron beam induced current study of
partially relaxed AlGaAs/GaAs/InGaAs heterojunction phototransistors under operating
conditions, J. Appl. Phys. 82, 1438 (1997).

D.H. Rich, Y. Tang, and H.T. Lin, Linearly polarized and time-resolved
cathodoluminescence study of strain-induced laterally ordered (InP),/(GaP), quantum
wires, J. Appl. Phys. 81, 6837 (1997).

H.T. Lin, D.H. Rich, A. Konkar, P. Chen, and A. Madhukar, Carrier relaxation and
recombination in GaAs/AlGaAs guantum heterostructures and nanostructures probed with
time-resolved cathodoluminescence, J. Appl. Phys. 81, 3186 (1997).

K. Rammohan, D.H. Rich, M.H. MacDougal, and P.D. Dapkus, Thermal processing
of strained InGaAs/GaAs quantum well heterostructures bonded to Si via an epitaxial lift-
off technique, Appl. Phys. Lett. 70, 1599 (1997).

D.H. Rich, H.T. Lin, A. Konkar, P. Chen, and A. Madhukar, Cathodoluminescence

study of band filling and carrier thermalization in GaAs/AlGaAs quantum boxes, J. Appl.
Phys. 81, 1781 (1997).

A. Konkar, H.T. Lin, D.H. Rich, P. Chen, and A. Madhukar, Growth controlled

DT



25.

24.

23.

22.

21.

20.

19.

18.

17.

16.

15.

14.

13.

12.

11.

fabrication and cathodoluminescence study of 3D confined GaAs volumes on non-planar
patterned GaAs(001) substrates, J. Cryst. Growth 175/176 741 (1997).

D.H. Rich and Y. Tang, Time-resolved cathodoluminescence study of carrier relaxation
in strained (InP),/(GaP), quantum wires, Appl. Phys. Lett. 69, 3716 (1996).

D.H. Rich, H.T. Lin, Y. Tang, K. Rammohan, and A. Larsson, Optical Studies of
InGaAs/GaAs MQWs and GaAs/Si Using Novel SEM-Based Techniques, Scanning
Micros., in press.

P. Chen, A. Konkar, H.T. Lin, D.H. Rich, and A. Madhukar, Lattice-matched and
mismatched quantum boxes fabricated via size-reducing growth on nonplanar patterned
substrates, Int. Conf. Phys. Sem. Proc. 23, submitted in July 1996.

H.T. Lin, D.H. Rich, O. Sjolund, M. Ghisoni, and A. Larsson, Cathodoluminescence
study of the influence of misfit dislocations on hole accumulation in a n-AlGaAs/p-
GaAs/n-InGaAs heterojunction phototransistor, Appl. Phys. Lett. 69, 1602 (1996).
D.H. Rich, H.T. Lin, A. Konkar, P. Chen, and A. Madhukar, Time-resolved
cathodoluminescence study of carrier relaxation in GaAs/AlGaAs layers grown on a

patterned GaAs(001) substrate, Appl. Phys. Lett. 69, 665 (1996).

D.H. Rich, K. Rammohan, H.T. Lin, Y. Tang, M. Meshkinpour, and M.S. Goorsky,
Effect of interface defect formation on carrier diffusion and luminescence in
In,,Ga, ;As/Al Ga, ,As quantum wells, J. Vac. Sci. Technol. B14, 2922 (1996).

Y. Tang, H.T. Lin, D.H. Rich, P. Colter, and S.M. Vernon, Nonlinear optical effects
in strained-induced laterally ordered (InP),/(GaP), quantum wires, Phys. Rev. BS3,
R10501 (1996).

H.T. Lin, D.H. Rich, and A. Larsson, Excess carrier lifetime and ambipolar diffusion

anisotropy in a nipi-doped In, ,Ga, ;As/GaAs multiple quantum well structure, J. Appl.
Phys. 79, 7014 (1996).

H.T. Lin, D.H. Rich, and A. Larsson, Influence of Structural Defects on Carrier
Recombination and Current Gain in an InGaAs/AlGaAs/GaAs Heterojunction
Phototransistor, J. Appl. Phys. 79, 8015 (1996).

K. Rammohan, H.T. Lin, D.H. Rich, and A. Larsson, Influence of Misfit Dislocations

on Thermal Quenching of Luminescence in InGaAs/GaAs Multiple Quantum Wells, J.
Appl. Phys. 78, 6687 (1995).

H.T. Lin, D.H. Rich, and A. Larsson, Effects of Strain-induced Defects on Excess

Carrier Lifetime and Ambipolar Diffusion in nipi-Doped InGaAs/GaAs MQWs, Mat.
Res. Soc. Proc. Vol. 379, 275 (1995).

Y. Tang, K. Rammohan, H.T. Lin, D.H. Rich, P. Colter, and S.M. Vernon, Polarlzed
Cathodoluminescence Study of (InP),/(GaP), Bilayer Superlattice Structures, Mat. Res.
Soc. Proc. Vol. 379, 165 (1995).

K. Rammohan, D.H. Rich, and A. Larsson, Temperature Dependence of

Cathodoluminescence from InGaAs/GaAs Multiple Quantum Wells, Mat. Res. Soc. Proc.
Vol. 379, 115 (1995).

D.H. Rich, K. Rammohan, Y. Tang, H.T. Lin, R.S. Goldman, H.H. Wieder, and K.L.
Kavanagh, Influence of GaAs(001) Substrate Misorientation Towards {111} on the
Optical Properties of InGaAs/GaAs, J. Vac. Sci. Technol. B13, 1766 (1995).

A. Konkar, K.C. Rajkumar, Q. Xie, P. Chen, A. Madhukar, H.T. Lin, and D.H. Rich,




10.

In-situ fabrication of three-dimensionally confined GaAs and InAs volumes via growth

on non-planar patterned GaAs(001) substrates, J. Cryst. Growth 150, 311 (1995).
Q. Xie, A. Konkar, A. Kalburge, T.R. Ramachandran, P. Chen, R. Cartland, A.

Madhukar, H.T. Lin, and D.H. Rich, Structural and optical behavior of strained InAs
quantum boxes grown on planar and patterned GaAs(100) substrates by molecular beam
epitaxy, J. Vac. Sci. Technol. B13, 642 (1995).

D.H. Rich, H.T. Lin, and A. Larsson, Influence of defects on electron-hole plasma
recombination and transport in a nipi-doped InGaAs/GaAs multiple quantum well
structure, J. Appl. Phys. 77, 6557 (1995).

K. Rammohan, Y. Tang, D.H. Rich, R.S. Goldman, H.H. Wieder, and K.L. Kavanagh,
Relaxation-induced polarized luminescence from In Ga, ,As films grown on GaAs(001),
Phys. Rev. B51, 5033 (1995).

K. Rammohan, D.H. Rich, R.S. Goldman, and K.L. Kavanagh, Polarized
Cathodoluminescence Study of Lateral Variations in Strain for Compositionally Step-
Graded In,Ga, As layers Grown on GaAs(001), Appl. Phys. Lett. 66, 871 (1995).

H. Zhao, K. Uppal, H. Mac Dougal, P.D. Dapkus, H.T. Lin, and D.H. Rich, Growth
and doping properties of AlGaAs/GaAs/InGaAs structures on nonplanar substrates for
applications to low threshold lasers, J. Crys. Growth 145, 824 (1994).

R.S. Goldman, H.H. Wieder, K.L. Kavanagh, K. Rammohan, and D.H. Rich,
Anisotropic structural, electronic, and optical properties of InGaAs grown by molecular

beam epitaxy on misoriented substrates, Appl. Phys. Lett. 65, 1424 (1994).
M. Meshkinpour, M.S. Goorsky, D.C. Streit, T. Block, M. Wojtowicz, K. Rammohan,
and D.H. Rich, The Relationship Between InGaAs Channel Layer Thickness and Device

Performance in High Electron Mobility Transistors, Mat. Res. Soc. Proc. Vol. 340, p.
327 (1994).
Y. Tang, D.H. Rich, E.H. Lingunis, and N.M. Haegel, Polarized Cathodoluminescence

Study of Stress for GaAs Grown Selectively on Patterned Si(100), J. Appl. Phys. 76,
3032 (1994).

K.C. Rajkumar, A. Madhukar, P. Chen, A. Konkar, L. Chen, K. Rammohan, and D.H.
Rich, Realization of Three-Dimensionally Confined Structures Via One-Step In Situ MBE

On Appropriately Patterned GaAs(111)B and GaAs(001), J. Vac. Sci. Technol. B12,
1071 (1994).

R.S. Goldman, K. Rammohan, A. Raisanen, M. Goorsky, L.J. Brillson, D.H. Rich,

H.H. Wieder, and K.L. Kavanagh, Anisotropic Structural and Electronic Properties of
InGaAs/GaAs Heterojunctions, Mater. Res. Soc. Symp. Proc. 340, 552 (1994).

Description of Primary Projects:

A. Development of Electron Beam-Induced Absorption (EBIA) Modulation

The results of this work during this period are described in the submitted and published

manuscripts as listed above. Briefly, the nonlinear optical and transport properties of nipi-doped
InGaAs/GaAs multiple quantum well samples have been studied using a novel approach called
electron beam-induced absorption-modulation (EBIA). The absorption in the samples is

4



Ny

modulated as a result of screening of the built-in electric field in the nipi structure due to excess
carrier generation. The change in field causes a Stark shift of the first quantized optical
transitions in QWs which are situated in the intrinsic layers. In EBIA, a scanning electron probe
is used to locally generate an electron-hole plasma that is used to study the spatial distribution
of defects that impede excess carrier transport and reduce the lifetime of spatially-separated
carriers. The local plasma serves as a probe that evaluates the way in which defects change the
screening of the bulit-in field. The Stark shift in the MQW structure is imaged with pm-scale
resolution and is compared with cathodoluminescence (CL) imaging results which show dark line
defects resulting from strain-induced misfit dislocations. Theoretical calculations using Airy
functions in the transfer-matrix method were used to determine the energy states, wavefunctions,
and carrier recombination lifetimes of the MQW as a function of the built-in field. A quantitative
phenomenological analysis is employed to determine the built-in field, excess carrier lifetime,
and ambipolar diffusion coefficient as a function of the excitation density. The defects are found
to create potential barriers and recombination centers which impede the transport and markedly
reduce the excess carrier lifetime.

B. Implementation of polarized CL to study local strain variations

We have also investigated local variations in the optical properties of InGaAs/GaAs using
linearly polarized cathodoluminescence imaging and spectroscopy. The influence of substrate
misorientation on the polarization anisotropy of excitonic luminescence in the InGaAs films was
examined. Local variations in excitonic polarization anisotropy and emission energy are found
to correlate spatially with dark line defects which result from the formation of interfacial misfit
dislocations. These findings could have significant ramifications on the designs of future SLM
devices. The ability to tailor the polarization properties by varying the substrate misorientation,
film thickness, and growth conditions could enable the development of light modulators based
on polarization modulation. This would be a novel approach for SLM applications with the
InGaAs/GaAs system, and we are just beginning to explore this possibility.

C. Studies of (InP),/(GaP), quantum wires

The nonlinear optical properties of (InP),/(GaP), bilayer superlattice (BSL) structures
have been examined with linearly polarized cathodoluminescence (LPCL) spectroscopy.
Transmission electron microscopy showed a composition modulation with periods of 100 to 800
A along the [110] direction, which occurs spontaneously during the growth, resulting in
coherently strained quantum wires. The strong excitation dependence of the polarization
anisotropy and energy of excitonic luminescence from the quantum wires was found to be
consistent with a band filling model, that is based on k'p and 2D quantum confinement
calculations. A temperature dependence of the QWR luminescence decay time reveals that
thermal activation of carriers in the QWR and transfer to and from In, ,,Ga, 5P barriers play an
important role in determining the measured lifetimes. The presence of disorder in the QWRs was

found to induce inhomogeneous regions which exhibit large variations in carrier capture and
band-filling.



D. Carrier kinetics of AlIGaAs/GaAs quantum boxes

The kinetics of carrier relaxation in GaAs/AlGaAs QWs, QWRs, and QDs have been
studied with time-resolved CL. In the cases of QWRs and QBs, the nanostructures were grown
via a size-reducing growth approach on pre-patterned GaAs(001) substrates composed of stripes
and mesas, respectively. The growth involved deposition of multiple GaAs/AlGaAs layers in
order to establish both structural and optical markers which facilitated the identification of
important features in transmission electron microscopy (TEM) and CL experiments. In TEM
measurements, the lateral dimensions of the top most GaAs layers in typical stripe and mesa
structures comprising the QWRs and QBs delineate GaAs regions expected to exhibit 2D and
3D quantum confinement effects, respectively. Time-delayed CL spectra of all three structures
reveal that the initial capture of carriers in the active regions occurs on a time scale less than
the temporal resolution of the CL system, ~ 100 ps, during the onset of luminescence. Hot
carriers, as a result of re-emission out of thin QWs surrounding the QWRs and QBs, exhibit
diffusive transport followed by relaxation into laterally-confined regions which exhibit confined
states of lower energy. This thermalization gives rise to a relatively slow onset and decay of
luminescence attributed to the lowest energy optical transitions. By comparing time-resolved CL
transients in these three structures, we find that the average luminescence onset and initial-decay
rates both decrease as the dimensionality of the system reduces from 2D to OD. These results
demonstrate that the rate of carrier relaxation, including the re-emission and diffusive transport

of carriers, will depend on details of the foral surrounding structure which comprises the
excitation region.

E. Studies of heterojunction phototransistors under operating conditions

We have studied the influence of misfit dislocations on hole accumulation in the base
layer of n-AlGaAs/p-GaAs/n-InGaAs heterojunction phototransistors (HPTs). Spatially and
temporally resolved cathodoluminescence (CL) measurements reveal that variations in the hole
accumulation is caused primarily by strain-induced defects which impede the transport of holes
in the collector. The lifetime of holes in the InGaAs/GaAs collector is found to be negligibly
affected by the underlying misfit dislocations in the InGaAs/GaAs collector. The reduction in
the local electron-beam-induced current (EBIC) signal by the dislocations is less than ~20%,
indicating that these defects have a minor impact on the overall device performance.

F. Optical properties of strained high electron mobility transistor (HEMT) samples

We have also examined the influence of strain relaxation on the excitonic recombination
and diffusion in In, ,Ga, 3;As/Al,Ga, ,As quantum well (QW) samples designed for high-electron
mobility transistors, using spectrally and spatially resolved polarized cathodoluminescence (CL).
Six molecular beam epitaxial grown samples, with varying channel thicknesses ranging from 75
to 300 A, were examined at various temperatures between 87 and 300 K. An increase in misfit
dislocation density occurred with increasing channel thicknesses and resulted in changes in the
dark line defect (DLD) density, polarization anisotropy, QW excitonic luminescence energy, and
luminescence activation energy, as observed in CL. The influence of misfit dislocations on the
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ambipolar diffusion of excess carriers in a direction parallel to the dislocation line, in varying
proximity to the DLDs, was examined with a CL-based diffusion experiment. The temperature
dependence of the CL imaging was examined, enabling a study of the spatial variation of the
activation energies associated with thermal quenching of the GaAs/Al, ,;Ga, ;;As multiple QW
and In, ,Ga, ;As QW luminescence.

In short, we have studied the interplay of structure and recombination dynamics in a
variety of heterostructure and nanostructure systems. An essential theme that has emerged in
these studies is that the use of novel probes in the SEM can facilitate the observation and
measurement of fundamental quantities that shed light on the way defects and structure influence
the optical and electronic properties. These results are expected to impact current thinking in the
implementation of light modulators and lasers.
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