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Section 1: STATEMENT OF THE PROBLEM

The objective of this experimental program was to define the
regimes in which scattering and carrier collection dominate the
performance of quantum well and superlattice devices. The program
consisted of five thrusts: 1) materials growth; 2) carrier collection
experiments; 3) utilization of ultra thin monolayer thick quantum
wells; 4) the understanding, control and utilization of dissipative
mechanisms for new device concepts, and; 5) the demonstration of
devices based on the concepts suggested by the results of thrusts 2,3,
and 4.

Quantum well and superlattice devices are high payoff
solutions to future high speed computer and communication systems.
Knowledge and control of semiconductor heterojunctions are key to
realizing the potential of advanced semiconductor devices and
designing new structures. Heterojunctions are already a
fundamental part of discrete electronic and optoelectronic
components. They will become a necessity to realize monolithic
photonic devices that combine electronic and optoelectronic
components. These interfaces will address the high speed optical
interconnect technology needed for distributed/parallel computing
and the special functions needed to break the electrical-optical-
electrical barrier that has prevented optical and electrical processing
from achieving their full potential.

Section 2: SUMMARY OF THE MGOST IMPORTANT RESULTS

in viewgraph form
(see next page)

Carrier Collection and Scattering in Quantum Well and Superlattice Devices: DAAL-03-90-G-0118
Robert M. Kolbas, North Carolina State University (919) 515-5257 (FAX): 515-3027
email:kolbas@eos.ncsu.edu




MAJOR ACCOMPLISHMENTS
Carrier Collection and Scattering in
Quantum Well and Superlattice Devices
DAAL-03-90-G-0118

The most important accomplishments of this program
and their relevance to the SDIO/IST goals are:

1) Demonstrated a vertical cavity surface emitting
laser with a submonolayer thick InAs active
region.

o Thinnest active region (3.25A) to support
stimulated emission even though the optical
feedback was perpendicular to the plane of the gain
region.

 Explained this unexpected result based on the
spreading out of the electron and hole wave
functions.

Relevance to SDIO/IST mission: Carrier
confinement, current confinement and current
confinement were already known to be important
design parameters for low threshold high
performance lasers. We have shown that carrier
collection and the size of the wave functions are
equally important design parameters for thin (<100A)
quantum based devices. These newly recognized
design parameters must be considered to correctly
design quantum well and mesoscopic devices. This
work provides a concrete analytical basis to explain
many of the empirical trends observed but not
explained in the semiconductor laser literature.
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2) Demonstrated a Bias Induced Color-tuned

Emltter (BICE):
 First demonstration of a voltage controlled dual- (or
multi-) wavelength semiconductor light emitter
based on the preferential collection of electrons and
holes.

» Wavelength was shifted S00A with the application
of low bias voltages (<5 volts)

» Device operation demonstrated at 77K and at room
temperature.

 Growth and fabrication are relatively simple.
Integration with GaAs based electronics should be
possible.

e Selective carrier collection has other important
photonic applications.

* Note that BICE operates on a fundamentally
different principle than Self Electro-optic Effect
Devices (SEED).

Relevance to SDI/IST mission: High speed optical
sources that can be integrated with electronics are
needed for optical interconnects and as interfaces
with optical processors. Wavelength division
multiplexing can be used to take advantage of the
huge bandwidth afforded by fiber optic or free space
communication. BICE is a new and easy to fabricate
approach to wavelength division multiplexing.
Selective carrier collection could also be used to
develop semiconductor lasers that are tunable over a
broad range of wavelengths. (See Appendix A and
related figures.)
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3) Phonon assisted stimulated emission:

e First confirming observation of phonon assisted
stimulated emission (DAAL-03-87-K-0051)

e Demonstrated the thinnest quantum well to exhibit
phonon assisted stimulated emission.

* First time resolved data of phonon assisted
stimulated emission.

Relevance to SDI/IST mission: Phonons play an
important role in thermalizing injected carriers in
laser diodes and are often the limiting factor in high
speed electronic devices. With respect to laser
diodes we have the opportunity to harness the
phonons rather than having them work against us as
they do in existing devices. Also, Holonyak and co-
workers have suggested that phonon assisted
stimulated emission may involve stimulated phonon
emission. If so, this would open up an entirely new
class of electron-photon-phonon interactions in
condensed matter.
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4) Other accomplishments:
» Tutorial paper on the density of states function that
explains many missing steps and clears up many
misconceptions about quantum wells.

* Improved laser thresholds by reducing surface and
bulk leakage currents.

e Reduced laser threshold in strained layer lasers by
heavy silicon doping.

e Enhanced/suppressed intermixing of quantum wells
for low loss waveguide applications.

e Optical matrix elements and the dielectric constant
of partially intermixed quantum wells.

Relevance to SDI/IST mission: All of these
accomplishment are consistent with the mission of
high performance high density optoelectronic circuits.
This work represents the discovery and application of
new phenomena in practical device structures.
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Accomplishments that involved joint funding:

S) Low temperature (Al)GaAs for three
dimensional Integrated Optoelectronic Circuits
(Joint funding with the NSF center for Advanced
Electromc Material Processing at NCSU.):
e At NCSU three important advances have been
made using low temperature (LT) GaAs and
AlGaAs. We have used LT (Al)GaAs as a surface
passivation layer to double the breakdown voltage
of GaAs (MESFET) transistors without sacrificing
the (transconductance) or other device
characteristics. Second, we have demonstrated
that is possible to grow laser quality epitaxial
layers on top of LT GaAs. Finally, we have
demonstrated that it is possible to make LT GaAs
conductive by the diffusion of Zn, opening the
possibility of producing electrical interconnects
through LT GaAs layers without having to etch via
holes.

Relevance to SDI/IST mission: All three of these
results have important implications to the
development of three dimensional integrated
optoelectronic circuits. Simply put LT GaAs could
be the glue that finally allows us to 'stick together
and stack on top' electrical and optical components
on a single semiconductor substrate in a controlled
and reproducible fashion. This should make it
possible to produce multilevel (3 dimensional
integration) integrated optoelectronic circuits that
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would be a major advance in meeting the demands
required for high speed optical interconnects (multi-
processor computers) and reconfigurable parallel
processing architecture.
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Accomplishments that involved collaborative efforts:

6) Light emission from silicon nanoparticles: (Dr.

Kingon's group grew the nanoparticles by gas phase

synthe81s with support from DAAL 03-89-K-0131.)
* Visible light emission from silicon nanoparticles (1-
10nm in diameter) at room temperature. Radiative
lifetime measured to be 1-2 ns at 77K and room
temperature.

 Removal of hydrogen improves the luminescence
(rather than killing it as reported for porous
silicon).

e Addition of oxygen has little effect on the
luminescence even when x-ray analysis indicates
that the particles are amorphous.

Relevance to SDI/IST mission: It is necessary to
understand origin of visible light emission from silicon
to determine if the technology has potential for future
applications. This will be very important for
monolithic integrated optoelectronic circuits and high
speed optical interconnects.
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Section 3: PUBLICATIONS
DAAL 03-90-G-0018 PUBLICATIONS

"Visible Light Emission from Silicon and Oxygen-Doped Silicon
Nanoparticles," D. Zhang, R. M.. Kolbas, P. D.. Milewski, P. Mehta, D. J..
Lichtenwalner and A.I. Kingon, accepted at the 1993 Electronic
Materials Conference.  Also, accepted for publication in the J.
Electronic Materials.

"Two Terminal Bias Induced Dual Wavelength Semiconductor Light
Emitter," D. Zhang, F. E. Reed, T. Zhang, N. V. Edwards and R. M.
Kolbas, Appl. Phys. Lett. 63, No. 23, pp. (13 Dec 1993). to be
published

"Vertical Cavity Surface Emitting Laser with a Submonolayer Thick
InAs Active Layer,” S. D. Benjamin, T. Zhang, Y. L. Hwang, M. S.
Mytych and R. M. Kolbas, Appl. Phys. Lett. 60, No. 15, pp. 1800-1802
(13 April 1532).

"Time Resolved and Phonon Assisted Stimulated Emission in AlGaAs-
GaAs Quantum Wells," S. D. Benjamin, J. H. Lee, Y. L. Hwang, T. Zhang
and R. M. Kolbas, Appl. Phys. Lett. 59, No. 3, pp. 351-353 (15 July
1991).

"Visible Light Emission from Silicon Nanoparticles," D. Zhang, R. M.
Kolbas, P. Mehta, A. K. Singh, D. J. Lichtenwalner, K. Y. Hsieh and A. L
Kingon, Materials Research Society, Fall Meeting, Dec. 2-6, 1991,
Boston MA; "Light Emission from Silicon,” Editors, S. S. Iyer, L. T.
Canham and R. T. Collins (Proceedings of Materials Research Society,
Pittsburgh, PA, 1991).

"A General Derivation of the Density of States Function for Quantum
Wells and Superlattices,” M. W. Prairie and R. M. Kolbas, Superlattices
and Microstructures Vol. 7, No. 4, pp. 269-277 (1990).

"Surface and Bulk Leakage Currents in Transverse Junction Stripe
Lasers," Y. K. Sin, K. Y. Hsieh, J. H. Lee and R. M. Kolbas, J. Appl. Phys.
69, pp. 1081-1090 (Jan. 1991).

"InGaAs-GaAs-AlGaAs Strained-Layer Lasers with Heavy Silicon
Doping," Y. K. Sin, K. Y. Hsieh, J. H. Lee, Y. Hwang and R. M. Kolbas, J.
Appl. Phys. 70, No. 2, pp. 568-573 (15 July 1991).
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"Enhanced/Suppressed Interdiffusion of Lattice Matched and
Pseudomorphic III-V Heterostructures by Controlling Ga Vacancies,"
R. M. Kolbas, Y. L. Hwang, T. Zhang, M. W. Prairie, K. Y. Hsieh and U. K.
Mishra, presented at the International Workshop on Multiple
Quantum Well Mixing, September 1990; also, published in Optical
and Quantum Electronics 24, pp. S805-S812 (1991).

"Enhanced/Suppressed Interdiffusion of InGaAs-GaAs-AlGaAs
Strained Layers by Controlling Impurities and Gallium Vacancies, "K.
Y. Hsieh, Y. L. Hwang, J. H. Lee, and R. M. Kolbas, presented at the
1989 Electronic Materials Conference. Published J. Electronic
Materials Vol. 19, No. 12, pp. 1417-1423 (1990).

"Diffusion of Zinc into GaAs Layers Grown by Molecular Beam Epitaxy
at Low Substrate Temperatures,” Y. K. Sin, Y. L. Hwang, T. Zhang and
R. M. Kolbas, J. of Electronic Materials, Vol. 20, No. 6, pp. 465-469
(1991).

"Monolayer Thick GaSbAs-GaAs Strained Layer Quantum Well
Lasers,” J. H. Lee, T. Zhang and R. M. Kolbas, presented at Conference
on Lasers and Electro-Optics, Baltimore (May 1991); also published in
the Technical Digest Series, Vol. 10, pp. 334-335.

"Optical Matrix Elements and the Dielectric Constant of Partially
Intermixed Quantum Wells," M. W. Prairie and R. M. Kolbas, accepted
with revisions, J. Appl. Physics.

"Effects of a Low Temperature "GaAs Buffer Layer on the
Interdiffusion of GaAs/AlGaAs Heterostructures During Thermal
Annealing," presented at the 6th Conference on Semi-insulating III-V
Materials, Toronto, May 13-16, 1990; also published in the
proceedings of the 6th Conference on Semi-insulating III-V
Materials. '

"The Elimination of Carrier Compensation Caused by a Low
Temperature MBE Grown GaAs Surface Layer in a GaAs MESFET
Structure,” Y. L. W. L. Yin, J. H. Lee, T. Zhang, R. M.. Kolbas and U. K.
Mishra, presented at the 1990 Electronic Materials Conference.

"Improved Breakdown Voltage in GaAs MESFET's Utilizing Surface
Layers of GaAs Grown at a Low Temperature by MBE," L. W. Yin, Y.
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Hwang, J. H. Lee, R. M. Kolbas, R. J. Trew, and U. K. Mishra, Electron
Device Letters 11, No. 12, pp. 561-563 (Dec. 1990).

"Evaluation of LT GaAs for High Speed Electronic and Analog
Optoelectronic Applications,” U. K. Mishra and R. M. Kolbas, Materials
Research Society, Fall Meeting Dec. 2-6, 1991, Boston MA; "Low
Temperature (LT) GaAs and Related Materials”, Editors G. L. Witt, R.
Calawa, U. Mishra and E. Weber (Proceedings of Materials Research
Society, Pittsburgh, PA, 1991).

"Laser Quality AlGaAs-GaAs Quantum Wells Grown on Low
Temperature GaAs," Y. Hwang, D. Zhang, T. Zhang, M. Mytych and R.
M. Kolbas, Materials Research Society, Fall Meeting Dec. 2-6, 1991,
Boston MA; "Low Temperature (LT) GaAs and Related Materials"
Editors G. L. Witt, R. Calawa, U. Mishra and E. Weber (Proceedings of
Material Research Society, Pittsburgh, PA, 1991).

"Dose Effects in Si FIB-Mixing of Short Period AlGaAs/GaAs
Superlattices,” A. J. Steckel, P. Chen, A. Choo, H. Jackson, J. T. Boyd, P.
P. Pronko, A. Ezis and R. M. Kolbas, Materials Research Society, Fall
Meeting Dec. 2-6, 1991, Boston, MA; "Advanced II-V Compound
Semiconductor Growth, Processing and Devices," Editors S. J. Pearton,
J. M. Zavada and D. K. Sadana, (Proceedings of Material Research
Society, Pittsburgh, PA 1991).

"Optoelectronic Properties of GaN, AlGaN, and AlGaN-GaN Quantum

Well Heterostructures," R. M. Kolbas and S. Krishnankutty, LEOS 1993

Summer Topical Meeting Digest on Visible Semiconductor Lasers, July
21-22, 1993, Santa Barbara, CA (IEEE Catalog Number 93TH0549-6,
Library of Congress Number 93-77778).

"Monolithically Integrated SQW Laser and HBT Laser Driver Via
Selective OMVPE Regrowth," D. B. Slater, Jr., P. M. Enquist, J. A.
Hutchby, F. E. Reed, A. S. Morris, R. M. Kolbas, R. J. Trew, A. S. Lujan
and J. W. Swart, Photonics Technology Letters 5, No. 7, pp. 791-794
(7 July 1993).

"Optical Absorption and Stimulated Emission from Monolayer Thick
Single Quantum Wells," D. Zhang and R. M. Kolbas, to be submitted to
the J. Appl. Physics.
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DAAL 03-87-K-0051 PUBLICATIONS

"Stimulated Visible Light Emission from Ultra-thin. GaAs Single and
Multiple Quantum Wells Sandwiched Between Indirect Gap
AlQ.49Ga(Q.51As Confining Layers," J. H. Lee, K. Y. Hsieh, Y. L. Hwang
and R. M. Kolbas, Appl. Phys. Lett. 56, No. 20, pp. 1998-2000 (14 May
1990).

"Photoluminescence and Stimulated Emission from Monolayer Thick
Pseudomorphic InAs Single Quantum Well Heterostructures,” J. H.
Lee, K. Y. Hsieh and R. M. Kolbas, Phys. Rev. B. 41, pp. 7678-7684 (15
April 1990).

"Stimulated Emission from Monolayer Thick AlxGaj.xAs-GaAs Single
Quantum Well Heterostructures,” J. H. Lee, K. Y. Hsieh, Y. L. Hwang
and R. M. Kolbas, Appl. Phys. Lett. 56, No. 7, pp. 626-628 (12 Feb.
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"Stimulated Emission in Ultra-thin (20A) AlxGa].xAs-GaAs Single
Quantum Well Heterostructures,” Y. C. Lo, K. Y. Hsieh, and R. M.
Kolbas, Appl. Phys. Lett. 52, pp. 1853-1855 (30 May 1988).

"Phonon Assisted Stimulated Emission in Thin (<55A) AlGaAs-GaAs-
AlGaAs Single Quantum Wells," Y. C. Lo and R. M. Kolbas, Appl. Phys.
Lett. 53, pp. 2266-2268 (5 Dec. 1988).

"Carrier Recombination Dynamics in Thin InGaAs-GaAs Single
Quantum Well Heterostructures," S. D. Benjamin, N. G. Anderson, and
R. M. Kolbas, Quantum Electronics and Laser Science Conference 1989
Technical Digest Series Vol. 12, 84 (1989).

"Laser Properties and Carrier Collection in Ultra-thin Quantum Well
Heterostructures,” R. M. Kolbas, Y. C. Lo, and J. H. Lee, IEEE Journal
Quantum Electronics 26, pp. 25-31 (Jan. 1990).

"Time Resolved Phonon Assisted Stimulated Emission in Quantum
Well Heterostructures,” 1989 Device Research Conference, IEEE Trans.
Electron Devices 36, No. 11, p. 2613 (Nov. 1989).

"Stimulated Emission from Monolayer Thick Quantum Well
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"Effects of a Low Temperature GaAs Buffer Layer on the
Interdiffusion of GaAs/AlGaAs Heterostructures During Thermal
Annealing," presented at the 6th Conference on Semi-insulating III-V
Materials, Toronto, May 13-16, 1990; also published in the
proceedings of the 6th Conference on Semi-insulating III-V Materials
pp- 77-82 (1990).

Publications that got out the door while waiting for a contract
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"High Efficiency Carrier Collection and Stimulated Emission in Thin
(SOA) Pseudomorphic InGaAs Quantum Wells," N. G. Anderson, Y. C.
Lo and R. M. Kolbas, Appl. Phys. Lett. 49, 758 (1986).

"Stimulated Emission from Ultra-thin (6.6A) InAs/GaAs Quantum
Well Heterostructures Grown by Atomic Layer Epitaxy," Appl. Phys.
Lett. 50, 1266 (1987).

"Negative Differential Resistance in a Strained Layer Quantum Well
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Section 4: PERSONNEL SUPPORTED and DEGREES GRANTED

PERSONNEL POSITION DEGREE EARNED
Robert M. Kolbas Principal Investigator
Dahua Zhang Research Assistant MS June 1990,
Ph. D. Dec. 1993
Rick Reed * Research Assistant
Will Rowland Research Assistant MS June 1993
Mark Mytych * Research Assistant MS June 1992
Nora V. Edwards * Research Assistant MS June 1993
Jay Sun Research Assistant transferred to Cal Tec
David Benjamin Research Assistant Ph. D July 1991
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Two-terminal bias induced dual wavelength semiconductor light emitter

D. Zhang, F. E. Reed, T. Zhang, N. V. Edwards, and R. M. Kolbas
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Raleigh, North Carolina 27695-7911

{Received 10 August 1993; accepted for publication 2 October 1993)

A new form of light emitting devices called BICE (bias induced color-tunable emitter) is
reported. It is a voltage controlled multiwavelength semiconductor light emitter based on the
bias dependent injection and collection of electrons and holes in quantum wells. In this letter,
two-terminal dual wavelength BICE operation is demonstrated. It exhibits coaxial optical
output, a large separation between emission wavelengths (> 500 A) and an emission contrast

ratio ranging from 4:1 to 1:33 at 77 K.

Quantum well heterostructures (QWH) have attracted
significant interest because they offer improved perfor-
mance and design flexibility.! QWH lasers and LEDs have
grown and diversified into a whole range of sophisticated
optoelectronic devices specifically designed for a variety of
important applications.>>. However, additional advanced
components are needed for future systems, which make
strong demands on cost, functionality, and performance.

Future advances in optoelectronics require a better un-
derstanding of physical processes in semiconductor
QWHs. For many years now, carrier collection processes
in QWHs have been studied and are considered to be an
important criterion for laser operation.*® In this letter, a
bias induced color-tunable emitter (BICE) based on selec-
tive carrier collection is reported.

BICE is a novel wavelength tunable light emitting de-
vice designed for multiwavelength emission along a single
optical axis. The emission wavelength is selected by an
applied voltage. The optical output power is controlled by
an applied current (three-terminal BICE) or an applied
optical pump (two-terminal BICE). In this letter, two-
terminal BICE operation is demonstrated (using a three-
terminal BICE device structure).

The BICE structure described in this work was grown
by molecular beam epitaxy (Varian 360) on a Si-doped,
(100)-oriented GaAs substrate. The growth of the struc-
ture proceeded as follows. First a 5000 A #-GaAs (Si~$
% 10" cm~?) buffer layer was grown at 628 °C, then a
3000 A n-Aly;Gag;As(Si ~3Xx 10" cm—?) layer was de-
posited followed by a 2000 A p-AlysGaggsAs(Be ~8
X 10'® cm~3) layer with the substrate temperature held at
686 °C. The undoped active region, consisting of a 200 A
GaAs single quantum well (SQW) and an Al ;sGag gsAs-
GaAs multiple quantum well (MQW, 12 periods of 17 A
GaAs and 30 A Aly,;GaggsAs) located 7000 A apart (in-
sert of Fig. 1), was then grown at a substrate temperature
of 640 °C. Subsequently, a 1000 A n-Aly,sGag gsAs(Si ~5
% 107 cm™?) layer was deposited followed by a 3000 A
p-Alg3GagsAs (Be ~5%10" cm~3) layer with the sub-
strate temperature held at 686 °C. Finally, a 500 A p-GaAs
(Be ~10' cm™?) cap layer used to improve the ohmic
contact was then grown at 628 °C to complete the struc-
ture. A schematic diagram of the BICE structure is shown
in Fig. 1. ’

The processing of the two-terminal surface emitting
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BICE proceeded as follows. First a 160 um X 160 um mesa
for device isolation was formed by wet chemical etching. A
SiO, insulating layer was then deposited on top of the
structure followed by HF etching to open a top contact
window. Finally, to form ohmic contacts, a metal annulet
(Cr/Au) was deposited on top of the mesa and AuGe/Au
was deposited on the back side of the sample by electron
beam evaporation.

To test the device, the sample was cooled to 77 K,
photoexcited by an argon-ion laser (A=5145 A) and bi-
ased with a variable dc voltage. The sample was considered
to be forward biased when the top epilayer had a higher
potential than the substrate, which reverse biased the cen-
tral active region. Luminescence from the sample was col-
lected and analyzed using a 0.5 m spectrometer and a S-1
photomultiplier.

The emission spectra obtained from the BICE sample
described above are shown in Fig. 2 for various forward
bias voltages. Note that the scales for all three curves are
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FI1G. 1. Schematic diagram of the two-terminal BICE device. The active
region of the structure is inserted in the upper lefi-hand corner of the
diagram. Percentage value in parenthesis corresponds to the aluminum
composition, x, in Al,Ga;_,As.
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FIG. 2. Emission spectra of the BICE under various forward bias voit-
ages. Note that all three curves are on the same scale. Forward bias

corresponds 10 a positive potential spplied to the top epitaxial layer rel-
ative to the substrate.

the same. The peaks at 7660 and 8200 A correspond to
n=1 electron-to-heavy hole transition of the MQW and
the SQW, respectively. When there is no applied voltage on
the sample (i.e.,, open circuit), the emission from the
MQW dominates the spectrum [Fig. 2(a)]. Then, with a
forward bias of 2.0 V, the short wavelength MQW peak
remains relatively constant while the SQW peak increases
and becomes comparable to the MQW peak [Fig. 2(b)]. By
increasing the voltage (AV=0.1 V) to 2.1 V, the MQW
emission decreases dramatically and the SQW emission
continue to increase as shown in [Fig. 2(c)]. As will be
shown later, the contribution of electroluminescence is
negligible in this case.

The dramatic change in the emission spectrum is
achieved by changing the relative carrier collection and
recombination efficiency in the SQW and the MQW with
the applied voltage. Since the undoped active region of the
sample is slightly p-type (N,=4X 10" cm~?), it is par-
tially depleted near the top n layer without applied bias.
The active region can be fully depleted with increased for-
ward bias. When photoexcited, the net effect of photogen-
erated electron-hole pairs is to flatten the bands, which is
equivalent to forward biasing the junctions. Electrons and
holes can then inject efficiently into the active region from
the bottom and the top pn junctions, respectively, under
the electric field across the sample. Carriers can be col-
lected by the MQW and the SQW and recombine to give
rise to light emission. The carrier collection efficiency var-
ies dramatically for the MQW and the SQW under differ-
ent electric fields. Thus a large contrast of emission inten-
sity at different wavelengths is achieved.

The emission spectra obtained from the BICE under
reverse bias conditions are shown in Fig. 3. For compari-
son, the open circuit spectrum is included (Fig. 3(a)].
With increasing reverse bias, the SQW emission fades away
and the MQW emission intensity increases just slightly.
Note that reverse biasing of the sample forward biases the
junctions of the active region. Therefore, the charge deple-
tion on either side of the active region occurs only near the
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FIG. 3. Emission spectra of the BICE under various reverse bias voltages.
Note that all three curves are on the same seale.

interfaces with the highly doped layers. Both the MQW
and the SQW are then in a neutral region with little electric
field. Since the MQW is closer to the top layers, photogen-
erated electrons from the top active region interface layer
and holes from the large middle part of the active region
(7000 A) diffuse toward the MQW region. Thus the emis-
sion intensity of the MQW is much larger than that of the
SQW.

To further investigate the physical mechanisms of two-
terminal BICE operation, the device has been examined
under the same bias conditions with and without optical
pumping (Fig. 4). Under forward bias condition (2.1 V)
without optical pumping, only a very small pesk corre-
sponding to the SQW emission is observed as shown in Fig.
4(c). Similarly, no emission signal is observed for the re-
verse bias case (data not shown). This result indicates that
electroluminescence is negligible, and that carrier diffusion
and collection are significant mechanisms in photoexcited
BICE operation.

Defining the intensity contrast ratio, R, as P;;: Py, or
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FIG. 4. Emission spectrs of the BICE with and without optical pumping
with a forward bias of 2.1 V and reverse bias of 5.0 V. No emission signal
is observed for the reverse biased case without optical pumping (data not
shown). Note that all three curves are on the same scale. The contrast
ratios are messured based on (a) and (b).




Psow! P“Qw. R=1:33 in reverse bias and R=4:1 in for-
ward bias [Figs. 4(a) and 4(b)]. Note that a large contrast
ratio is achieved by anplying only a few volts at very low
currents and all applied voltages were below those neces-
sary to obtain p-n-p-n switching action.’ This device also
works at room temperature, but the contrast ratio is re-
duced. Improved performance at 77 K and room temper-
sture should be possible with an improved design and
tighter control of the epitaxial material.

In conclusion, a novel optoelectronic device, BICE,
has been demonstrated. A digital switching range of more
than 500 A was demonstrated. A larger tuning range
(>2000 A) may be possible by adjusting the active region
design. Because of its large tuning range, low operational
voltage and coaxial output, the BICE concept has potential
applications in wavelength division multiplexing and
broadly tunable semiconductor lasers.

This work was supported by the Strategic Defense Ini-
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Vertical cavity surface emitting laser with a submonolayer thick InAs

active layer
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of Electrical and Computer Engineering, North Carolina State University, Raleigh,

North Carolina 27695-7911

(Received 27 June 1991; accepted for publication 4 February 1992)

We report photopumped operation of a vertical cavity surface emitting laser where the active
region coasists of a single pseudomorphic InAs-GaAs quantum well that is less than one
monolayer thick. This represents the thinnest active layer to support stimulated emission when
the optical feedback is perpendicular to the layer. Lasing action supported across s
submonolayer thick quantum well can be understood by considering the effects on the carrier
collection process and the gain across an ultrathin quantum well due to the spreading out of the
electron and bole wavefunctions. Pulsed lasing due to gain across the InAs quantum well is
confirmed for photoexcitation energies above and below the band edge of the GaAs confining

layers at 17 and 77 K.

Early work on single quantum well I1I-V seimconduc-
tor lasers indicated that the carrier collection in thin
(L, <100 A) undoped wells becomes ineffective and thus
cannot support stimulated emission.? Recently single
quantum wells as thin as 2 monolayers (ML) for AlGaAs-
GaAs and 1| ML for GaAs-InAs have been shown to sup-
port low threshold laser operation®* which indicates that
ultrathin wells collect carriers very effectively despite the
fact that the well is much thinner than the scattering path
length of the excess carriers. These results can be under-
. stood by taking into account the spatial extent of the elec-
wells, rather than the physical dimensions of the quantum
well when considering the collection of carriers in an ul-
trathin well®

In previous work on semiconductor lasers with con-
ventional cleaved cavities, the optical feedback was parailel
to the plane of the quantum well. A new configuration, the
vertical cavity surface emitting laser (VCSEL)® places the
optical feedback perpendicular to the plane of the active
layer (quantum well) by incorporating 1/4 wave stack
mirrors into the layers comprising the structure. In this
letter we report stimulated emission from a VCSEL where
the optical feedback is perpendicular to a submonolayer
thick InAs quantum well active layer. Although this rep-
resents the thinnest active layer to support stimulated
electron and hole wavefunction spreading increases the ef-
fective gain region to many times the thickness of the quan-
tum well.

The vertical cavity surface emitting laser (VCSEL)
structure (Fig. 1) grown by molecular beam epitaxy in a
Varian 360 MBE system consists of 1/4 1 stack GaAs-
AlAs mirrors grown at 640 °C sandwiching a 10 2 GaAs
spacer grown at 640 °C. The active layer in this structure,
a single submonolayer InAs quantum well, is located at an
antinode in the GaAs spacer 1/2 A from the top mirror.
The InAs quantum well was grown at 550 °C by ramping
the growth temperature down to 550 °C before the growth
and then back up to 640°C immedistely following the
growth of the InAs quantum well. The all binary nature of
this design would lend itself to growth by atomic layer
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epitaxy which provides the precise control of layer thick-
nesses and uniformity that is required for VCSELs.

The mirrors are highly reflective over a broad wave-
length range centered on the emission of the InAs quantum
well and extending to wavelengths shorter than the GaAs
band gap. This prevents photoexcitation of the quantum
well from the surface of the sample due to the high degree
of absorption and/or reflection of the pump laser in this
wavelength range. To allow photoexcitation of the quan-
tum well cnly (Avpy,, above the quantum well emission
but below the GaAs band gap) the sample was cleaved
allowing photopumping in the plane of the InAs layer
while observing the emission perpendicular to the InAs
layer as shown in Fig. 1.
photopumping configuration is shown in Fig. 2 at 17 aad
77 K for photoexcitation above and below the band gap of

hv vCSEL
[ KD -
4]
MRROR Py
h L ——
v R
Loger SUAMITYE WL
PUMP Cooitiation ACTVR Raten
Gade § VB
ke W% [
BOTTOM 2712
MIRROR Pairs
Goda V1,

FIG. 1. Structure and photopumping schems of s VCIEL with & sub-
monolayer thick InAs quantum well active region. The 174 2 tep and
bottom mirrors sandwich a 10 2 GeAs spacer which contains s ssbmens-
layer thick InAs quantem well active region. The VCEEL is phote-
pumped (Av PUMP) from & cleaved edge and the emission (4v VCEEL)
is observed normal 10 the ss-grown surface.
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FIG. 2. Output power characteristics of a submoaolayer InAs VCSEL for
photoexcitation above and below the band gap of the GaAs confining
Iayers (but sbove the InAs quantum well transition energy) at 77 and 17
K. Stimulsated emission whea photopumping below the GaAs band gap
confirms that the InAs quantum well supports the laser action. To esti-
mate the equivalent current deasity'’ in kA/cm? multiply incidest powers
given in watts by 13. The output of the sample at 17 K for above GaAs
band gap pumping was limited by the pump power available at that
wavelangth.

the GaAs confining layers, but above the lowest confined
state in the quantum well. The photoexcitation source is a
Spectra Physics argon ion laser pumped dye laser that is

cavity dumped to obtain 8 ns pulses at a 4 MHz repetition
rate. The emission from the surface of the VCSEL is de-

tected with a calibrated United Detector Technology Op-
tometer for power measurements or an ISA 0.32 m spec-
trometer and S1 photomultiplier tube for spectral
messurements. For photoexcitation above the band gap of
Muﬂlhwlehnwhhupw&!»mw&puk
output power for 1.7 W of pesk imput power'® and has a
minimum laser threshold of 300 mW pesk input power
when the sample lases at §37 nm. Photopumping at an
energy below the GaAs bend gap photoexcites carriers in
the InAs qguantum well only and provides farther confor-

mation that the lasing action is due 0 the InAs quantum .

well with a laser threshold around 300 mW peak power
and up t0 6.25 mW of pesk output power for 2.4 W peak
input power. The beam divergence is typically 10° which
corresponds to a lasing spot dismeter of § ym. From the
two curves on the right-hand side in Fig. 2 the lasing
thresholds are lower for laser operation at 17 K which is
likely due to linewidth enhancement of gain sad the
capture/escape dynamics of carriers in monolayer thick
wells.’ The 17 K results will be discussed in detail below.

When a quantum well is placed close to a highly re-
ﬂectmgmmortheortmlennimmﬁud&eqm-
tumn well are altered’ and when placed in a feedback cavity
the observed emission must also satisfy the Fabry-Perot
modes of the cavity. In order to examine the emission
properties of the quantum well buried in this structure the
central Fabry-Perot mode of the cavity is scanned over the
wavelength range of interest by transiating the pump beam
along a cleaved edge of the sample while observing the
photoluminescence from the surface of the sample. This is
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17
A2 am

124 W posk power
8 ns pulee &t 4 MMz
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FIG. 3. Photoluminescence spectra of the InAs quantum well a2 17 K
obtuined by transiating the excitation spot along a cleaved edge of the
wafer 10 locations with feedback at differeat wavelengths due (0 nonuni-
form Iayer thicknesses across the wafer. The narrow peak indicates the
high quality of the InAs quantum well which is betwoen 0.5 and 0.9 ML
based on extrapolation of reports by other workers.

possible due to nonuniform layer thicknesses across the
sample which was not rotated during growth. The result-
ing photoluminescence peak shown in Fig. 3 is narrow
indicating the high quality of the quantum well and the
transition energy enables us to assign an InAs layer thick-
ness of 0.5-0.9 monolayers based on extrapolation of the
results of other workers.>!! A simple envelope function
finite quantum well calculation for the confined particle
energies'? matches the observed emission energy for a layer
thickness of 2.1 A or 0.7 ML. This patchy monolayer can
be described as a submonolayer quantum well since the
lateral extent of the microscopic hills and valleys that make
up the layer is expected to be less than the exciton radius.®

To verify that the lasing action is due to the InAs
quantum well, the lasing threshold and maximum lasing
intensity of the VCSEL are measured as the central Fabry-
Perot mode of the cavity is scanned across the gain of the
quantum well. For photoexcitation above the band gap of
the GaAs confining layers as shown in Fig. 4(a) the min-
imum laser threshold and maximum VCSEL output occur
on the long wavelength side of the InAs quantum well peak
as expected for photopumped quantum well lasers.!* When
only the InAs quantum well is excited by photopumping
below the band gap of the GaAs, similar laser threshold
and output intensity curves are obtained as shown in Fig.
4(b). This is the most convincing evidence for the lasing
action being due to gain across the InAs quantum well and
not due to gain from the GaAs confining layers since the
photoexcitation is far below (> 10 kT) the GaAs band
edge allowing carriers to be generated in the quantum well
oaly. The output powers are higher for sub-band-gap pho-
toexcitation because more pump power was available at
that wavelength. The lasing threshold is higher when
pumping only the InAs quantum well as one might expect.

We bave demonstrated that a submonolayer thick
InAs quantum well placed in a VCSEL feedback cavity has
sufficient gain to support stimulated emission when the

Benjamin of al. 1801




0.3 300 ~
i e | B
T e
g i

: 1 3
15 : Npgue > £,(GoAs) ] g
° - - terhsitetttied
(s)
Ay s00 _
g! vy, < £ (GoAS) 1 %
T ' {1l
i 1 I
).",-m'\m < 200
!i 1 8 s putse 4 Mz ) E
00;; T T

Lasing Wl:;l)-nom (nm)

FIG. 4. VCSEL output and lasing threshold for photoexcitation (a)
sbove and (b) below the band gsp of the GaAs confining Iayers. Lasing

was varied by tramslating the excitation spot along the cleaved
edge of the wafer, thereby tuning the Fabry-Perot mode of the structure
. due to the nonuniform layer thicknesses across the wafer. (a) Minimum
lasing threshold and maximum laser output correspond to the InAs quan-
tum well photoluminescence. (b) the VCSEL lases even though the pump
is > 10 kT below the GaAs band edge confirming that the laser action is

supported by the InAs quantum well.

feedback axis is perpendicular to the quantum welil layer.
This laser action with the shortest active medium reported
to date can be understood by considering the spatial extent
of the wave functions of the confined carriers instead of the
physical dimensions of the quantum well when describing
the carrier collection and optical gain propetties of ultra-
thin quantum wells. The spreading out of the wave func-
tions would also increase the overlap of the fiekl at the
emitting electron-hole pair with the reflected part of the

emitted photon, thereby enbancing self-stimulated photon

1802 Appl. Phys. Lett, Vol. 80, No. 15, 13 April 1992

emission.'* This additional increase in gain would help to
explain laser action supported across ultrathin quantum
wells.

These low-temperature results suggest that room-tem-
perature laser action supported across an ultrathin quan-
tum well would be possible provided that the carrier cap-
ture by the quantum well could compete favorably with the
in a 2 ML InAs-GaAs quantum well since the electron
bound state is several kT deep in the quantum well.*® The
advanced growth techniques®'® required to grow high
quality 2 ML InAs-GaAs quantum wells must be incorpo-
rated into the growth of a VCSEL to realize room-temper-
ature lasing action in a VCSEL with an ultrathin active
layer.

This work was supported by the Strategic Defence Ini-
tiative Organization/Innovative Science and Technology
Office through the Army Research Office DAALO3-90-G-
0018.
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Time-resolved phonon-assisted stimulated emission in AlGaAs-GaAs

quantum wells
S. D. Benjamin, Y. C. Lo, and R. M. Kolbas

Department of Electrical and Computer Engineering, North Carolina State University. Raleigh,

North Carolina 27695-7911

(Received 3 December 1990; accepted for publication 15 April 1991)

Time-resolved photoluminescence of phonon-assisted stimulated emission is reported for the
first time. The temporal characteristics of the phonon-assisted stimulated emission are
distinct from the stimulated emission from the quantum states. The phonon-assisted
recombination is always delayed in time with respect to the confined particle

transitions and has a larger full width at half maximum than the confined particle transitions.
The dynamics of stimulated phonon emission along with the smaller transition probability

for the phonon-assisted process may account for the distinct temporal characteristics. Data are
presented on the emission intensity versus wavelength versus time from which the
dependence of the delay on excitation intensity is extracted.

Several years ago Holonyak et al. reported that
AlGaAs-GaAs quantum well heterostructures (QWHs)
were capable of laser operation on phonon sidebands. '
This phonon-assisted stimulated emission was character-
ized by emission one or more longitudinal optical phonon
energies (Awy o = 36 meV) below the allowed quantum
well electron-hole recombination transitions. For several
years other researchers were unable to reproduce the same
laser features and suggested that the 36 meV shift observed
by Holonyak was due to impurities,® band-gap renormal-
ization,’ or optical absorpnon losses in the unexcited por-
tions of the sample.® Recent independent work’ has con-
firmed the original findings and simultaneously shown the
new results to be inconsistent with impurities, bandgap
renormalization, or absorptlon phenomena. Most recently
Holonyak and coworkers'®'* have pointed out why other
workers may not have observed phonon-assisted stimu-
lated emission in their experiments. Phonon-assisted stim-
ulated emission has now been observed in AlGaAs-GaAs,
InGaAs-GaAs'*'® grown by either metalorganic chemical
vapor deposition or by molecular beam epitaxy and in
InAlGaP (Ref. 16) grown by metalorganic chemical vapor
deposition. It has been observed in single quantum well
heterostructures (SQWHs) and multiple quantum well
heterostmctursthhawndevanetyofthmknmmd
confining layer compositions. -

In this letter we present time-resolved photolumme-
cence of phonon-assisted stimulated emission in AlGaAs-
GaAs single quantum well heterostructures. The temporal
characteristics of the phonon-assisted stimulated emission
are distinct from the confined particle transitions in that
the phonon-assisted process is always delayed in time &ad
typically has a wider temporal full width at half maximum
than the other recombination processes. These results are
consistent with a previous suggemon that stimulated pho-
non emission can occur in QWHs.?

The separate confinement single quantum well hetero-
structures used in this work were grown by molecular
beam epitaxy at a rate of approximately 125 A/min. Each
sample consisted of 2 0.5 um Al 35Gag¢sAs cladding layer,
a2 500 A Alg,sGaggsAs confining layer, a GaAs quantum
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well (17, 34, or 54 A), a 500 A Aly,sGagsAs confining
layer, and finally a 0.5 um Alj;sGag ¢sAs cladding layer.
Additional details of the growth can be found elsewhere.!?
Note that these same SQWH samples have shown very
efficient carrier collection and are capable of low threshold
laser operation, in spite of the fact that the single quantum
well is undoped and of dimensions that were previously
thought to be too small to effectively collect carriers.'
Sample preparation for the photopumped lasers con-
sisted of removing the GaAs substrate from the epitaxial
layers by mechanical polishing and selective etching, cleav-
ing the remaining film into rectangular platelets 20-200
ymmwxdth.andpremngthephte!eumtomdmmmda
a sapphire window.'? The rectangular geometry is impor-
tant because the higher absorption loss in the unpumped
length-wise direction favors emission at lower energy, and
thus facilitates identification of phonon-assisted stimulated
emission. ' The samples are photoexcited in the confining
region and quantum well (E,<Epyp) by 2 5 ps
(Apump = 6500 A; 82 MHz repetition rate) optical pulse
produced by synchronously pumping a dye laser excited
with_the output of a mode locked and frequency doubled
Nd:YAG laser. Luminescence from the samples is col-
lected and analyzed using a 0.32 m spectrometer and a
streak camera system. The resolution of the system is ap-
pmﬁmtelylSpsmleA,ﬁmitedinbothmbyche

The 77 K time-resolved stimulated emission spectra
from a photopumped rectangular sample from the 54 4
single quantum well heterostructure is shown in Fig. 1.
The dark and light markers on the wavelength axis indicate
the calculated positions of the #n = 1 electron to heavy hole
(e—hh) and n = 1’ electron to light hole (e—1h) confined
particle transitions. The zero on the time scale corresponds
to the arrival of the 5 ps optical pulse and thus to carrier
generation in the confining region of the sample. The two
laser modes in the foreground correspond to stimulated
emission from the n = 1’ e—1h transition. Lasing on these
modes is delayed with respect to the lasing on the adjacent
modes which are due to stimulated emission from the
bandfilled n = 1 e—hh transition. This delay is expected
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Single Quantum Well
AlGanGlAs-Ale
Lz=54

T=77K

30pJd/em2

FIG. 1. 77 K time-resolved stimulated emission spectra from a photo-
pumped, rectangular sample (Ssxzioum)withnﬂlsingleqmmm
well. The 2ero on the time scale corresponds to the excitation of the

sample by the 5 ps optical pulse. The laser modes in the foreground
correspond to lasing from the n =1’ e~lh and n = | e~hh confined
particle transitions. The phonon-assisted stimulated emission (back-
ground) which occurs about 36 meV below the » = 1’ ¢ to th transition is
delayed with respect to the # = 1 and 1 = 1’ emission and has a larger full
width at half maximum.

since the gain at the bottom of the light hole band would be
less than the gain well above the bottom of the heavy hole
band. The absence of lasing near the bottom of the heavy
hole band is not surprising in light of the tendency for
samples heat sunk as in this work to lase at energies above
the lowest confined particle state.'? The peak in the pho-
toluminescence lines u1p with the heavy hole marker at low
excitation intensities,'” confirming our calculation of tran-
sition energies.

The phonon-assisted stimulated emission from this
sample is seen in the background of Fig. 1, located about
one longitudinal optical phonon energy (#iw o = 36 meV)
below the n = 1’ e~1h confined particle transition energy.
This emission was due to lasing along the length of the
sample with closely spaced modes not resolved by the
streak camera system (but resolved in time-integrated pho-
toluminescence’). The phonon-assisted stimulated emis-
sion is clearly delayed with respect to the lasing on the
confined particle states and it has a larger full width at half
maximum. Part of the delay could be caused by the fact
that the laser cavity for phonon-assisted stimulated emis-
. sion is longer and would thus have a higher Q. However we
have studied a large number of samples and have not been
able to correlate the delay to the length or width of the
platelets. As well, preliminary results from a computer so-
lution of the rate equations for this system? indicate that
only a portion of the delay can be explained in terms of
resonator cavity effects.
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FIG. 2. Delay of the strongest lasing modes from the bandfilled » = |
electron to heavy hole and the phonon-assisted stimulated emission vs
excitation energy density per pulse for the same sample as in Fig. 1. The
delay of both processes from the pump puise at ¢ = 0 decreases at higher
pumping levels. The delay of the phonon-assisted process with respect to
the a = | process also decreases at higher excitation densities.

The delay time between the pump pulse and lasing
from the bandfilled n =1 e—~hh confined state and the
phonon-assisted process is correlated to the excitation en-
ergy density per pulse as shown in Fig. 2. These delay times
were obtained from the strongest lasing modes in Fig. |
and from similar data obtained at lower excitation densi-
ties. Note ti .t the delay for both processes decreases at
higher excitation density and also that the delay of the
phonon-assisted lasing with respect to the # =1 e—hh
quantum well lasing also decreases slightly at higher exci-
tation density. Part of the delay of the phonon-assisted
lasing with respect to the n = | e—hh quantum well Jasing
may be due to the build up of stimulated phonon emission
which then facilitates phonon-assisted stimulated emission.
In addition the weaker matrix element expected for pho-
non-assisted recombination’' would lead to lower gain and
contribute to the delay of the phonon-assisted stimulated
emission with respect to the stimulated emission from the

=1 e—hh quantum well transition. This delay ranged
from 20 to 100 ps for all of the samples and structures used
in this work and should not be confused with the phonon
emission time associated with the relaxation of photoex-
cited electrons which is two orders of magnitude shorter.?

The 77 K time-resolved stimulated emission spectra
from a rectangular sample from the thinnest single quan-
tum well structure (17 A) studied in this work is shown in
Fig. 3. Due to the increased confinement in this thin well
the separation between the n=1 e—~hhand n=1' e~lh
energy states is increased which causes the n =1 lasing
and the phonon-assisted lasing to occur closer in wave-
length. This has made identification of the phonon-assisted
process in this sample difficult using only time integrated
photoluminescence spectra. However from the time-re-
solved photoluminescence spectra of Fig. 3 the long wave-
length peak is delayed from and has a wider FWHM than
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FIG. 3. 77 K time-resolved stimulated emission spectra from a photo-
pumped, rectangular sample (75X 288 um) with a 17 A single quantum
well. Lasing from the n = 1’ electron to light hole state (foreground), and

the a = | electron to heavy hole state (middle) are clearly visible. The
phonon-assisted process (background) is delayed and has a wider full
width at half maximum than the other processes.

the lasing from the confined particle transitions, character-
istic of the phonon-assisted process.

The dependence of the delays on the excitation density
is shown in Fig. 4 for the 17 A sample where data were
taken only from the most intense of the n =1 e—~hh and
phonon-assisted laser modes in order to obtain a larger

200
Single Quantum Well
AlGaAs-GaAs-AlGaAs
Lz=17

1sob T=77K

® Enxt -Tiogo
® n=t

Delay to Peak (ps)
8

o .
0 .6 . 10 18
Energy Density (p.llcmz)

FIG. 4. Delay of n = 1 electron to heavy hole and phonon-assisted stim-
ulated emission vs xcitation density for the same sample =3 in Fig. 3. The
delay of both processes from the pump pulse at ¢ = 0 decreases at higher
pumping levels. The delay of the phonon-assisted process with respect to
the n = | process also decreases at higher excitation densities.
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‘number of data points in a short time. As before the delays
- of both processes are shorter at higher excitation densities

and the delay of the phonon-assisted lasing with respect to
the n = 1 state lasing is also slightly shorter at higher ex-
citation densities. Similar results were obtained for a 34 A
SWQH also studied in this work.

Time-resolved optical spectroscopy has aided in the
identification of phonon-assisted stimulated emission
which is delayed from lasing on the confined particle states
in AlGaAs-GaAs photopumped lasers. The delay of the
phonon-assisted process could be due to resonator cavity
effects, stimulated phonon emission or from the weaker
matrix element that would be expected for the phonon-
assisted process. However, preliminary results from a com-
puter solution of the rate equations for this system? indi-
cate that only a portion of the delay can be explained in
terms of resonator cavity effects.
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ABSTRACT

Orange-red light emission has been observed for the first time from
crystalline silicon nanoparticles produced by gas phase synthesis in a
non-thermal microwave plasma. The size and crystalline nature of the
particles have been confirmed by transmission electron microscopy and
X-ray diffraction. Photoluminescence at 300 K and 77 K has been
measured and analyzed. The emission spectra are consistent with
quantum mechanical calculations based on a quantum box.

INTRODUCTION

Recently there has been considerable interest in visible light
emission from silicon (Si) nanostructures.l.2.3 Most recent reports have
concentrated on porous Si quantum wire structures, although the earliest
reports focused on microcrystalline Si:H.3 In this paper, the
luminescence and structural properties of crystalline silicon
nanoparticles produced by gas phase synthesis are presented. Visible
orange-red light emission has been observed. The Si nanoparticles were
characterized by transmission electron microscopy (TEM), X-ray
diffraction (XRD), and both time-integrated and time-resolved
photoluminescence. A simple quantum mechanical calculation based on
a quantum box is presented.

EXPERIMENTAL PROCEDURE

The crystalline silicon nanoparticles examined were prepared
using’ a non-thermal microwave plasma reactor®. Electronic grade silane
(SiH4) was used as the precursor gas, and ultrahigh purity argon (Ar)
served as a carrier gas and a diluent. A mixture of 10 sccm SiHgand 90
sccm Ar were used, with the system pressure held at 1 torr and a
plasma power of 150 watts. The gas flow was laminar, allowing the
particles produced in the plasma region to be carried downstream where
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they were collected on a Teflon filter paper (10 um pore size) mounted
in the reactor tube. An advantage of this synthesis technique is that
alternative semiconductor materials can also be prepared as
nanocrystalline particles.

The microstructural properties of the Si particles were analyzed
using TEM (Hitachi H-800, 100 kV electron energy) and XRD (Rigaku
diffractometer, Cu(Ka) radiation, A=1.5418A). Preparation for
photoluminescence consisted of pressing the silicon particles into indium
on a copper plug as a heat sink. The samples were then photoexcited
using an argon ion laser (A=5145A, pulsed). Luminescence from the
sample was collected and analyzed using a 0.5-m spectrometer and a
cooled S-1 phtomultiplier. The radiative lifetime measurements were
performed using a 5 ps (Apump = 6586 A, 82 MHz repetition rate) optical
pulse from a synchronously pumped DCM dye laser excited with a mode
locked and frequency doubled Nd:YAG laser. Luminescence from the
sample was measured wusing a 0.32-m double subtractive
monochromator and a streak camera system. The temporal resolution of
the system was approximately 15 ps.

RESULTS AND DISCUSSION

Bright field and dark field TEM images of the collected Si particles
are shown in Figs. 1(a) and 1(b). The bright field image reveals the

(2) (b)
Fig. 1 TEM micrographs of Si particles. (a) Bright field image, with
the electron diffraction pattern inserted at the top right comner.
(b) Dark field image, in which only electrons diffracted from
crystal of a given orientation are observed.

313 ‘seqoy ‘duvyz dweN sJoyiny

9 jo 7 93ed




small particle size, and the electron diffraction pattern (top corner of Fig.
1(a)) reveals that the particles are indeed crystalline silicon. The
diffraction rings are fairly broad and diffuse because of the small
particle size.5 The dark field image in Fig. 1(b) provides a measure of
the particle sizes and indicates that each particle is single crystal. In
dark field, the image is formed by electrons which have been diffracted
from particles of a given orientation only. The particles observed range
from 5 to 20 nm in diameter with an average size of about 12 nm. The
particles appear elongated in one direction due to sample vibration
during photographic exposure.

The crystallinity and small particle size are also confirmed by the
X-ray diffraction pattern shown in Fig. 2. The peak positions reveal a
lattice parameter of 5.434(x .007) A which is virtually identical to the
5.430 A for bulk Si. The width of the diffraction peaks can be used to
obtain a rough estimate of particle size, neglecting the effects of stacking
faults and non-uniform strain.5 Using Warren's methodS, the particle
size calculated from the three largest diffraction peaks ranges from 12 to
18 nm, which is in general agreement with the TEM results.

600
111

@ -
[ 2]
S 400 | 220
o
= Fig. 2 X-ray diffraction
%‘ pattern of Silicon
c particles.
-
£

Two theta (degrees)

Photoluminescence from the crystalline silicon nanoparticles at
300 K and 77 K is shown in Fig. 3. Bright orange-red light emission can
been seen from the sample when viewed through a long-pass optical
filter that blocks the pump laser. The broad range of the luminescence
and the numerous peaks are believed to be due to the non-uniform
distribution of particle sizes. Since the focused laser beam is about 10
um in diameter, thousands of particles are being excited simultaneously.
Note that the peak shifts to a shorter wavelength at 77 K, which is due to
the increase in the band gap of silicon at low temperatures.b
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Light Emission From Si Nanoparticles
Pump: Ar* Laser, 5145A, Pulsed

(b)77K,440kW/cm?

10000 9000 8000 7000 6000

WAVELENGTH (A)

Fig. 3 Time-integrated photo-

luminescence of the
crystalline silicon nano-
particles at 300 K and
77 K. Note that the non-
uniform distribution in
particle sizes is partially
resolved at 77 K.
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Fig. 4 Time-resolved photoluminescence
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Time-resolved photoluminescence at 77 K from the same sample is
shown in Fig. 4. The radiative lifetime was determined to be
approximately 1 ns by measuring the exponential decay time of the light
emission. It is interesting to note that the radiative lifetime is very close
to the lifetimes of direct band gap materials. This characteristic suggests
that the radiative recombination mechanism in these nanoparticles is
much different than that in indirect band gap materials like bulk silicon.
The ultra-small size of the silicon particles should quantum confine the
electrons and” holes. This strong quantum confinement may enhance
scattering or phonon processes that make efficient radiative
recombination possible in these silicon nanoparticles.

The transition energies resulting from quantum confinement or
quantum size effects were calculated based on spherical and cubic
symmetries. Since it was mathematically easier to include the
anisotropic effective mass for the case of cubic symmetry (in contrast to
spherical symmetry), the calculated emission wavelength versus size for
a quantum box is shown in Fig. 5. The equivalent ball diameter is the
diameter of a sphere with the same volume of the cube. The model
assumes an infinite potential outside the quantum cube. The quantized
energy states can be obtained for both the conduction and valence bands
by solving the Schrodinger wave equation. The difference in emission

N=1 Quantum Box (Cube)
11000

10000

9000

8000

7000

6000}

EMISSION WAVELENGTH (A)

1 ] ] [ 1 1 1 1 ]
4000,—4—6 & 10 12 14 16 18 20 22

EQIVALENT BALL DIAMETER (nm)

Fig. 5 Quantum mechanical calculation of the emission wavelength
versus particle size for a quantum box, with the box dimension
converted to an equivalent sphere diameter of the same
volume.
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wavelengths at 300 K and 77 K is due to the increase in the band gap of
Si at low temperatures.® Based on the measured emission spectrum, the
simple model predicts a particle size in the range of 4~6.5 nm, which
corresponds to the lower end of the size range revealed by TEM. The
difference between the predicted particle size and the “"average” size
observed by TEM and XRD could be due to: (1) impurities (e.g. H, C, 0),
(2) a thin oxide layer covering each particle, (3) too simplistic a model,
(4) that only the smallest nanoparticles have a high enough radiative
recombination rate (oscillator strength) to contribute to the optical
emission.

CONCLUSION

We have demonstrated that crystalline silicon nanoparticles can
emit bright visible light at 300 K and 77 K. The emission spectra are
consistent with a quantum mechanical calculation for a quantum box.
These results should be helpful in understanding the physical
mechanisms of light emission from silicon nanostructures.

ACKNOWLEDGEMENTS

This work was supported by the Army Research Office DAAL 03-
89-K-0131 and DAAL 03-90-G-0018.

REFERENCES .

1. L. T. Canham, Appl. Phys. Lett. §7, 1046 (1990).

2. S. Gardelis, J. S. Rimmer, P. Dawson, B. Hamilton, R. A. Kubiak, T. E.
Whall, and E. H. C. Parker, Appl. Phys. Lett. §9, 2118 (1991)

3. S. Furukawa and T. Mijasato, Phys. Rev. B 38, 5726 (1988).

4. A. K. Singh, P. Mehta, and A. 1. Kingon, in Ceramic Trans.. 21.

Microwaves: Theory and Application in Materials Processing, edited.
by D. E. Clark, F. D. Gac, and W. H. Sutton (American Ceramic Society,
Westerville, OH, 1991), p. 421.

5. B. D. Cullity, Elements of X-ray Diffraction (Addison-Wesley Pub. Co.,
Inc., Reading, MA,1978).

6. Landol-Bornstein, Numerical Data and Functional Relationships in

Science and Technology, Vol. 17, Subvol. a, edited by O. Madelung
(Springer-Verlag Berlin, Heidelberg, New York, 1982), p. 43.

319 ‘seqioy] ‘Gunyz  owmmN soiny

9 10 9 33y




Superiattices and Microstructures, Vol. 7, No. 4, 1990 269

A GENERAL DERIVATION OF THE DENSITY OF STATES FUNCTION
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The distribution of carriers (electrons or holes) per
unit energy interval in a semiconductor is determined
by the density of states (DOS) and the Fermi-Dirac dis-
tnbution functions. The DOS function tells us how
many electron or hole states are in an interval of
while the Fermi-Dirac function tells us the
Eﬁﬁh of finding a carrier for each of those states.
or instance, in the case of a the distribu-
uonofelecm:cm or the , i3 somewhere
betwwnﬂmofaqmnmmwllmdthebulk
semiconductor, and the absorption and emission line-

optoelectronic devices employing two-dimensional sys-
tems.

In this review, the DOS function is first derived for
lheumpleuseof the ideal (infinite), two-dimensional
(2D) square well. This pure 2D analysis is found to be
madegum:ndlsx wuhmemeorponnonof
methnrddlmenam the well width). The next section
considers the DOS function for thin or shallow wells
with the bound states of interest near the top of the
well. In this case, the ideal analysis breaks down, and
the bound states must be found numerically and
inserted into the DOS function. The effects of cou-
pling between an array ofﬁmteqmmwellsum
, nderedmxtmmedmvamn for superiattices. Finally,
ﬂleeqmvalmbetweenachaseuslwnume
‘ limits are taken. l-"mtummmple

equivalence of the single well DOS to that of bulk
semwmdmrumewellmdmuallowed
mﬁmty Next,acomepunhmlym

the superiattice DOS reduces to the mgle
mmwdlaseuﬁnbuncrmdmmlarge.

§§'8

0749-6036/90/040269 + 09 $02.00/0

three-dimensional (3D) DOS is achieved when the
bqﬁ:lermdﬂlgosmm.orm“rdlwthgoam
infinity

The Infinite Potential Well

‘The density of states (DOS), g (E), is defined such
that the number of orbital states per unit volume with
energy between E and d £ is??

o(b)E=T 3 3 [0

SPIR MUA sther

where | is the number of dimensions, dk is the differ-
ential volume GD),a:u(ZD)orlen;th(lD)dement
for a surface of constant energy, and the summations
are taken over spin, degenerate band mi of::_my

surfaces with a high degree of
differential

megy , and the DOS is obtained by taking the
both sides of the above equation with

rapeetto E. However, since such symmetry is not

nlwa the case, we will use the general expression for
, which is given by??

=T33 [ ma O

where d S is the differential surface area of the con-
stant energy surface in 3D, while we use a differential
lengthforthezbase.
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The energy, £, of an electron near the minima of
the conduction band in the free particle approximation
is given by

nik?
£ ome @
where 2t is Plank’s constant divided by 21, K is the
wavevector of the particle, and m° is the effective
mass,
For the pure 2D case with only spin degeneracy,
spherical energy surface, and k= k3 + k],
Equation (1) becomes

o522 [ G

- f*- 2kd¢
o 4n?|V,[(A*(k2+k3)/2m")|

- 2nk
2nn2k/m’

Equation (3) is the DOS for the pure 2D case
where there is no £ dimeasion, and bound states
higher than n=1 are neglected. In reality, thereisa 2
dimension, which in fact is responsible for the quantum
nzeeﬂem:namldevu. To find the DOS using the

| approach, wemusuolvelhepmblemm
dme The energy is then

E-—k'ﬂc‘ '3
m ( +k3)

-...h_z_.(k%k?) (4)
2m’ '
where the electron is free in the 2 and ¥ directions
(k . and k, are continuous), while it is bound in the 2
direction ( &, is discrete). With the help of Figure 1,
the differential surface area is
dS =kdéy(dk)?+ (dk,)?. (S)

Since the differential change in energy along a constant
mymfaceum,

dE = ’—n—;(kdk* k.dk,)=0,

k
dk--fdk,. (6)

Superiattices and Microstructures, Vol. 7, No. 4, 1990

A,

V(di) e (i, )?

&y

? ~as

kde
dk

l-'lgunl. Dlﬁmwmrfaeeamofammtmy
cz‘l::ndnalmu The x-y cross section
the x-z (or y-z) cross section is not nec-

Substituting this expression into d S, we get

k 2
dS =kdé (—?'dk,) +(dk,)?

- Jk’+k:dk,d¢. (7)

The 3D single quantum well (SQW) DOS is then

k: pan 2Jk’+k§d dk,
’W(E)_f f ’
“t.79 gn

Jo S en)]|

f k’+k’dk
-2n"‘ V3 k2

m
T ®

Recall from the solution of the infinite square well
problem that &, is quantized, and is given by
k,=nn/L, where L, is the width of the well.4 Insert-
ing this into Equation (8) gives

s& pya R
93 (E)= 5T (9)

abidsdid s s
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Comparing this result to Equation (3), we see that
n
3M(EY = ga(E) (10)
x

This same result can also be obtained starting with the
3D DOS. Using Equation (1), the 3D DOS for a bulk
semiconductor is given by the well-known expression’

n=1,2,3,...

J2(m’ )'\{—
Ih‘.l *
The solution to the infinite square well (ideal case)
results in quantized energies, and for both &k, and k,
equal to zero, is given by®
n?nin?
" 2m Lt
Using this form of the energy in Equation (11), the 3D
DOS becomes y

gs(E)= —55— (an

n=1,2,3,... (12)

3
J2(m")! nhn
nzn: Em.L,

-m.n
nhl,
which is identical to Equations (9) and (10).
Equanons(lO)md(u)mslwn y in
Figure 2 below. Note for each step in n, a constant
g2(E)/L, is added 1o the 3D DOS function, which
muluinasetofaepsthafollawmebulkDOSme.

() -

(13)

Voo F3

E -

Quantam Well /
]

E, >
.7 i i

[ [s o(E)

Figure 2. ‘l‘heDOSofmmﬁmnqmmmwdluu
corresponds to the bound-state energies. In this case,
the bound-state energy is inversely proportional to the
well width, wluletheDOSumm:d proportional to
ﬂnsquareofthemdth soawellﬂnmlnlfuﬂm:kn
ggaslmwdlhavumumtwweahxgh
Jour times the original value

2n

The Finite Potential Well

We have seen so far that the DOS of an infinite
potmﬁalweuuauep-hkefuncuon,whueaconmm
g2(E)/ L, isadded to g3% (E ) for each quantized
step in energy. For the finite well, however, the wave-
fnncuonsnwthetopofthewellmleueonﬁned

fmlowerboundmm\uoompﬂedm

the infinite well, resulting in different size
stepsunheDOé] 'ﬂus::lbe lsolvm l
Schrddinger’s Equation n or graphicall
finding the values for the bound states ¥ s y

'l‘heﬁmmepomnalwelllsshownm ure 3. Tak-
mgmeboaomoflhewelluwopomuafandmetop
of the well as V', , we can define the following
variables:

2m°(v,-
az_ m(h; E)
2m'E
2
k -T
2. 2m'V,
ys= "

For even wavefunctions, the solution is

L,
=kt -1,
a an(kz)

while the odd solution is

L.)
a=-k —].
cot(k >

Also, notice that from the defined variables,
Yz_az+kz'

(14)

(15)
(16)

r v(z)

L.

L [ oL z

2
Figure 3. Finite potential well. The widthis L, , and
the potential depth is Vo .
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which is the equation for a circle with radius v.
Graphing equations (14-16) as in Figure 4, we can find
the set of allowed values k,, which give us the values
of the energy eigen states

h!

E.=—k? .
2m

Using Equation (17) in (11), we find the DOS for
the finite quantum well (FQW) to be

a7

* k
Fvipy. 22
g3 (E)= ==+ -

(18)

/-

N rmrccm e e e camcccneman . a-.-

. ky

Figure 4. Graphical solution for bound states in a
finite potential well. As the well gets thinner, the cir-
cular curve of radius v will contract. In this case (sym-
metric well), there will always exist at least one bound
state.

Notice that Ak = k., - k, is no longer a con-
stant. In fact, Ak gets smaller as a gets bigger for the
mmmthatmhbwmmoﬁheﬁnilewe!lis

Notice that the highest bound state of the finite
quantum well is very near the top of the well. Refer-
ning back to Figure 4, the intersection on the circle for
this state occurs at a point where a tangent to the circle
will be almost vertical. This means that if the width of
the well were changed, the shift in the bound state
would be very small. If the well was very thin such that
R/ L, % vy, we would only have one bound state in the
well and the energy of that state would be near the top
to the well. In this case, a large change in L, would
only produce a small shift in the energy, as shown in
Figure 6.
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- ...----; Frov

] L,

5. Comparison of y states and DOS for an
in u:nna!le quantum welel“(?b\v)mdaﬁniie quan-
tum well (FQW). Notice that the energies of the states
ind\eﬁnitzwellmnodbggainvendypmpmﬁmd
the well width, and the is not inversely propor-
tional to the square of the width.

Note that in this case, the DOS for a thin well has
nearly the same DOS as a well twice as big as the first.
This 1s contrary to the infinite well case, where the
DOS of the first state of the thinner well is four times
as great as the DOS of a well that is twice as wide!

In this case, other mchumespnﬁalexmtéf
the wavefunction become more important.?

Superlattices

are due to the periodicity of the atomic lattice. The
differences are that the quantum well lattice is one

dimensional with a period several times greater than
that of the crystal, and the bands due to the

coupled wells are im onto the allowed

bands of the . )
gm:m,ﬁmwm&ﬁapd'rmin
l%,kﬂdawmdmmm-
tial superimposed on the crystal's periodic potential,
which gives rise t0 a new band structure.? The new
potential is due to an array of square wells of width L.,
separated by barriers of width L, and height U,.
Applying the tight-binding imation to the new
pply!ﬂ‘pomn%lh,d\eupem‘mgymmbe
calculated. For the periodic superlattice potential
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Ll
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Figure 6. (2) Graphical solution for well with
2L,=L°,, y«<n/L’, (o) Single bound sate for
both well, and () The DOS for the

NoncethatﬂleDOS
nmstlmoftheuuckwell

of the thin well is nor four
In fact, for ultra-thin wells,

theDOSofbodlwellsmybenurlyequal.

U(z) = U(z-nd), whered ‘is the period of the

superlattice, L, + L,, and n is an integer, the energies
can be found using!®

<Y I HS 9>

E-E <YalYn> (19)
where
n? a*
1{"-{-2—’" 3?4'(](2)} (20)
and

Vitm = Z My (z-nd)  (21)
for N wells. Solving (19) yields
E = E™® g -B(e"**+o™"")
-E'W-a-ZBcos(k,‘d) (22)
where
a= [V UV (22 | (29) .

which is the shift from £ *? due to the coulombic
interaction of the coupled wells, and £ is the exchange

energy which determines the extent of the band broad-
ening, and is given by

B~ f,(w’."" (z-ad)) U(z)v"®(z)dz. (24)
assuming appreciable interaction from adjacent wells

only. The important thing to note about @ and B is
that as the barrier width decreases, the interaction

between wells should increase, and thus @ and B
’l':e' bands of shown i
energy of a superiattice, as in
Figure 7(a), can be found using Equation (¥} with the
total energy written as

- St hz 2 2
E=ES e == (kivk})

~2Bcos(k, d)*-—-—(k’*k ) (25)
where Eo = E'? —a, The divergence of the total '
energy with respect to the wavevector is

2 LT o
V,Ef2stin(k,d)2+:7(k,2+k,y) .
so the magnitude is then
. 2 . e el
IV.EI-\/ 4d'n’sin'(k.d)~(§) (kI+k3)  (26)

ned:ffmualsurfweamofmeeohmmmy

surface is given by Equation (5). Recall that the differ-
ential change in energy of a constans energy surface is
zer0, so we can relate dktodk,. Let k® = ki+ k7,

then d E = O becomes

dE=0=23dsin(k d)dk,+ ::dek .

m'Bd
hz

The differential surface area of Equation (5) then
becomes

dk--z

sin(k,d)dk,. (27)
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'115
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Figure 7. (a) Dispersion relation for a

and (b) DOS for welland
(b) :mperhmvuman

causes the

bundmmbtudenmwhmds theDOSnsno
longueonmasmthﬂnﬁmbweﬂ but it does

retain a step-like nature.

. T
ds=- mJ (2':,:") sini(k,d)(dk,) + (dk,)*  (28)

which, using Equation (26), can be re-written as

dS= dodk.%‘;\llld'la’sin’(k,d)*\%
2k

( )I‘(29)

Putting this in the DOS Equation (1), we get

st
93 (E)= 4n°.[|‘7 E]|
m" '.fzulv.ﬂ
-1lom dedk,
w ). ma
m’ *a
41‘l=h22n/.-k,dk'

. f 4
m 2
" 2nin? 2]; ak.

_.m
n*n?

m.
- dedk, 5|9, F|

ks (30)

which is the same as Equation (8). The next step is to
solve for k ,, but normalize the problem first by defin-
ing a dimensionless energy that is zero below the bot-
tom of a subband, and has a value of one for

above the subband. Using Equation (25), and
and subtracting 28,

2,2

Rk -14pcos(k d)¢—B-ZB
2m*

E=Eq+ @

Rearranging,
a2
5-50'27*215
48

where £ is the new dimensionless energy. Now solving
for k., we get

- %(1 -cosk,d)=t (32)

k,= éarccos(l -2%) (33)
The DOS for a superlattice is then
m* 0 : E<0
‘(E)- hig arccos(1-28): 0SES1 (34)
h°d : §>1

which is shown in Figure 7(b). To express g3°(E)as
g3t (&), we must note that .
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g3'(E)dE = g3'(§)d§ (35)

and
|
dg = EdE (36)

So Equation (35) becomes

g3'(§)dE = g3 (E)4BAE
or,
g3' (%)~ 4:3":.arccos(l-2§): 0SES1  (37)

R‘h<d

Recall that this analysis was for each subband, so
we must modify the equation to represent the general
case. From the superlattice dispersion relation (Figure
7(a)) we see that, along with Equation (33), that the
general form of the wavevector is

nn 1
k,-71-+aarccos(l -2%,) (38)

where n is the number of filled subbands, and &, is the
dimensionless energy of the i* subband where
i=n+ 1 (recall that each &, is unique since &,

dependson E*?, a and B, all of which change for
different subbands). The total superlattice DOS is
then .

m
n*nid

g3t(E)~ (rn+arccos(l - 2&,)] (39)

for O < £, < 1. For energies that fall between the n*
and i" subband, we have

StE L
g:!( ) ﬂhz

I3

~g.(E)5 (40)

which looks a lot like Equation (10) ( 93 (£)), except
that we have the factorof 1/d insteadof 1 /L,. This
is because the lattice DOS d on the inter-
action of coupled wells in a periodic potential of period
d, while the single quantum well DOS depends only on
L, since there is no interaction from other wells,

Equivalence of DOS Expressions

The single quantum well DOS derived earlier
should reduce to the 3D DOS if the well width is
allowed to go to infinity. As an example of this, let us
find the number of electrons per unit volume in a
quantum well of a non-degenerate semiconductor (i.e.,
let the conduction band energy, E ., be greater than a

few k , T above the Fermi energy, E ;). The solution
should be equivalent to the electron density found

275
when the 3D DOS is used for the bulk semiconductor
case. The expression for the electron density is!!

N ‘-u
Fones [ eI EDfo(E)AE (41

where f ;o ( E)is the Fermi-Dirac distribution func-
tion, which can be approximated by the Maxwell-
Boltzmann distribution function, f ,,(E), fora
non-degenerate semiconductor where F. - E,is
greater than a few k,7, or

1
frp(E)'lTe(T—r,)_u.r

“(E-Eg )k, T
e 14 L]

= fus(E) (42)
So the electron density, n,, is then

Notice that » is a function of £ that increases by one
for each additional bound state. For the bottom of
each step in the DOS curve, let E-E,= E,,and let
(E-.x'fe)»ch,andtakethccmtﬁbutionof
each bound state separately, as in Figure 8,

n,~A+B+...

e

-—' - - —
[e"rf e "dF
£

m
nh?L,

r [ 4
-

+ e"_'f e "dE +... ]
4

. L e L
-y = e"'f ¢ "dE (44)
n z ‘n
or
. l.'l
- Zm koT | ..'r)
' & nn?r,
. (Farfd)] et
e
= NSWo N7 (45)
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where N 39 is the effective DOS for the conduction
band electrons in a quantized system. As L, grows
large, the bound states will drop toward £ ., and will
eventually form an energy band, as in the bulk mate-
rial. When this happens, we can say that the number of
bound states in the band is large (note in Equation (10)
that L,xn), soasl, goes to infinity, n also goes to
infinity, and we should get the same N, as for the 3D
bulk case. In the limit of the sum going to an integral,

(Fa-fe) (Fa-fe)
ZQ- 1,7 ~f e' T dn

" ]

ada?

_[ e i,y dn
°

2m° L2k,T

n2A? (46)

Substituting Equation (46) into N 2°V gives
N m'k,T L /m'k,T
¢ nR3L, )7V 2nn?

. m.k.T‘;
22l (47)

which is exactly the value for the bulk case, wheret!

2
m'k,T)'
2nn? )’

Since Equations (47) and (48) are equivalent,

NJ% = N2U5in the limit as L, goes to infinity. This
is equivalent to saying that the general 2D DOS is the
same as for the bulk case in this limit since the only dif-
ference between these expressions is the DOS func-

tions used at the start of their derivations.

To see how Equation (40) for the superlattice DOS
relates to the single quantum well case, g3%(E), we
must move the wells of the superlattice apart
(L, - =), which removes their interaction. This
results in @ and 8 both going to zero, so Equation (25)
becomes

N o 2( (48)

£ - psov , ROK?
n2n?n? n%k?

B e— A cn——
2m'l? 2m’

R? [(n?n?
- m(z—")
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E, -

>
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Figure 8. The DOS near the bottom of a wide quan-
tum well. The contribution of electrons from each
bound state is found when each element of the DOS is
:::fnled with the distribution function, giving the

number of electrons as the sum of each contribu-
tion.

n2
-Zm.(ki*k’) . (49)

which means that k, = nx/ L, in the limit of large bar-
riers. Using this wavevector in Equation (31), we get

im gSi(E) = T BN
imgs (B)=5m3 T,
mon
nh? L,
= g3%(E) (50)

Similarly, to show how the superlattice DOS relates
to the bulk case, g(£E) , we can either let L, vanish,
orlet L, go to infinity. If L, gets small, the coupling
between the wells get stronger, and the subbands
broaden until the steps inthe £ vs g3°(E) curve
merge and form a continuous parabolic curve. Note
that the ;ymmetrical shape of the steps in Figure 7(b)
are arc cosine functions, which is due to the assump-
t.ionmeﬂlat :ngmdm'ﬁmhb;r interactions eontrill)ute
in the tight-binding . For very strong coupling,
however, wells beyond the nearest neighbors must be
considered since the spatial extent of the electron
wavefunctions become large. This t failure of
the tight binding method!? will resuit in the loss of the
arc cosine symmetry of the steps, and should allow the




Superlattices and Microstructures, Vol. 7, No. 4, 1990

of the steps to conform more to the parabolic
;m‘ase.

If, however, we let L, get large, the carrier wave-
function will be more confined in the wells, which
reduces the coupling and causes the subbands to

narrow. But increasing L, also has the effect of mov-

ing the subbands down in energy (remember that the
ds are nearly centered on the bound states of
the single quantum well), which would cause then to

stack up at the bottom of the wells. For a large well
width, the steps in the £ vs g3°(F) curve will
become so small and numerous that they will form a
quasi-continuous curve that will approach the bulk
DOS case. In either case, the energy band would
approach the bulk case, where F (k) can be approxi-
mated by a parabolic curve, and k , would become
k,=v2m'E/h . Using this intuitive analysis in
Equation (38), we get

1 . -
acos (1-2&)

2m°E
— ,(S51)

nn
k‘-?-f

and Equation (39) becomes

2(m’ :
e

which is the 3D DOS given in Equation (11).

(52)

Conclusions

The derivation of the DOS function for quantum
wells and superlattices is straight forward when
approached with some insight into the physical con-
straints of these structures. The pure 2D infinite well
nmafrovedwbemadequateford\euummf

quantum well s s because it ignores the well
width and higher-order bound states of the quantum
well. The finite well case was obtained when the

appropriate boundary conditions were applied. Special
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care must be taken when analyzing very thin wells
because the energy levels may or may not be strongly
dependent on the well width. The sy DOS
was then derived by considering the interaction of an
array of finite quantum wells. Finally, we showed that
cach of the above cases is consistent with the others
when the appropriate limits of well or barrier width are
taken into account.
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Surface and bulk leakage currents in transverse junction stripe lasers

Yongkun Sin, K. Y. Hsieh, J. H. Lee, and R. M. Kolbas
Department of Electrical and Computer Engineering, North Carolina State University, Raleigh,

North Carolina 27695-7911

,
¥

(Received 2 July 1990; accepted for publication 28 September 1990)

This paper presents two ways to reduce leakage currents in transverse junction stripe (TJS)
lasers: by reducing surface leakage current and by reducing bulk leakage current. The surface
leakage is reduced by treatment with (NH, ), S, while the bulk leakage current is reduced by
isoelectronic doping with indium. We report the first detailed experimental investigation on the
effect of the chemical treatments on the electrical characteristics and laser thresholds of TJS
lasers. Surface treatments of (NH, ), S are demonstrated that reduce surface leakage currents
in current injection lasers. After the chemical treatments, a 20-fold reduction in current has
been achieved with GaAs/AlGaAs lattice-matched multiple-quantum-well TJS lasers. The
laser thresholds of lattice-matched TJS lasers are reduced by 12 mA (or 16%) after the
chemical treatments. In addition, InGaAs-GaAs-AlGaAs strained-layer single-quantum-well
lasers are treated chemically and a reduction in the laser threshold (10 mA or 14%) is
observed. The surface treatments are still effective after 7 days. We also report the first
experimental investigation on the effect of isoelectronic In doping on the current-voltage
characteristics of Zn-diffused lateral p-n junctions. The trap density in an In-doped AlGaAs
layer is reduced by more than one order of magnitude compared to that in an AlGaAs layer
without In doping. Bulk leakage currents (shunting currents) in TJS lasers can be reduced by
using isoelectronic In doping, which should reduce threshold currents and improve the

temperature dependence of TJS lasers.

L. INTRODUCTION

Transverse junction stripe (TJS) lasers have several de-
sirable characteristics which include low threshold cur-
rents,' good output beam characteristics,’ and a single
growth step on a semi-insulating substrate suitable for inte-
gration with electrical components.>* In addition to a con-
ventional AlGaAs active region, TJS lasers have been dem-
onstrated with single and multiple quantum wells of
lattice-matched AlGaAs-GaAs and pseudomorphic
InGaAs-GaAs-AlGaAs.>® Unfortunately, many laborato-
ries have had difficulty fabricating and reproducing high-
quality TJS lasers.

Leakage currents can significantly degrade the perfor-
mance of TJS lasers compared to other semiconductor lasers
owing to the required (but often not achieved) forward-bi-
ased blocking junction in the wide-gap confining layers. In
this paper the role of surface and bulk leakage currents are
identified, measured, and modified to improve the perfor-
mance of TJS lasers. Section II discusses experiments on
reduction of surface feakage current, while Sec. III discusses
reduction of bulk leakage currents.

)

Il. SURFACE LEAKAGE CURRENTS
A. Introduction

The presence of a large density of surface and interface
states has been an obstacle to the development of GaAs de-
vices with desirable performance. The Fermi-level pinning

greatly increases the nonradiative recombination rate at sur-
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face recombination centers, and this surface recombination
current limits the performance of minority-carrier devices
such as lasers, light-emitting diodes, and heterojunction bi-
polar transistors (HBTs). Several approaches have been
suggested to remove or reduce surface/interface states in
GaAs/AlGaAs.”® One novel way is to use Na,S or
(NH,),S chemical treatments. This technique was em-
ployed to dramatically improve the performance of a HBT
(a 60-fold increase in the current gain was observed with the
Na, S-9H, O treatment).'® Reductions by a factor of 3.2 in
edge recombination currents using the Na, S and (NH,),S
chemical treatments were obtained for GaAs vertical p-n
homojunctions.'' A significant improvement in metal-insu-
lator-semiconductor (MIS) capacitance-voltage (C-¥)
characteristics with the (NH, ),S-treated GaAs was ob-
served,'? and the same treatment caused a remarkable de-
pendence of the Schottky barrier height on the work func-
tion of the deposited metals.'? Characterizations of bulk and
epitaxial GaAs treated with Na,S or (NH, ), S by photolu-
minescence (PL),'* surface conductivity technique,'* deep-
level transient spectroscopy ( DLTS),'® and Raman scatter-
ing'’ have been reported. Dramatic results from such
treatments have been demonstrated including an increase in
GaAs PL efficiency at 300 K of 2800 times using Na,S-
9H,0,'* and a reduction in surface recombination velocity
from ~ 10°to 500 cm/s.'®

In this section, we demonstrate that a dramatic surface
leakage current reduction is possible with (NH, ), S chemi-
cal treatments for TJS lasers. (NH, ), S was chosen to avoid
some problems associated with using Na, S (e.g., fast aging
in ambient air and the introduction of surface conduc-
tion'').

© 1991 American institute of Physics 1081
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FIG. 1. Schematic cross section of a transverse junction stripe (TJS) laser.
A two-step diffusion and annealing process (Zn diffusion followed by high-
temperature annealing) is employed and a portion of the GaAs cap layer is
etched for electrical isolation.

B. Experimental procedures

After examining several samples, four were selected to
summarize the results of the surface passivation. The sam-
ples consist of leakage current test structures [(LCTS)
which are lateral p-n junctions] and TJS laser structures.
Schematic cross sections of the completed devices (both TJS
and LCTS) are shown in Figs. 1 and 2(a) and 2(b), respec-
tively. LCTS No. 1, No. 2, and TJS No. | were grown by
molecular-beam epitaxy (MBE) and TJS No. 2 was grown
by metalorganic chemical vapor deposition (MOCVD).
LCTS No. | consists of GaAs:Si (2X10""/cm’, 1.5 um,
627°C), an AlAs stop etch layer (undoped, 300 A, 627 °C),
and a GaAs:Si cap layer (2 10'*/cm?, 0.5 um, 627 °C) de-

P-Ohmic

Semi-insulating GaAs Subst_mo
(a)
N-Chmic 4 P-Ohmic ‘
cwecwion | NN
SR SNSRI
Semi-insulating GaAs Substrate
®)

FIG. 2. (a) Schematic cross section of a GaAs leakage current test structure
(LCTS). The sample undergoes the same processing steps as a TJS laser.
The 300-A-thick AlAs is used as a stop eich layer. (b) Schematic cross
section of an AlGaAs LCTS. Unlike the GaAs LCTS sample, an AlAs stop
etch layer is not necessary for this sample. Both samples are grown on semi-
insulating GaAs substrates.
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posited on a semi-insulating GaAs:Cr substrate. LCTS No. 2
consists of Aly s Gag ¢s As:Si (10'"/cm®, 3 um, 686 °C) and a
GaAs:Si cap layer (2% 10'*/cm?, 0.5 um, 627 °C) deposited
successively on a semi-insulating GaAs:Cr substrate. TJS
No. 1, a strained-layer laser, is shown schematically in Fig.
3(a) and the growth and processing details can be found in
Ref. 6. TJS No. 2, grown by MOCVD, consists of an
Aly,,Gay; As lower cladding layer (Te: ~2x10", 3.2
4m), a multiple-quantum-well (MQW) active region GaAs
(Te: 2.5 10'%)/Aly ; Gag g As (Te: ~2X 10'") (14 periods,
both layers~150 A), an Al ,Gag,As  (Te:
~2x10"/cm?, 1.1 gm) upper cladding layer, and a GaAs
(Te: 2.5% 10", 0.36 um) cap layer on a semi-insulating

0.2 um l
:"':o‘:‘ Active Layer
1pm Sum
N-Alg 7Gag.3AS N-Alg7Gag 3As
06+
04+ 300A | 300A [ eoe-
!
0.2+
0o i — -
1 1um 4QW's S.l. GaAs
011 N-GaAs Substrate
In Mole Fraction 507 In0.15G0.85As
(e}
0.4
Al Mole Active "L':yor
Fraction
j 1.1um 32um
044 N-Alg_35Gag 6248 N-Alg 35Gag.¢2As
s ‘L
03+ 14QwW's
o .2 & —
0‘1 <4 aeee
e e L e
0.36 um Sl GaAs
N-GaAs Substrate

(v)

FIG. 3. (a) Schematic diagram of the layer structure and composition of
InGaAs-GaAs-AlGaAs strained-layer MQW TJS laser. The 0.2-um-thick
active layer consists of four QWs and three Al,,Ga, ; As barriers. Each of
the 50-A-thick Ing s Gag .5 As QWs is sandwiched by 125 A of GaAs. (b)
Schematic diagram of the layer structure and composition of lattice-
matched GaAs-AlGaAs MQW (14 QWs) TJS laser. The 0.4-um-thick ac-
tive layer consists of 14 (150-A-thick) GaAs QWs sandwiched by 15 (150-
A-thick) Aly; Gy, As barriers.
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GaAs:Cr substrate. A schematic diagram of the as-grown
lattice-matched laser (TJS No. 2) is shown in Fig. 3(b).

The diffused p-n junction was formed as follows. Silicon
nitride (about 1500 A thick, refractive index of approxi-
mately 2.1) was deposited by plasma-enhanced chemical va-
por deposition (PECVD). Standard photolithography was
employed to define stripe patterns. Zinc was diffused into the
region (Si; N, uncovered) by a sealed ampoule technique
(ZnAs, as a Zn diffusion source, As overpressure). The dif-
fusion temperatures were fixed at 650 °C for all of the sam-
ples. After the Zn diffusion the Si, N, was removed and a
new Si, N, layer was deposited as an annealing encapsulant.
High-temperature annealing was done under As overpres-
sure with the same sealed ampoule technique. Table I sum-
marizes processing conditions used for the samples em-
ployed to study surface leakage currents. Subsequently, the
Si, N, was etched away and a portion of GaAs cap layer
(about 6 um wide) was etched for electrical isolation. Next,
the ohmic contacts were deposited. For LCTS No. 1 and No.
2, Au-Sn-Au (100 A-200 A-1000 A) and Cr-Au (200 A-
1000 A) were thermally evaporated for n-ohmic and p-oh-
mic, respectively, while for TJS No. 2, AuGe-Au (350 A-
1500 A) and Cr-Au (200 A-1500 A) were thermally
evaporated for n-ohmic and p-ohmic, respectively. Finally,
the samples were thinned down to about 100m and cleaved
into bars (cavity length of approximately 250 um).

The (NH, ), S surface passivation was applied using the
following procedure. First, the samples were cleaned in a
HCl solution for 20 s, rinsed in de-ionized (DI) water for 20
s, etched in a mixture of NH,OH + DI water (1:10) for 15
s, and rinsed in running DI water for 20 s. Then the samples
were soaked in the (NH, ), S solution for up to 10 min. The
samples were then rinsed with DI water and blown dry with
N,.

C. Results and discussion

Schematic cross sections of the completed devices (both
TJS and LCTS) are shown in Figs. 1 and 2(a) and 2(b),
respectively. Current-voltage characteristics were measured
at room temperature (and extreme care was taken to mini-
mize the measurement error to within + 5 mV throughout
this experiment). Plots of current [log(/)] versus voltage
(¥) both before and after the chemical treatments for LCTS

L0 Sus S U NN B S S S BELANE NN BN S S
Log( vs.V
102 |- GaAs LCTS# 4

103
104
103

106

Current (amperes)

107

109

{

1MlllLL'le'lLJLlAlllL

00 02 04 06 08 ‘1.0 12 14 16 18 20

Applied Voltage (volts)

FIG. 4. Current-voliage characteristics of a GaAs leakage current test
structure (LCTS No. 1) before and after the (NH,),S chemical treat-

ments. An order of magnitude less current flows at 0.7 V after the treatment.

No. 1, LCTS No. 2, TJS No. 1, and TJS No. 2 are shown in
Figs. 4, 5, 6, and 7, respectively.

The total forward current density for a p-n junction can
be approximated by summing the ideal diffusion current
density and recombination current density:

J=Jo (6T = 1) 4 U (2T 1, )

where J,, and J,,, are the saturation current densities asso-
ciated with carrier recombination in the quasi-neutral and
space-charge regions, respectively. The second term of the
above equation accounts for contributions from both bulk
and surface recombination. Since an intense nonradiative
recombination occurs at the perimeters of p-n junctions such
as cleaved and etched surfaces, surface recombination must
play an important role in determining the electrical charac-
teristics and threshold currents of TJS lasers. In our samples,
surface recombination occurs where a portion of the GaAs
cap layer is removed for electrical isolation as well as where
the cleaved mirrors are exposed to the air. These are the two
major surface leakage sources for TJS lasers.

Surface recombination current per unit length at the pe-

I

rimeter of a p-n junction (/,) can be described as follows'* :

TABLE L. Processing conditions (Zn diffusion temperature and time, annealing temperature and time, and metal combinations for ohmic contacts) used for
both leakage current test structure (LCTS) samples and transverse junction stripe (TJS) laser samples (strained-layer MQW TIS, lamce-matched MQW
TIS, and conventional TJS) employed to study surface leakage currents.

- Zn diffusion Annealing Metallization
Temp. Time Temp. Time
Structures (°C) (h) (°C) (h) n-ohmic p-ohmic
GaAs LCTS No. 1 650 1.6 900 20 Au-Sn-Au Cr-Au
AlGaAs LCTS No. 2 630 1.6 900 20 Au-Sn-Au Cr-Au
SL MQW TIS No. | 650 900 03 Au-Sn-Au Au-Cr-Au
MQW TJS No. 2 650 20 900 0.3 AuGe-Au Cr-Au
Conventional TJS No. 3 630 110 850 04 AuGe-Au Cr-Au
e —
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FIG. 5. Current-voltage characteristics of an AlGaAs leakage current test
structure (LCTS No. 2) before and after the (NH, ),S chemical treat-
ments. Note that there is almost no difference in the /-¥ curves.

I, = q(SoL,)n; exp(qV /2kT), (2)

where n, is intrinsic carrier concentration, S, the intrinsic
surface recombination velocity, and L, the surface diffusion
length. Note in Figs. 4 and 5 that LCTS No. 2
(Aly 35 Gages As) shows almost no change with surface
treatment [also no change observed with the MOCVD-
grown LCTS sample (Aly,;,Ga,,,As) (data not shown

here)], while an order of magnitude reduction (from .

8.5X% 10~ %t08.5Xx 10 ~* A) was measured with LCTS No. 1
(GaAs) after the treatment (at bias = 0.7 V). From Eg.
(2), I, is proportional to the intrinsic carrier concentration,
so we can roughly calculate the amount of surface leakage
current of LCTS No. 2 assuming (1) N, =2X }0'* and
N, =10" for LCTS No. 1 and N, = 10'" and N, = 10"* for
LCTS No. 2, (2) the same S, L, and bias levels, and (3) 7,

10 ~r—p—r——rTTr 1T
10-2 |- TISH
109 |- MOW TUS Laser
104 |-
108 |-

106 -

Current (amperes)

17

108 -

| . Y
04 086 08 10 12 14 186

Applied Volitage (volts)

| N T 1
18 20

PR |
1
MO.O 0.2

FI1G. 6. Current-voltage characteristics of an InGaAs-GaAs-AlGaAs
strained-layer MQW TJS laser (TJS No. 1) before and after the (NH, ), S
chemical treatments. An eightfold reduction in current occursat 1.1 V after
the treatment.
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FIG. 7. Current-voltage characteristics of lattice-matched GaAs-AlGaAs
MQW TIS laser (TJS No. 2) before and after the (NH, ), S chemical treat- -
ments. 20 times less current flows at 0.9 V after the treatment.

(GaAs) =8.5X107% A —-85X10"% A=7.75%x10"% A
at0.7V. .

Since n;(Aly s Gag s As)/n, (GaAs) =3.5x 107,
I,(Aly35Gay s As) = (3.5X 107%) X I, (GaAs) =2.7
X 10" A. This value is so small that surface leakage cur-
rents in Al, s Ga, .s As can be neglected as can be seen from
the data in Fig. 5. From this comparison, the majority of the
improvement likely occurs at the cleaved interface since the
surface passivation is most effective on the GaAs and LCTS
No. 1 has a top p-n junction surface of AlAs.

Surface leakage current reductions were also observed
with TJS No. 1 and TJS No. 2. After the treatment, an eight-
fold reduction (from 810~ °t0 10~ % A at 1.1 V, Fig. 6)
and around a 20-fold reduction (from $X10-% to
2.5X 107 %A at 0.9 V, Fig. 7) in current were measured for
TIS No. 1 and TJS No. 2, respectively. The greater reduction
in leakage current for TJS No. 2 (~2.5 times) compared to
TJIS No. 1 correlates with the effective perimeter of the p-n
Jjunctions (only accounting for the lower-energy band-gap
materials such as GaAs and InGaAs) given that the perim-
eter of TJS No. 2 (GaAs QW~150 A, 150 A x 14 = 2100
A) is approximately twice the perimeter of TJS No. 1
(GaAs + Ing s Gages As~300 A, 300 A x4 = 1200 &).

The (NH,),S was also applied to the conventional
MOCVD-grown TIS lasers (TJS No. 3) to determine its
effect on laser thresholds. The laser structure with about a
4000-A-thick GaAs active layer (n* ~3X10"/cm®) un-
derwent Zn diffusion for 11 h at 650 °C and annealing for 25
min at 850°C (see Table I). The GaAs cap and
Aly35Ga, s As upper confining layer thicknesses of this
structure were 2.4 and 2.2 um, respectively. The light-cur-
rent curves for device No. 4 of TJS No. 3 before and after the
chemical treatment are shown in Fig. 8. A reduction of 15
mA (from 79 to 64 mA) in laser threshold was observed.
Other devices from the same wafer were also surface treated
and similar trends were obtained. Table II Summarizes the
experimental results for TJS lasers. The average reduction in
laser threshold was 12 mA (or 16%) for the seven devices
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tested. The light output versus current (L-I) curves for de-
vice No. 7 of TIS No. 3 measured before and after the surface
treatments at two different times (T, — T, = 7 days, T, is
several hours after the treatment) are shown in Fig. 9(a).
Note that the chemical treatment is still effective after 7
days. The effects of stripping the chemical treatment are
shown in Fig. 9(b) for the same device (device No. 7).
Curve 1 is before the chemical treatment, curve 2 is after the
treatment, and-curve 3 is after stripping the chemical simply
by dipping the device in acetone for about 10 min. When the
chemical was removed from the treated device, almost the
same laser threshold of the untreated device was obtained.
The effects of retreating device No. 7 are shown in Fig. 9(c).
Curve 1 is before stripping the chemical from the device,
curve 2 is after stripping the chemical, and curve 3 is after
retreating the device. When the device that had been
stripped was treated again, the same reduction in laser
threshold was observed. This experiment confirms that the
reduction in laser threshold after the surface treatments is
really due to reduced or removed surface leakage currents

" from laser diodes. Also, note that a reduction in laser thresh-

old of an AlGaAs laser diode by the same chemical treat-
ments was observed by another group.®

In addition, strained-layer laser diodes were also surface
treated chemically. A separate confinement heterostructure
single-quantum-well (SCH SQW, 40-A-thick In,,Gag, As
QW sandwiched between 450-A-thick GaAs) laser struc-
ture was grown by MBE, and a spin-on-glass film was em-
ployed to define stripes (stripe width ~6 um). The size of
the completed devices was 200X 250 um?. The L-/ curves for
device No. 6 before and after the chemical treatment are
shown in Fig. 10. A reduction of 8 mA in laser threshold was
obtained. Curves 1 and 2 are before the surface treatments at
two different times (T, — T, = 2 days), and curve 3 is after
the treatment. The fact that almost the same L-/ curves were
obtained before the treatments at two different times demon-
strates that the data obtained here were not due to reproduc-
ibility errors. The experimental results for the strained-layer
laser diodes are summarized in Table II. The average reduc-
tion was 10 mA (or 149 ) for the six devices tested. L-/ data
for devices No. 1, No. 3, and No. 4 were measured after the
treatments at two different times (7, — T, = 6days, T, is
several hours after the treatment, data not shown here).
Again, as in the case of the lattice-matched TIS lasers {see
Fig. 9(a) ], the L-I curves remained unchanged after 6 days.
The effects of aging and the effects of stripping and retreat-
ing a strained layer laser (device No. 2) are shown in Figs.
11(a) and 11(b). Again, the reduction in laser threshold
(this time using a strained-layer laser) is due to surface leak-
age current reduction or removal, and after dipping the sur-
face treated device in acetone for around 30 min, the thresh-
old current returned to nearly the untreated value.

. BULK LEAKAGE CURRENTS
A. Introduction

The presence of bulk leakage currents is recognized as a
significant factor in the initial performance and in the subse-
quent deterioration in the performance of both electronic
and optoelectronic devices. The electrical and optical prop-

- erties of GaAs and AlGaAs epitaxial layers are critical for

TABLE I1. Improvements (A/,, and %) in laser thresholds of conventional TJS lasers and strained-layer SQW lasers by the (NH, ). S treatments. /,,

(Before) and /,, (After) denote threshoid currents befure and after the chemical treatments, respectively.

Threshold
Laser types current No. | No. 2 No.3 No. 4 No. § No. 6 No. 7
Conventional TJS lasers 1,, (Before) 68 76 75 7 9 Ty 7
(TJS No. 3) I, (After) $3 66 64 64 n 68 64
N - 13 —-10 -1 —15 -8 -11 -13
%" 2 13 15 19 10 4 17
InGaAs-GaAs-AlGaAs I, (Before) 68 7 65 n 70 60
SQW sirsined-layer 1, (After) s7 63 ss 62 60 52
laser diodes Al, . -1 —10 -10 -9 -10 -3
% 16 14 15 13 14 13

P — e

‘All. = l.. (Afer) — lm (Before).
*% = [|AL, /1, (Before) ] x 100.
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F1G. 9. (a) Light-current
characteristics overlapped
for conventional TJS laser
(TJS No. 3, device No. 7)
before and after the
(NH, ),S chemical treat-
ments. A reduction of 13

. mA inlaser threshold is ob-

tained. There is almost no
difference in laser thresh-
olds measured at two dif-
ferent times (T, — T, = 7
days) after the treatments.
(b) Light-current charac-
teristics for the same device
as shown in (a). After
stripping the chemical in
acetone for ~ 10 min, the
same laser threshold of the
untreated device is ob-
tained. (c) Light-current
characteristics for the same
device. After stripping and
retreating, the same reduc-
tion is obtained.
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layer laser diode (device
No. 6). The fact that the
same laser thresholds are
obtained at two different
times (7, — T, = 2 days)
before the treatment dem-
onstrates that the reduction
in laser threshold is not due
10 measurement errors. A
reduction of 8§ mA in laser
threshold is obtained after
the treatment.

FIG. 11. (a) Light-current
curves for a strained laser
(device No. 2). The chemi-
cal reduces laser threshold
by 10 mA. The same laser
thresholds are measured at
two different times
(T, — T, = 6 days) after
the treatment. After strip-
ping the chemical in ace-
tone for ~ 30 min, the same
laser threshoid of the un-
treated device is obtained.
(b) Light-current curves
for the same device (device
No. 2). After stripping and
retreating, the same reduc-
tion is obtained.
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high performance of electronic and optoelectronic devices,
but these properties can be dominated by deep levels in the
epitaxial layers. The presence of deep levels has led to persis-
tent photoconductivity effects in high electron mobility
transistors (HEMT) at low temperatures®' and high thresh-
old currents in semiconductor lasers.?**’ Several ap-
proaches have been suggested to reduce deep levels in GaAs
and AlGaAs epitaxial layers. One approach is to use an isoe-
lectronic doping technique. Incorporation of small amounts
of In or Sb has been shown 10 reduce deep-level concentra-
tions in liquid-encapsulated Czochralski (LEC) GaAs bulk
crystals,”® and in liquid-phase epitaxy (LPE) grown
GaAs.?® Also reported was that the addition of In (0.2%-~
1.2%) to GaAs grown by MBE reduces the trap concentra-
tions from 1-4X 10'*/cm® to the order of 1X 10" /cm’2¢
and that isoelectronic In and Sb doping (up to 796 ) reduces
deep-level trap concentrations in Si-doped n-GaAs grown by
MBE.?” MBE AlGaAs alloys with low densities of point
defects (deep levels less than 2% 10'*/cm®) have been pro-
duced by using Sb doping.?®* More recently, the structural
and electrical contact properties of LPE-grown GaAs doped
with In were reported to have improved Schottky diode
characteristics.*®

The presence of shunting currents (current paths
through the AlGaAs confining layers) has been recognized
as a primary cause of high threshold currents in TJS lasers.
The ratio of the current through active layer (I,) to that
through confining layer (/) can be expressed by

L, 4 (AE,)
T _d (85 3
Ic _wP\%r 3

where d is the active layer thickness, W is the combined
thickness of the two confining layers (W = W, + W,, see
Fig. 12), kis Boltzmann’s constant, and AE, is the effective-
energy band-gap difference between the active and confining
layers. AE, is given by*'

AE' = (kT/q) ln(Jl/Jz) -— (J.R. ‘-Jsz )' (‘)

where J, and J, are the current densities that flow through
each junction, R, and R, are the series resistances between
the electrodes for the unit area of each junction, and 1 and 2
denote the GaAs p-n homojunction (active layer) and the
AlGaAs p-n homojunction (confining layer, see Fig. 12),
respectively. From the above equations, the layer thick-
nesses, the Al compositions, and the doping densities of each
layer can be optimized to design a TJS laser with a low laser
threshold. However, a lot of shunting currents still exist due
to the large number of traps associated with the AlGaAs
confining layers.

As shown in Fig. 12, TJS lasers can be modeled as
AlGaAs p-n junctions (confining layers) and a GaAs p-n
junction (active layer) connected in parallel. To simulate
the active and confining layers of a TJS laser, leakage current
test structures (lateral p-n junctions) are introduced. In or-
der for TJS lasers to have low laser thresholds (with shunt-
ing currents reduced or removed), the AlGaAs junctions
should remain off, while the GaAs junction is on at operat-
ing bias levels. The problems associated with an AlGaAs p-n
homojunction are illustrated in Fig. 13. Even though the
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FIG. 12. Current flow model of a TJS laser consisting of a GaAs p-» homo-
junction (active layer) and AlGaAs p-» homojunctions (confining layers)
connected in parallel. Resistance of the layers is not shown.

'

AlGaAs have a higher-energy band gap than the GaAs, they
exhibit nearly the same turn-on voltages once they are pro-
cessed into lateral p-n junctions. The objective is to find a
way to increase the turn-on voltage of the AlGaAs p-n ho-
mojunction relative to the GaAs [ Fig. 13(a) ]. Similar turn-
on voltages, as shown in Fig. 13(b), have been obtained from
(1) Al Gagy,As (n*) and Aly ;5 Gag s As (undoped),
both MOCVD grown on undoped GaAs substrates (data
not shown here),” and (2) Aly,, Gag g As (2 ~2X 10'%)
and Aly,,GagAs (undoped), both MOCVD grown on
Cr-doped GaAs substrates (data not shown here) .

In this section, we report the electrical characterization
of Zn-diffused lateral p-n junctions with and without In dop-
ing and demonstrate that deep level concentrations in the
AlGaAs layer with Zn-diffused lateral p-n junctions are re-
duced by more than one order of magnitude with isoelec-
tronic In doping.

B. Experimental procedures

For this experiment, three samples were grown by mo-
lecular-beam epitaxy (Varian 360). The samples consist of
leakage current test structures (LCTS, which are lateral p-n
junctions). LCTS No. 1 consists of GaAs:Si (2 10'%/cm’,
1.5 um, 627 °C), an AlAs stop etch layer (undoped, 300 A,
627°C), and a GaAs:Si cap layer (2X10'"/cm?, 0.5 um,
627 °C) deposited on a semi-insulating GaAs:Cr substrate.
LCTS No. 2 consists of Al, ;s Ga, ¢s As:Si (10'"/cm’, 3 um,
686°C) and a GaAs:Si cap layer (2X10'%/cm’, 0.5 um,
627°C) deposited successively on a semi-insulating

eal Actusl
AGals p-a
- GoAs p-o - Gals and AiGeAs
- Homojuncions
g § {Same Tura-On Voltages)

)

Appiled Voktage ¥ Applisd Veltage V
(o) {b)

FIG. 1). (a) Ideal current-voltage curves for lateral p-n junctions. An
AlGaAs p-n junction should show & higher turn-on voitage than a GasAs p-n
junction. (b) Actual /-¥ curves for GaAs and AlGaAs p-n junctions show-
ing the same turn-on voltages. This often occurs in many TIJS lasers.
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GaAs:Cr substrate. LCTS No. 3 consists of
Al ;5 Gagy s As:Si (10'7/cm?, 3 um, 686 °C) doped with In
(~1at. %) and a GaAs:Si cap layer (2% 10'*/cm*, 0.5 um,
627 °C) deposited on a semi-insulating GaAs:Cr substrate.

The same processing steps as described in Sec. 11 B were
performed. Zn was diffused for 1 h and 15 min at 650 *°C for
all samples. The samples were annealed for 20 min at 850 °C.
Two-step diffusion and annealing processes were optimized
for LCTS No. 1 and No. 2 to have Zn diffusion fronts close to
the substrate. Next, the ohmic contacts were deposited. Au-
Ge/Au (350 A-1500 A) and Cr-Au (200 A-1500 A) were
thermally evaporated for n-ohmic and p-ohmic, respective-
ly. Finally, the samples were thinned down to 100 um and
cleaved into bars (cavity length of about 250 um).

C. Results and discussion

The objective of this study was to find ways to reduce the
bulk leakage currents (shunting currents) in Zn-diffused
lateral p-n junctions in order to improve the laser thresholds
and the temperature dependence of the laser thresholds. For
this experiment, different background doping concentra-
tions are used for GaAs (Si: 2 X 10**/cm’, LCTS No. 1) and
Aly;sGag s As (Si: 10'"/cm?®, LCTS No. 2 and No. 3) to
simulate the active and confining layers of TJS lasers, respec-
tively.

Cross sections of the completed devices are the same as
those of devices described in Sec. II B and a schematic dia-
gram is shown in Fig. 2. Current-voltage characteristics for
the samples were measured both at room temperature and at
77 K. Current-versus-voltage data for the samples at room
temperature and at 77 K are shown in Figs. 14 and 15, re-
spectively. Zn-diffused junction depths (x;) were measured
tobe 1.3 um for LCTS No. 1,2.6 um for LCTS No. 2,and 1.3
pm for LCTS No. 3. 1deality factors (n, at room tempera-
ture) were measured to be 2.03 for LCTS No., 1, 2.00 for
LCTS No. 2, and 1.98 for LCTS No. 3 for the linear regions
shown in Fig. 14.

LCTS No. 2 and No. 3 were also characterized by 77-K
photoluminescence to compare the optical properties of
AlGaAs and In-doped AlGaAs. Full widths at half maxi-
mum (FWHMs) of 117 and 71 meV were obtained for
AlGaAs and In-doped AlGaAs, respectively. This reduc-
tion in FWHM indicates that the optical quality of n-doped
AlGaAs can be improved by the addition of In( ~ 1 at. %)
to the AlGaAs layer (see also Ref. 34).

In addition, the incorporation of In (~1 at. %) in
MBE-grown, Si-doped AlGaAs seems to slow the Zn diffu-
sion. The same slow Zn diffusion was also experienced for
MBE-grown a TJS laser dtructure with In-doped (~1
at. %) AlGaAs confining layers (data not shown here).
Slow Zn diffusion in In-doped AlGaAs might be explained
in terms of increased Si incorporation by the addition of In to
Si-doped AlGaAs during the materials growth. Increased Si
incorporation by the addition of In to Si-doped GaAs has
been previously reported.*®

For a p* -n junction, the total forward current can be
approximated by summing the diffusion current and recom-
bination current and expressed as follows:*®
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FIG. 14. Current-voltage characteristics measured at room temperature for
three leakage current test structures. Improvement in the turn-on voltage
by the addition of In in the AlGaAs layer (LCTS No. 3) is shown. However,
forGaAs LCTS No. | and AlGaAs LCTS No. 2 the turn-on voltages are the
same.

D, n? V\ . oW T4
Jr=gq —'—'exp(q—)+g—o'v, Non, exp(—q—),
d '\/1’,”‘, kT) T2 M zkr5
(5)

where ¢ is electric charge, D, is the diffusion coefficient for
holes (minority carriers), ¢, is the minority-carrier lifetime,
n; is the intrinsic carrier concentration, N, is the donor im-
purity concentration, k is Boltzmann's constant, T is the
absolute temperature, W is the depletion region width, o is
the capture cross section, v,, is the thermal velocity, and N,
is the trap density. The equilibrium hole concentration in the
n-type semiconductor is p,, and the equilibrium electron
concentration in the p-type semiconductor is 7,,. Equation

10 e o e I B T

¥ ' L] é v l L]
Log(l) vs.
102 MT=77K
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FI1G. 15. Current-voitage characteristics measured at 77 K for the same
leakage current test structures as shown in Fig. 14. An improvement in
turn-on voltage observed by the incorporation of In in AlGaAsin Fig. 14 is
seen for AlGaAs without In doping (LCTS No. 2) with a reference to GaAs
(LCTS No. 1).
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(S5) assumes that p, is much greater than n, and that Vis
greater than K7 /q. The first term of Eq. (5) is the ideal
diffusion term while the s.cond term is the recombination
term. The ideality factors for all of the samples are approxi-
mately 2 as would be expected for wide band-gap semicon-
ductors like GaAs or AlGaAs, so the recombination current
dominates the diffusion current. Since the recombination
current dominates, the first term of Eq. (5) can be neglected
and the total forward current can be approximated as fol-
lows:

Jem(qW /2)ov, N,n, exp(qV /2kT). (6)

Thus, any differences in junction characteristics can be eval-
uated by studying the prefactors in J,. W and n, can be
calculated given that the acceptor (2n) concentration for
sample No. 1, No. 2, and No. 3 is assumed to be around
10'°/cm’® and that the forward biases needed to have a for-
ward current (/) of 10 zA are 0.845, 0.845, and 1.092 V for
LCTS No. 1, No. 2, and No. 3, respectively (from Fig. 14).
An improvement of 0247 V in turn-on voltage
(AV; = 1.092 — 0.845 = 0.247 V, where V; is the turn-on
voltage) was obtained from Fig. 14. Forward current (/) is
the product of forward current density (J,) and junction
cross section (4, ), and 4; is the product of cavity length (L,
250 um) and junction depth. The built-in potentials (V,,
from Table I1I) are calculated to be 1.468 V for LCTS No. 1
and 1.804 V for LCTS No. 2 and No. 3, so the use of deple-
tion approximation is justified for the forward-bias levels
considered above. Table 111 summarizes measured and esti-
mated or calculated parameters used to compare frap densi-
ties in LCTS No. 2 and No. 3.

The following assumptions are made in comparing N, of
LCTS No. 2 and No. 3:

(1) Bulk recombination current dominates surface re-
combination current.

(2) The product of o and v,), is the same for all of the
samples.

(3) Strain effect introduced by doping Al ;s Gag (s As
with In (1%). for LCTS No. 3 can be neglected.

(4) p-n junctions are one-sided step junctions since
junction depths are normally shorter than 3 um (shallow
junctions in our case).

(5) The Shockley—Read-Hall (SRH) model (single en-
ergy level for a trap) can be used as an approximation in low-
level injection.

After some straightforward algebra, the following is ob-
tained:

N,(LCTS No. 2)
=
N,(LCTS No. 3)

&)

The above result means that isoelectronic In doping can re-
duce the trap density in Al,;;Gag ¢ As (Si: 10'7/cm?) by
more than one order of magnitude.

The dramatic reduction of tyap density in the AlGaAs
layer (confining layer of TJS laser) by isoelectronic In dop-
ing might imply that the threshold current of a TJS laser can
be reduced in a rather dramatic fashion, too. As shown in
Figs. 14 and 15, about 20 times less current flows in LCTS
No. 2 (AlGaAs) than in LCTS No. 1 (GaAs) at 77K (from
10~%to 6X10-7 A at 1.27 V), while there is almost no

, difference in current flows in both samples at room tempera-

ture. This can explain why such low threshold TJS lasers are
obtained at 77 K even if they do not lase at room temperature
(data not shown here).’? As temperature increases, the
leakage current dominates current flow in the wide band-gap
junction. Shunting currents as much as 20 times the active
region current can be present during room-temperature op-
eration resulting in an elevated threshold current by a simi-
lar factor. In Fig. 14, at room temperature, LCTS No. 3
shows ideal characteristics (much higher turn-on voltage in
comparison to the other structures) observed with LCTS
No. 2 only at 77 K. As a result, shunting currents can be
reduced in a dramatic fashion by isoelectronic dopiag in
AlGaAs confining layers (reducing trap density and in-
creasing the turn-on voltage of the AlGaAs p-n homojunc-
tion).

Based on the recently demonstrated GaAs-AlGaAs lat-
tice-matched and InGaAs-GaAs-AlGaAs strained-layer
MQW TJS lasers and the above arguments on shunting cur-
rents of TJS lasers, we anticipate that a further reduction in
the threshold current of TJS lasers is possible, making these
lasers more desirable for integrated optoelectronic circuits
(IOECGs).

TABLE I11. Measured and estimated or calculated parameters used to compare trap densities in leakage current test structures (GaAs, AlGaAs, and

AlGaAs + In).
GaAs AlGaAs AlGaAs( + In)
Parameters LCTS No. 1 LCTS No. 2 LCTS No. 3
x,(um) 1.3 26 1.3
L(pm) 250 250 250
n 203 2.00 1.98
No(Si, em- %) 2x 10" 10" 10"
N,(Zn, cm-*)"* 10" 10" 10"
a,(cm~?)" 2.46x10* 863 863
A 1.468 1.804 1.804
V(V)atl, =10 uA 0.845 0.845 1.092
Wiem)" atl, = 10 uA 233x10-* 1.13x10-* 9.76x10-*
—
* Estimated or calculated values.
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IV. SUMMARY

Surface treatments of (NH, ), S have been demonstrat-
ed that reduce surface leakage currents in current injection
lasers. After the treatments, around 20 times less current
from current-voltage characteristics has been measured with
GaAs/AlGaAs multiple-quantum-well TJS lasers at an ap-
plied voltage of 0.7 V. The laser thresholds of lattice-
matched TIS lasers have been reduced by 12 mA (or 16%)
after the chemical treatments. Also, InGaAs-GaAs-
AlGaAs strained-layer single-quantum-well stripe-geome-
try lasers using spin-on-glass film for stripe definition have
been treated chemically and a reduction in the laser thresh-
old of 10mA (or 14%) has been observed. The surface treat-
ments have been effective for 67 days, but more detailed
lifetime studies are still necessary.

The strong temperature dependence of TJS laser thresh-
olds can be explained by bulk leakage currents in TJS lasers,
so the quality of the AlGaAs confining layers is very impor-
tant to TJS lasers. We have also demonstrated that the idea
of isoelectronic In doping of A1GaAs can be applied to re-
ducing the bulk leakage currents in Zn-diffused lateral p-n
junctions. The use of this technique is suggested to improve
the laser thresholds and temperature dependence of TJS la-
sers.
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InGaAs-GaAs-AlGaAs strained-layer laser with heavy silicon doping
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Photoluminescence characteristics of uniformly silicon- and beryllium-doped pseudomorphic
InGaAs-GaAs-AlGaAs single- and multiple-quantum-well heterostructures grown by
molecular-beam epitaxy are studied. Red shifts in the photoluminescence peaks are obtained
from uniformly silicon-doped single-quantum-well samples with respect to undoped

samples. Uniformly beryllium-doped InGaAs-GaAs multiple quantum wells totally intermix
during materials growth. Also, the effect on laser performance (laser thresholds and

emission spectra) by silicon doping is demonstrated with an InGaAs-GaAs-AlGaAs
strained-layer laser (grown by molecular-beam epitaxy) with a heavily silicon-doped quantum
well. The low laser threshold, kink in light versus current, shift in emission wavelength,

and two emission peaks are observed, and these characteristics are believed to be due to heavy

silicon doping. ;

L. INTRODUCTION

Strained-layer InGaAs-GaAs-AlGaAs current injec-
tion lasers have been extensively investigated in recent
years. For example, a low threshold current InGaAs
strained-layer ridge waveguide laser' operating at 1 um
and a high-power phase-locked InGaAs strained-layer la-
" ser array’ with an emission wavelength of 1.03 um have
been reported. Our group has recently reported the mate-
rials growth, materials characterization, device fabrication,
device results, and modeling of strained-layer InGaAs-
GaAs-AlGaAs photopumped and current injection quan-
tum-well (QW) lasers.’ These experimental reports dem-
onstrate that as with the GaAs-AlGaAs lattice-matched
system, desirable characteristics (low threshold current,
high-power operation, etc.) are possible with InGaAs
strained-layer quantum-well lasers.

Previous research efforts have focused on undoped
InGaAs quantum-well heterostructures. Recently, both ex-
perimental and theoretical evidence have indicated that
doping the quantum wells in a semiconductor laser can
improve laser performance. These improvements include
reducing the laser threshold and noise enhancement factor
with n-type doping (InGaAs/InP),* and increasing the re-
laxation oscillation corner frequency and 3-dB cutoff fre-
quency with p-type doping (InGaAs/AlGaAs on GaAs
and InGaAs/InAlAs on InP, or GaAs/AlGaAs).>¢ Also,
the enhanced carrier collecting capability of a degenerately
Sn-doped GaAs quantum well due to positive donors that
attract the photoexcited electrons was reported.” In addi-
tion, threading dislocations have been reported to have less
effect on GaAs/AlGaAs multiple-quantum-well (MQW)
struct:xm with doped QWs than on those with undoped
QWs. - :

In this paper we present the photoluminescence char-
acteristics of #- and p-type pseudomorphic InGaAs-GaAs-
AlGaAs single- and multiple-quantum-well heterostruc-
tures and injection laser results from an InGaAs-GaAs-
AlGaAs single quantum well (SQW) with heavy Si
doping.
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Il. EXPERIMENT
A. Photoluminescence samples

All of the photopumped laser samples used in this
study were grown by molecular-beam epitaxy (MBE,
Varian 360). Pseudomorphic single-quantum-well (SQW)
or multiple-quantum-well (MQW) laser samples for pho-
topumping were grown as follows. A 0.5-um-thick un-
doped Alj ;Gag 7As lower confining layer was deposited on
a 100-oriented GaAs (n = 3 X 10', Si) substrate. For the
SQW samples, an active region consisting of a single
In,Ga, _ ;As quantum well (undoped, Si doped, or Be
doped) sandwiched between 450-A-thick undoped GaAs
barriers was deposited. For the MQW samples, the active
region consists of four In,Ga, _ ,As QWs (undoped, Si
doped, or Be doped) separated by 600-A-thick undoped
GaAs barriers. The growth conditions used for the SQW or
MQW samples such as In flux and Si or Be cell tempera-
tures are given in Table I. Finally, a 0.5-um-thick undoped
top confining layer of Al,;Gag;As was deposited. The
lower AlGaAs confining layer was grown at 686 °C fol-
lowed by a stop growth (around 4 min under As overpres-
sure) during which the temperature was lowered to 550 °C
to deposit the active region. The top confining layer was
grown while ramping the temperature up to 686 °C.

In preparation for 77-K photoluminescence (PL) mea-
surements, small sections of the samples were pressed into
a layer of indium on a copper plug® and cooled to 77 K in
a liquid-nitrogen dewar. An argon laser beam (4 = 5145
A) was focused on the sample surface, and the lumines-
cence was measured using 8 0.5-m spectrometer and a
cooled S-1 photomultiplier.

B.Lamdlbdes

The growth conditions for the laser structure were as
follows. First, a 1-um-thick GaAs buffer layer (n =~ 2
X 10'%/cm’, Si) was deposited on a 100-oriented GaAs
(n = 3 X 10', Si) substrate at 627 °C followed by a
1.5-um-thick Al 35Gag ¢sAs confining layer (7 = 10", Si).
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TABLE 1. Photoluminescence res.its and growth conditions used for InGaAs-GaAs-AlGaAs SQW or MQW heterostructures. Un, Si, and Be denote
undoped, Si-doped, and Be-doped samples, respectively. A4 = Ay (Sior Be) — Ap (un).

In flux
Structure L, (x10-7) Ts or Tae Ap (A) FWHM
number Sample (A) (Torr) C) (17K) A (A) (meV) Comments
18A 65 (un) 2.5 9270 33 Ing 12Gag 16AS
18 18B 65 (Si) 2.5 1174 9600 +330 46
(SQW) 18C 65 (Si) 26 1096 9300 +230 «©
18D 65 (Be) 2.5 980 9630 + 360 4
19A 65 (un) 2.1 8680 14 Ing ;Gag uAs
19 9B 65 (Si) 2.1 1175 9110 +430 7
(SQW) 19C 65 (Si) 21 1064 9040 + 360 24
19D 65 (Be) 2.1 980 9140 + 460 15
20 20A 40 (un) 24 8740 7 Ing 1sGag.s1AS
(SQW) 208 40 (Si) 24 1178 8820 +80 45
27A 65 (un) 24 oo 8950 e 10 llh_“G.o_“As
27 27B 65 (Si) 23 1189 9000 +50 88
(MQW) 27¢C 65 (Si) 2.3 1098 9140 + 190 19 4QWS
271D 65 (Be) 24 1004 8330 - 620 50

The active region consisting of 450 A of undoped GaAs, 45

of InGaAs (estimated to be greater than $
X 10'%/cm’, Si), and 450 A of undoped GaAs was then
deposited. The growth rate for the InGaAs QW was 3.6
A/s and the Si cell temperature (T';) used to dope the QW
was 1174 °C. From characterization of In,Ga; _ ,As bulk
samples (Table II), the net carrier concentration can be
estimated to be greater than 5 X 10'*/cm? since almost the
same Ty with the same In flux was used to dope the
InGaAs QW for the current injection laser sample. Finally,
a 1.5-um-thick top confining layer of Alj35GagesAs
(p = 2 X 10'%, Be) and a 0.5-um-thick GaAs cap layer
(p = 3 X 10", Be) were deposited. The lower AlGaAs
confining layer was grown at 686 °C followed by a stop
growth (around 4 min under As overpressure) during
which the temperature was lowered to 550 °C to deposit

were 1386 A and 1.374, respectively. Pinhole density

( < 1/cm?) in the film was small, and adhesion of Cr/Au
(for p Ohmic contact) to the film was good. The dielectric
breakdown behavior of a 1386-A-thick SOG film was stud-
ied, and no current was detected ( <1 uA) with an applied
voltage of more than 150 V. Standard photolithography
was employed to define stripe patterns and the film was
etched to form stripes by reactive ion etching (RIE) with
8 mixture of CF, and O,. The substrate was thinned down
to about 100 um and the Ohmic contacts were deposited.
AuGe-Au (350 A-1500 A) and Cr-Au (200 A-1500 A)
were thermally evaporated for n and p Ohmic contact,
respectively. The n Ohmic contact was annealed at 425 °C
for 2.5 min. Finally, laser dice were prepared by cleaving
(250 um) and sawing (200 um).

the active region. The top confining layer was grown while 1. RESULTS AND DISCUSSIGN
ramping the temperature back up to 686 °C. :
The following processing steps were performed to ob- A. Photoluminescence

tain spin-on glass (SOG) stripe geometry laser diodes.
Only two steps (spinning and curing) were necessary to
prepare the SOG films. The film uniformity (after being
cured; 400 °C, 30 min) was better than 1.6% across a 2-in.
silicon wafer. The thickness and refractive index of the
cured film (spin speed of 5 krpm and spin time of 40 s)

The 77-K photoluminescence (PL) results and growth
conditions used (In flux and Si or Be cell temperatures
T; or Tq.) for the photopumped laser samples are sum-
marized in Table I. Throughout this experiment, the sam-
ples with the same structure number were grown sequen-

TABLE I1. Hall-measurement results and growth conditions used for InGaAs bulk layers grown by MBE on GaAs substrates. N, — Np, denotes the

) In flux Ga flux Tgor Ty, Thickness Hall mobility Nyp—Np,
Sample (X 10~ "Torr) (% 10~ "Torr) (um) (cm?/Vs) . (x10" cm-?)
8-0927A 22 56 1167 (si) - 1 1507 5.6 (n)
9-0519C . 20 57 . 1170 (Si) 34 2435 .27 (n)
9-0519D 0.5 5.7 977 (Be) 1 ) 135 20 (p)
9-1103D . 20 ) 3.6 1176 (Si) 1 1593 2.9 (n)
9-1103F 20 5.6 990 (Be) 1 94 44 (p)
9-1106A 24 5.6 1 1766 39 (m)

1176 (Si)
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tially on the same day under identical conditions to insure
the highest degree of repeatability possible. Structures 18,
19, and 20 are SQW samples, whereas struc:ure 27 is a
MQW sample.

The InGaAs bulk samples were employed to calibrate
the net carrier concentration versus T or Ty, for the
InGaAs QWs. The room-temperature Hall-measurement
results and growth conditions used (In flux and Tyg; or
Tg.) for the six InGaAs bulk layers (1 or 3.4 um thick)
grown on semi-insulating GaAs substrates are summarized
in Table I1. The growth temperature for the samples was
fixed at 550 °C and the growth rate was 3.6 A/s. Experi-
mental data on the net carrier concentration versus Tg; or
T'g. have been reported for n- or p-doped Ing 53Gag 47As on
InP substrate,'” but not for an n- or p-doped InGaAs lat-
tice mismatched to GaAs substrate. Thus, the data pre-
sented here should be useful for the design of InGaAs
strained-layer lasers with doped QWs assuming that allow-
ances are made in regard to the incorporation rate versus
strain and carrier trapping due to defects from the lattice
mismatch.

The InGaAs bulk layers on GaAs substrates, undoped
and heavily Be-doped (Be: approximately 4.4 X 10,
9-1103F), were characterized by both PL and x-ray dif-
fraction. The fact that the In compositions of undoped and
Be-doped bulk samples with the same In flux (2.0
X 10~ 7 Torr) measured from x-ray diffraction were both
18%, demonstrates that the doping effect on the PL peak
shifts observed in this study is due to doping the QWs and
not due to material growth problems such as In concen-
tration variations during the InGaAs QW growth. The
77-K PL peak at 9650 A was obtained for the undoped
InGaAs bulk sample. An In composition of 15% is ob-
tained for the undoped reference sample from E,
(In,Ga, _,As, bulk, 77 K) = 15076 — 1.63X
+ 0.53X? (see Ref. 3). Residual n-type impurities in un-
intentionally doped InGaAs layers grown by MBE can be
responsible for the difference between these two measure-
ments. Unintentionally doped MBE-grown InGaAs was
reported to be n-type (about 10'/cm?®) mainly due to im-
purities from the In source.!"!?

Red shifts in the PL peaks (not bluz shifts due to
Moss-Burstein shifts) were observed from the Si-doped
SQW samples of structures 18, 19, and 20. For each struc-
ture, an undoped sample was used as a reference. Red
shifts with both S; and Be doping were seen from the SQW
samples of structures 18 and 19. The impurities (Si or Be)
were uniformly doped (not spike doped) in the InGaAs
quantum wells. Red shifts with the Si doping in the
InGaAs QWs are in marked contrast to other experimental
reports with Sn-doped (7 type) Ings3Gag4;As bulk layers
(blue shifts observed) on InP substrates grown by liquid-
phase epitaxy (LPE),'’ and with a spike Si-doped
Ing 1¢Gag s4As MQW grown by MBE.* Si and Be dopants
were reported to be donors and acceptors in an
Ing 53Gag (7;As on InP substrate, respv:ctively.“"2 Also, as
seen in Table I1, Si and Be dopants behaved as donors and
acceptors in In,Ga, _ ;As (x <0.53) bulk layers on GaAs
substrate, respectively.
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The following can be observed from Table 1. The
amount of red shifts increases as the Si doping density
increases from 5 X 10" to 4 X 10" for a fixed In com-
position (x = 0.12 or 0.22) and QW thickness. This can be
due to a narrower band gap (thus longer Ap;) in a more
heavily Si-doped sample. The difference of 10 meV in red
shifts from samples 19-B (Si: around 4 X 10'*) and 19-C
(Si: around S X 10'") has been measured by PL. This
measured value is close to the difference of 13 meV in

band-gap shrinkages calculated from AE, = - 1.6
X 10~ %!/ for a p-doped GaAs bulk layer with AE,in eV
and p in cm— 3.1

Acceptorlike behavior of the Si impurities (red shifts)
in the InGaAs QWs can be explained by the amphoteric
nature of Si. One group observed the amphoteric character
of Si in an In-doped GaAs bulk layer.'® They found that Si
impurities were acceptors in an In-doped (around 1.5
at. %) GaAs that had been annealed with a silicon nitride
cap, and attributed the formation of Si,, (acceptors, the Si
atoms at the As sites) to a reduced density of V;, (the Ga
vacancies) caused by the Ing, atoms (the In atoms at the
Ga sites) whose large ionic radii alter the point defect
energies on the entire Ga sublattice.'® The fact that the
amphoteric character of Si was observed from InGaAs QW
samples (Table I), but not from InGaAs bulk samples
(Table II) can be explained by the different growth pro-
cesses for the QW and bulk samples. The growth of the
0.5-pm-thick upper Aly;Gag;As confining layer and 450-
A-thick upper GaAs barrier on the Si-doped InGaAs QW
(in situ annealing during the growth with the QW buried)
could have the same effect as the silicon nitride capping
and annealing on the amphoteric character of Si impuri-
ties. The Si impurities (the most widely used n-type dop-
ants in MBE crystal-growth technology) uniformly doped
in the InGaAs QWs being acceptors suggests that other
dopants be investigated to be employed as donors for the
InGaAs QWs.

A blue shift was observed from a heavily Be-doped
(Be > 5 X 10'%/cm*®) MQW sample (sample 27-D). For
the Si-doped SQW samples of structures 18 (18-B and
18-C) and 19 (19-B and 19-C), the amount of red shifts
increased as the Si doping density increased. However, for
the Si-doped MQW samples (27-B and 27-C), the amount
of red shifts was reduced as the Si doping density was
increased. To explain the different PL peak shifts from the
MQW samples with respect to the SQW samples, the Si
and Be cell temperatures used to dope the InGaAs QWs
(Si and Be doping densities) need to be considered (see
Table I). Tg, for 18-D and 19-D (SQW samples) was
980 °C, while 1004 °C was used for 27-D (MQW sample).
T; for the heavily Si-doped SQW samples of 18-B, 19-B,
and 20-B was 1174-1175 °C, while 1189 °C was used for
the MQW sample (27-B). Thus, the MQW samples (27-B
and 27-D) were more heavily Si or Be doped than the
SQW samples. The Ap; of 8330 A observed from the
heavily Be-doped MQW sample corresponds to a p-doped
GaAs at 77 K. In other words, the InGaAs QWs were
almost completely disordered as the Be cell temperature
increased by only 24°C from 980°C (Be: around 2
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FIG. 1. Light vs current characteristic for a strained-layer InGaAs-GaAs-
AlGaAs single-quantum-well laser diode with a 45-A-thick heavily Si-
doped quantum well.

X 10'®/cm?) to 1004 °C (Be: around 8 X 10'*/cm®). This
is consistent with other experimental reports for GaAs,'™!*
but no reports for InGaAs. For heavily Be-doped GaAs/
AlGaAs superlattices, the threshold for fast Be diffusion
(or for the total layer intermixing) was between 2
X 10'%/cm®and 5 X 16'?/cm’.!® The surface accumulation
of Be during the growth (rather than the Be diffusion)
could be responsible for the disordering of the heavily Be-
doped InGaAs MQW grown at 550 °C (sample 27-D) like
GaAs/AlGaAs superlattices grown at 540°C." In addi-
tion, the red shift observed from the heavily Si-doped
MQW sample can be explained by a low In-Ga interdiffu-
sion coefficient of Si. A smaller red shift from the more
heavily Si-doped sample (sample 27-B) compared to sam-
ple 27-C demonstrates that the Si dopants at Ty
= 1189 °C enhance the In-Ga layer disordering during the
materials growth. N

B. Laser diodes

The optical quality of the injection laser sample was
first studied by fabricating broad-area lasers (200X 250
um?). A threshold current density of 0.73 kA/cm? from
the heavily Si-doped SQW sample compares favorably to
other undoped QW samples (threshold current density of
1.1-1.3 kA/cm? obtained, data not shown here). The low
laser threshold current density from the heavily Si-doped
SQW laser sample is believed to be due to doping effects on
the optical gain as predicted theoretically.

Next, stripe geometry lasers using a spin-on glass
(SOG) film for stripe definition were processed. Compa-
rable laser diode results have been obtained from lasers
with a SOG film and traditional oxide (data not shown
here).? The stripe width was 6 um and the size of a com-
pleted laser diode was 200X 250 um?. The laser diode had
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a series resistance of approximately 5 {1, and a reverse
breakdown voltage of around 6 V.

The light versus current (L-7) characteristic (thresh-
old at 48 mA) is shown in Fig. 1. This laser threshold is
remarkably low considering that it is a gain guided laser
with a simple separate confinement heterostructure (SCH)
SQW active region, not a graded index (GRIN) SCH
structure. In addition, this threshold value compares favor-
ably with a proton-bombarded stripe laser (strained un-
doped InGaAs SQW GRIN SCH laser).?! A kink in the
light versus current was observed. Note that a similar kink
in the light versus current was also observed by another
group using a highly p-doped (Be = 10'%/cm®) GaAs/
AlGaAs MQW laser.® Several factors have been identified
for kinks in the light versus current for the double-hetero-
structure (DH) lasers including defects in the junction
region, which can produce lasing in filaments, and lateral
mode changes in lasers with weak lateral mode
guiding.?~2* Since defects manifest themselves as spikes in
the L-I curve, they are probably not responsible for the
smooth kink observed in Fig. 1. Kinks in the L-J curves of
DH lasers can be eliminated by employing a narrow stripe
width (about 8 um) to prevent lasing mode shifts,”* and by
introducing a refractive index guiding to stabilize horizon-
tal transverse modes.2® The reasons we believe that the
kink observed in Fig. 1 is due to doping the InGaAs QW,
and not due to processing are as follows: (i) A kink in the
L-I curve was observed from both broad-area lasers (data
not shown here) and stripe geometry lasers (Fig. 1); (ii)
the kinks in the L-J curves were not observed from our
series of undoped strained-layer InGaAs-GaAs oxide and
spin-on glass stripe iasers with the stripe width of arouad 6
pm (data not shown here); and (iii) the kinks were not
observed for a conventional DH laser with a heaviiy com-
pensated GaAs active region (1000 A, 5i: around 2
X 10'3, Be: around 3 X 10'%, data not sl.own here).

An indium composition of 14% was estimated from
growth conditions (In flux of 2.. x 10~ 7 Torr, see Table
I). The transition energy of 1.346 eV ( = 9230 A) (taking
into account quantum-size effect as well as strain effect) is
expected for a 45-A-thick undoped Ing ;,Gag 35As QW with
GaAs barriers from our model.’ However, the transition
energy of 1.395 ¢V corresponding to the emission wave-
length of 8907 A from Fig. 2(a) was obtained from the
45-A-thick heavily Si-doped Ing;,GagssAS quantum well.
In addition, from a 40-A-thick heavily Si-doped (about
5 X 10'%/cm’) Ing,9GaggiAs SQW, the amount of red
shift was measured to be 80 A (structure 20, see Table I).
Thus, an emission wavelength of about 9330 A ( = 9230
A + 100 A, where 100 A is from the red shift) was roughly
expected for the 45-A-thick heavily Si-doped
Ing 14Gag ssAs QW without taking the layer intermixing
effect into account. But the InGaAs-GaAs layer intermix-
ing enhanced by the Si impurities in an InGaAs quantum
well as observed from the sample 27-B needs to be consid-
ered. The redistribution of the Si dopants into the upper
GaAs barrier due to uniform doping (doping the edges)
could be responsible in part for the enhancement of the
InGaAs-GaAs layer intermixing by Si.?” In this case, a
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FIG. 2. Emission spectra for a strained-layer laser diode with a 45-A-
thick heavily Si-doped quantum well for three different injection current
levels: (a) J = 1.41,; (b) 7 = 2.0I,; and (c) [ = 2.7/,

blue shift of around 400 A (=9330 A — 8907 A) was
attributed to the impurity-enhanced layer disordering dur-
ing the crystal growth. Another group observed the same
amount of shift in the lasing wavelength (400 A) from an
undoggd InGaAs GRIN SCH SQW laser after an LPE
cycle.

The emission spectra are shown in Fig. 2 for three
different injection current levels (I = 1.41, 2.01,, and
2.71). First, multiple longitudinal modes were shown as
in Fig. 2(a) (lasing peak at 8907 A, I = 1.41,,). But as the
current increased (I = 2.0],,,), the modes at lower wave-
lengths (A = 8852 A) became comparable to the original
modes [4=8880 A, Fig. 2(b)]. At I = 2.7], the higher-
energy modes dominated the lower-energy modes and al-
most a single longitudinal mode was observed at 8858 A
[Fig. 2(c)]. Photopumped lasers (see Ref. 29) were also
made from the sample with a 45-A-InGaAs (Si: around
S X 10'*) QW sandwiched between 100-A-thick undoped
GaAs carrier collection layers separated by 0.5-um-thick
undoped Aly3sGag¢sAs confining layers. Two emission
peaks were also observed from the quantum well of the
photopurnped lasers at 77 K, one at 8550 A (1.453 eV)
and the other at 8600 A (1.445 eV), (data not shown
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bere). The separation between the two peaks was 50 A (8
meV) which was very close to that for the injection laser
sample (peaks at 8907 and 8858 A, 1.403 eV — 1.395
¢V = 8 meV, see Fig. 2). The fact that two emission peaks
were obtained from both photopumped and current injec-
tion lasers suggests that they are related to the doping.

IV. SUMMARY

Moss—Burstein shifts (blue shifts with respect to un-
doped samples) in the photoluminescence peaks were not
observed from uniformly Si-doped pscudomorphic
InGaAs-GaAs-AlGaAs single-quantum-well samples as
expected. Instead, red shifts were observed from the Si-
doped samples, and silicon dopants being acceptors was
explained in terms of the amphoteric character of Si. The
Si impurities (the most widely used n-type dopants in
MBE crystal-growth technology) being acceptors suggests
that other dopants be studied to be used as donors for the
InGaAs QWs. The nearly total intermixing of the InGaAs-
GaAs layers was observed from the heavily Be-doped
MQW sample (at Tp, of 1004°C) during materials
growth, and this limits the Be doping density in the In-
GaAs quantum wells.

The effect on laser performance (laser thresholds and
emission spectra) by Si doping was demonstrated with an
MBE-grown InGaAs-GaAs-AlGaAs strained-layer laser
with a heavily Si-doped quantum well. The low threshold
current of 48 mA and kink in the light versus current curve
were observed from a gain-guided spin-on glass stripe laser.
The shift in emission wavelength and two emission peaks
were also observed. A much lower laser threshold is ex-
pected to be obtained with the introduction of index guid-
ing such as impurity-induced layer disordering. The data
presented in this paper should be important in the design of
InGaAs-GaAs strained-layer lasers with doped quantum
wells.
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Enhanced/Suppressed Interdiffusion of InGaAs GaAs-
AlGaAs Strained Layers by Controlling Impurities and

Gallium Vacancies

K. Y. HSIEH and Y. L. HWANG

Department of Materials Science and Engineering -
North Carolina State University, Raleigh, NC 27695-7907

J. H. LEE and R. M. KOLBAS

Department of Electrical and Computer Engineering
National Science Foundation Engineering Research Centers
for Advanced Electronic Materials Processing

North Carolina State University, Raleigh, NC 27695-7911

The interdiffusion of In and Ga at an InGaAs-GaAs interface subjected to different an-
nealing temperatures, times, and environments is demonstrated. The interdiffusion
coefficients and activation energies are determined by correlating the shift in the pho-
toluminescence peaks with the calculated quantum well transition energies based on
an error function composition profile. The results indicate that a higher In composition
In,Ga,-.GaAs single quantum well (SQW) leads to a higher interdiffusion coefficient of
In and Ga in an As overpressure annealing condition. Also, As o increases
the interdiffusion, whereas Ga overpressure reduces the interdiffusion. The thermal ac-
tivation energies for different In composition InGaAs-GaAs SQW’s (x = 0.057, 0.10, 0.15)
range from 3.3 to 2.6 eV for an As overpressure environment and from 3 to 2.23 eV for
the Ga overpressure situation. With respect to impurity induced disordering by Zn using
a Ga or As overpressure sxgmﬁcantly effects the depth of the Zn diffusion front but
ugmﬁca;.lnt mixing does occur in either case when the impurity front reaches the quan-

tum we

Key words: In-Ga interdiffusion, thermal annealing, quantum well structure, impu-

rity diffusion, diffusion induced disordering

INTRODUCTION

There is a strong interest in the optoelectronic
properties of strained layer quantum well hetero-
structures (QWH's) resulting from the relaxation of
the lattice-match constraint and the introduction
of strain which produces new and useful proper-
ties.'™* The stability of lattice-matched®* and lat-
tice-mismatched'®’* QWH's to thermal- or diffu-
sion-induced compositional disordering is of great
interest for fundamental material studies and pos-
sible problems in the fabrication and reliability of
dev:ces High performance strained layer InGaAs-

tum well lasers have also been re-

15-17 In spite of the strain, strained layer
InGaAs-GaAs QWH’s wells are almost as stable as
lattice-matched AlGaAs-GaAs QWH's to thermal
disordering.!* However, very few reports mention
the diffusion coefficienit and activation energy of the
In and Ga in the InGaAs-GaAs strained layer in-
terfaces. Only Joncour et al.!® have reported the in-
terdiffusion coefficient Dy, 5. of InGaAs-GaAs
strained-layer superlattice (SLS) at 850° C mea-
sured by x-ray diffraction. In this work, we report

(Received April 9, 1990; revised August 24, 1990)
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the systematic study of the thermal interdiffusion
(In and Ga) and impurity enhanced disorder at the
quantum well hetercinterface under the influence
of the annealing environment. The relationships
between the interdiffusion coefficient Dy, g, and the
In mole fraction of the InGaAs-GaAs strained layer
QWH’s are also addressed.

CRYSTAL GROWTH AND DIFFUSION

All the InGaAs-GaAs SQW’s for this experiment
were grown by molecular beam epitaxy (Varian 360)
on Si-doped (100)-oriented GaAs substrates. The
growth temperature for the InGaAs-GaAs layers was
§50° C, and for the AlGaAs layers, the temperature
was fixed at 640° C. During the growth of the
AlGaAs-GaAs interfaces, stop growth was carried
out while the temperature was decreased from 640
to 550° C or while it was increased from 550 to 640° C.

Two different SQW structures were studied. The
first has 0.5-um thick Al,Ga,__As (x = 0.35) clad-
ding layers surrounding two 1500A thick GaAs con-
fining layers and an 87- to 100A In,Ga,_,As (x =
0.057, 0.113, 0.15) well centrally located between the
two GaAs confining layers. In the second structure,
there were no AlGaAs cladding layers. The samples
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were grown by first depositing a 0.5-um GaAs layer,
then a 100A In,Ga,_As (x = 0.15) well, and finally
another 1200 or 600A GaAs cap layer. To improve
the interface quality a brief (<1 sec) interruption of
the growth is carried out at the InGaAs-GaAs in-

For both thermal annealing (impurity-free) and
Zn diffusion experiments, the samples were ultra-
sonically cleaned in trichloroethane, acetone, and
methanol, and washed in distilled water. The sam-
ples were placed in cleaned and etched
(HF:HNO,:H,0 = 1:1:1) quartz ampoules (approx-
imately 3.5-4 cm®) and sealed under a vacuum of
10~" Torr. Sufficient As (20 mg) or Ga (20 mg) or
Zn was included to provide an excess overpressure.
For the thermal annealing, the annealing temper-
atures and times varied in the range from 750 to
925° C and from 3 to 5 hours. Samples keep their
mirror like surface after thermal annealing in both
the As and Ga overpressure environments. How-
ever, for a temperature exceeding 700° C significant
surface degradation was observed for samples in the
no over pressure environment. With respect to low
temperature Zn diffusion, the diffusion time em-
ployed was 1 hour for all cases and the diffusion
temperature was 600 to 650° C.

To study the effects of thermally-induced or im-
purity-induced disordering in a SQWH, photopump-
ing was employed and the change in photolumi-
nescence emission energy was recorded. The
photoluminescence a were taken with the
samples cooled to 77 K and photoexcited with a cav-
ity-pumped argon-ion laser (A = 51454, 8-ns pulse
at 3.8 MHz). The spectra were recorded using a 0.5-
m spectrometer and an S-1 photomultiplier.

STRUCTURE ANALYSIS AND THERMAL
DISORDERING

A cross-sectional dark field TEM (Transmission
Electron Microscopy) image of the In,Ga, . As-GaAs
(x = 0.15) single quantum well is shown in Fig. 1(a).
Both the absence of dislocations at the interfaces as
seen in the TEM image and a sharp peak in the
photoluminescence spectrum (Fig. 1(b)) indicate that
the 100A InGaAs SQW is of high crystalline qual-
ity.
Before annealing the SQWH can be modeled as a
finite square-well potential. The potential w="" depth
is determined from the conduction and val. .. oand
discontinuities for the electrons and holes, respec-
tively. The carrier mass used in the Schrédinger wave
equation is the carrier effective mass in GaAs for
the barrier regions and in the In.Ga,..As for the
quantum well. The thermal annealing process
changes the composition profile across the quantum
well structure through the solid state diffusion of In
and Ga. The composition profile will then deter-
mine the potential energy profile confining the car-
riers. The spatial profile of the In composition C,
across a well centered at z = 0 is described by'**®
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AlGaAs-GaAs-InGaAs SQW
In composition = 15%
Well Width = 100A

9180

— |}~ FWHM =8 meV

Relative Emission Intensity (77K)

%800 5400 9000 3600 8200
Wavelength (A)

{b)

Fig. 1 — (a) Cross-sectional dark field TEM photomicrograph of

8 100A Aly5GaoeAs-GaAs-In, ;GaseAs SQW. (b) Photolumi-

nescence spectrum (77K) of the SQW. The absence of dislocations
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1 z-L,/2 corresponds to the greatest In-Ga interdiffusion

C@) = C, 1+§¢’f N which occurs when the sample is annealed with an

2Dt As overpressure. In contrast, the least interdiffu-

1 [z+L)/2 sion (9180 to 8930A, AE = 38 meV) occurs with Ga

-—erf ( )] (1) overpressure. These results indicate that the com-

2 V2Dt positional disordering process is significantly af-

where C, is the initial In composition in the quan-
tum well, L, is the well thickness, D, g, is the in-
terdiffusion coefficient, ¢ is the annealing time, and
erf(2) is the error function. If the initial well width
is known, the shift in the quantum well emission
after thermal annealing will depend on the values
of Dy, c. and ¢. The interdiffusion coefficient Dy, ¢.
can be determined by varying Dy, ¢. until a match
is obtained between the experimental and calcu-
lated transition energies. The bound state energy
transition levels of an annealed SQWH are found
using a potential profile that is calculated using Eq.
(1) and the degendence of the bandgap on the In
mole fraction x.*! Given the electron and heavy hole
effective masses, m?¥ = 0.0665 — 0.0435x and mf, =
0.45 — 0.04x, respectively, and the band offsets™ of
AE, = 0.7E, and AE, = 0.34E,, the bound state
energies can be calculated- using iterative tech-
niques. Calculation of the radiative transition en-
ergy consists of adding the electron sub-band en-
ergy, the heavy hole sub-band energy, and the energy
gap corresponding to the In concentration at the well
center.

The 77K photoluminescence spectra from an
Ing 15Gag ssAs SQW are shown in Fig. 2 for samples
processed as follows: (a) as grown, (b) Ga overpres-
sure, (c) As overpressure, and (d) no overpressure.
The annealing temperature was 850° C and the an-
nealing time was 3 hours. The largest shift in wave-
length (9180 to 8540A) or energy (AE = 101 meV)

AIGaAs-GaAs-InGaAs SQW
Annesling Conditions

Ioso‘c for 3 Hours
1

n Con.z15%
Well Width=1004

(s) Not Annealed

(b) Ga Over Pressure
(¢) No Over Pressure
(d) As Over Pressure

{(c) 8740

(d) 8540
(b) 8930

(a) 9180

Relative Emission Intensity (77K)

T

3300 £ ) 3100
Wavelength (A)

97

JLLLL

Fig. 2 — Photoluminesacence spectra (77K) of the SQW samples,
before and after thermal annealing at 850° C for 3 hr in different
overpressure environments. Note the large difference between
the As and Ga curves with respect to the shift in the emission

fected by the overpressure conditions for thermal
disordering (i.e., when no impurity-induced disor-
dering occurs). These results are consistent with
those observed for the AlGaAs-GaAs lattice-matched
system.’

The calculated values of the diffusion coefficients
Dy e for the Ing ,;Gag 55As-GaAs are plotted versus
1/kT (810 < T < 925° C) in Fig. 3. A least-squares
fit of the data yields activation energies of AE ,, ;i)
= 3.38V, AE(M"'—IN) = l.56eV, AE(W = 2.23eV.
To our knowledge, this is the first study of the in-
fluence of Ga overpressure on the interdiffusion of
In and Ga in InGaAs. In addition this is the first
report of the activation energies of In and Ga in-
terdiffusion under different annealing environ-
ments.

The interdiffusion coefficient of In and Ga in the
InGaAs is not only affected by the annealing en-
vironment but also related to the In concentration
in the InGaAs alloy. The relation between the in-
terdiffusion coefficient and the In concentration in
the InGaAs SQW is shown in Fig. 4. The data in-
dicate that for high In compositions in the InGaAs
well the disordering process is enhanced with As
overpressure. On the contrary, under Ga overpres-
sure the disordering process is suppressed with in-
creasing In composition. These results will be dis-
cussed later.

Both AlGaAs-GaAs-InGaAs SQW and GaAs-

(°c)
950 925 900 875 850 825 800

10715

@ Arsenic -
¢ No As, Ga
® Gallium

| AlGaAs-GaAs-InGaAs SQW
In Con.=15%, L,=100A

104

Diffusion Coefficient (cm?/ sec)

96 10 104 1038
1AT (eV ™)

Fig. 3 — Plot of the interdiffusion coefficient of In and Ga in an
Aly 2G000As-GaAs-In,g sGassAs SQW, for different overpres-
sure environments as function of 1/kT. A least-squares fit to the
data yields activation energies of AE , na) = 3.3 eV, AE g, nen =

2.23 eV, and AE,,, qverpromurs = 1.56 V.




1420
(°C)
1018 950 925 900 8§75 850 825 800
F AlGaAs-GaAs-inGaAs SQW 15% iIn 08 i
[ 10%in o ]
5.7% In O—® 1
10»1‘ 3

T\\Qx\

P, Solid: As Over Pressure
Open: Ge Over Pressure
LGool

L4

10?7

Diffusion Coefficient (cm2/ sec)

2
[_J

1 1. i o i n A
9.6 10 104 108

1/KT (eV-)

Fig. 4 — Arrhenius plots of the diffusion coefficients to fit the
interdiffusion of different In composition Al Ga,.,As-GaAs-
In,Ga,_As SQW (y = 0.35; x = 0.057, 0.10, 0.15) in As over-
pressure and in Ga overpressure conditions. Note that the in-
terdiffusion coefficients increase with increasing In concentra-
tion in an As overpressure environment and reduce with
increasing In composition in a Ga overpressure condition.

InGaAs SQW samples were evaluated. The well
width (L, = 100A) and the In concentration (x =
0.15) in the well are the same for these two differ-
ent SQW samples. The photoluminescence spectra
for these two samples, as-grown and after anneal-
ing (850° C, 3 hours, As overpressure), are shown in
Fig. 5. For the samples which had Al,Ga,_.As clad-
ding layers, the peak shift is larger than the sam-

GaAs-InGaAs SQW |
(a) Not Annealed
(b) As Over Pressure

850°C for 3 Hours

(b) 8740

(2) 9170

Same In Con.z15%

Same Well Width=1004
—
)

AlGaAs-GaAs-InGaAs
(¢) Not Annealed
(d) As Over Pressure

850°C for 3 Hours

(c) 9180

Relative Emission Intensity (77K)
I

= n L
9660 9200 3300 8400 8000 7600
Wavelegth (A)

Fig. 5 — Photoluminescence spectra (77K) of the SQW samples,
before and after thermal annealing at 850° C for 3 hr in an As
averpressure condition. The sample with a separate confinement
mp‘::.k (AlGaAs-GaAs-InGaAs) had a larger shift in the emis-
sion .
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ples that only had GaAs barrier layers. Following
the same technique presented above, the interdif-
fusion coefficient and the activation energy were
determined. The results show that samples with
AlGaAs layers have a larger interdiffusion coeffi-
cient Dy, (Fig. 6). Since the AlGaAs-GaAs-
InGaAs SQW crystal has AlGaAs cladding layers,
the diffusion between Ga and Al atoms at the
AlGaAs-GaAs interface should also occur during
annealing. The photoluminescence spectrum only
provides the bound state energy information from
the InGaAs well. Hence we don’t know what is hap-
pening at the AlGaAs-GaAs interfaces. However, by
comparing the shift in the photoluminescence peak
of the two samples we observe more rapid disorder-
ing of the InGaAs well in the samples with AlGaAs
cladding layers. To investigate this further, addi-
tional samples with the same basic structure but with
200A (rather than 1500A) GaAs confining layers
were evaluated. Subjecting these new samples to the
same annealing conditions resulted in larger shifts
in the photoluminescence peaks (150A difference).
Hence, the closer proximity of the AlGaAs-GaAs
hetergjunction enhances the intermixing. This could
be due to the presence of Al atoms that diffuse to
the InGaAs-GaAs interface or a modification of the
concentration and movement of point defects due to
the adjacent of AlGaAs.

Deppe et al.® that the diffusion rate of
the Column III lattice atom will be proportional to
the concentration of the Column III point defects.
Major et al.!? also pointed out that the diffusion of
the Column III atom can be enhanced by moving
along the dislocation created through strain relax-
ation. We can apply both ideas below to explain the

(°c)
.18 950 925 900 875 850 825 800
1077 T T T T T | T
O-8 Arsenic
O-® No As, Ga
0-® Gallium

-
<,
-

—

<
[
~3

Open: GaAsInGaAs
Solid: AlGaAs/GaAs'InGaAs
In Con.=15%, L,=100

ao
10793 510 103 103

1T (V™)

Fig. 6 — Plot of the interdiffusion coefficient of In and Ga in the
Al GaouAs-GaAs-In, ;G sAs SQW and the GaAs-Ing,,GayuAs
SQW for different overpressure environments as a function of 1/
kT. Interdiffusion always occurs faster in the separate confine-
ment heterostructure.

Diffusion Coefficient (cm?/ sec)
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In-Ga interdiffusion as a function of overpressure
and In concentration.

The relation between the interdiffusion and the
In concentration in the InGaAs SQW has already
been shown in Fig. 4. Note that the interdiffusion
coefficient Dy, g, increases with increasing In mole
fraction in the InGaAs alloy in an As overpressure
condition. On the contrary, under Ga overpressure
the InGaAs-GaAs well with high In composition is
more stable than that with low In composition.

There are at least two factors that determine the
behavior of the interdiffusion of In and Ga at the
InGaAs-GaAs interfaces. One is the strain which can
produce dxslocatxons during annealmg when the
lattice relaxes'® and the other is the Ga vacancy
concentration controlled by the over pressure con-
ditions. For the In atoms to pass through the inter-
face and exchange with Ga atoms they need to find
a vacancy on a neighboring site. An As overpres-
sure provides a high Ga vacancy concentration. This
condition provides enough driving force to enhance
the disordering process. Simultaneously, the strain
can create a dislocation network during the strain
relaxation'® and then provide a diffusion vehicle for
the Column III atoms. Since a high In fraction is
associated with a high strain, it will generate more
dislocations. Both conditions help the disordering
process to proceed faster. In contrast Ga overpres-
sure dramatically reduces the Ga vacancy concen-
tration resulting in fewer sites into which the In or
Ga atoms can jump across the interface and settle.
In this case even if the strain relaxation provides
diffusion pipes'® for the Column III atoms, limited

AlGaAs-GaAs-InGaAs SQW
Annealing Conditions

850° C for 3 Hours

(a) Not Annealed

(b) Ga over pressure

{(c) As over pressure

In Con.=5.7%
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[\
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Fig. 7 — Photoluminescence spectra (77K) from a set of
Al 35G8y ¢sAS-GaAS-In, 057GaoesAS SQW samples cleaved from a
single wafer, before and-after thermal anneling at 850° C for 3
hr in different overpressure environments. Note the small dif-
ference between the As and Ga curves with respect to the shift
in the emission peaks. This result indicates for the low In com-
position SQW's, the interdiffusion process was not sensitive to
the overpressure condition.

Ga vacancies slowed down the diffusion process.
Hence the speed of interdiffusion of the Column III
atoms across the interface is reduced. Based on this
model, we would expect an In,Ga,_,As SQW to have
a larger interdiffusion coefficient in an As over-
pressure compared to a Ga overpressure, and a high
interdiffusion coefficient for a higher In composition
in an As overpressure which are observed experi-
mentally. The model is not sufficiently robust to ex-
plain why high In composition interface are more
stable in a Ga overpressure.

An important result to note is that for low In
composition In.Ga,_,As-GaAs SQW's (x = 0.057), the
thermal disordering process was not sensitive to the
annealing environment. The 77K photolumines-
cence spectra from In,Ga,_,As/GaAs SQW's (x =
0.057) after 3 hours at 850° C in different overpres-
sure conditions are shown in Fig. 7. The shifts in
the photoluminescence peaks were nearly the same
for both Ga and As overpressure conditions for the
low In composition samples. In contrast, the inter-
diffusion coefficient for the high In composition
(x = 0.15) SQW in an As overpressure condition is
almost one order magnitude larger than in a Ga
overpressure condition.

IMPURITY INDUCED DISORDERING

A lot of work has been done on compositional dis-

ordenn% with Zn impurity diffusion in lattice-

and lattice-mismatched'** QWH. In order

to better understand the role of Ga and As over-

pressure in controlling the interdiffusion process, we

also performed the Zn impurity induced disordering
experiments in various overpressure conditions.

8800 AlGaAs-GaAs-InGaAs SQW
Diffusion Condition:

650° C 1 Hour

(A) As-grown

(B) Zn over pressure

(C) Zn + As over pressure

A)

Relative Emission Intensity (77K)

(B) 8500

- 5870 —

© In Con. = 10%

Well width=87A
L -
L A v A erlittted it —————————
9500 9100 8700 8300 7900 7500 7100 6700
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Fig. 8 — 77K photoluminescence spectra for Al ;sGa,¢sAs-GaAs-
IngGageAs SQW following impurity diffusion with different ov-
erpressure conditions. The emission peak did not shift in an As
and Zn overpressure condition due to a shallow diffusion front.
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The 77K photoluminescence spectra from an
Ing ;GagAs SQW are shown in Fig. 8 for samples
processed as follows: (a) as grown, (b) Zn overpres-
sure, (c) Zn and As overpressure. The annealing
temperature was 650° C and the annealing time was
1 hour. With Zn overpressure, the photolumines-
cence spectrum broadens and the peak shifts to
shorter wavelengths indicating partial mixing due
to tne impurity diffusion. During annealing if we
also put extra As into the ampoule with the Zn
source, the heterointerfaces are not mixed and the
photoluminescence is the same as the as-grown
samples (Fig. 8(c)). Shih® reported that the diffu-
sion of Zn in GaAs was affected by the Ga vacancy
concentration, which in turn was governed by the
As pressure. We observed that the diifusion profile
changed gradually as extra As was added. Compo-
sitional disordering will not take place until the Zn
diffusion front passes through the interfaces. For the
sample annealed under Zn and extra As ambient,
the Zn diffusion front did not reach the well. Hence
the photoluminescence measurement was the same
as the unannealed samples.

A thin SQW is good for measuring a slight amount
of interdiffusion, while a thick SQW is appropriate
for conditions that produce rapid interdiffusion.
Hence a sample with several SQW’s with different
thicknesses would be useful to gauge a wide range
of disordering mechanisms. A sample with three
Ing 15sGagsAs SQW’s of different well widths (L, =
50, 85, and 200A) separated by 2000A GaAs bar-
riers was used to evaluate the effect of Zn impurity
diffusion. The 77K photoluminescence spectra are
shown in Fig. 9 for the as-grown sample, (a), and
for samples diffused for 1 hour at 600° C with (b)

o GaAs-InGaAs MQW
4 9160 La=50, 85, 200
= Diffusion Condition
~ 680° C 1 Hour
> ) (A) As-grown
o= (B) ZnAs,
2 (C) ZaAs 3+ Ga
L
R 9240 -
o
R
2 ®)
£
m _ 9180 -
o
= 9400 8800
b
=
5] (A)
(4
9800 9400 9000 8600 8200 7300
Wavelength (A)

Fig. 9 — Low temperature (77K) photoluminescence spectra for
GaAs-Ing sGassAs MQW (L, = 50, 85 and 200A) following ZnAs,
impurity diffusion with different overpressure environments at
600° C for 1 hr. The degree of disordering in a ZnAs, + Ga ov-
erpressure condition is larger than in a ZnAs, overpressure con-
dition.
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ZnAs, and (c¢) ZnAs,; and Ga. With ZnAs, overpres-
sure the two thin wells were almost completely mixed
leaving only the 200A well peak. Compared with
the as-grown sample, the 200A well photolumi-
nescence peak (Fig. (b)) shifted 160A (9400 to
9240A). For the ZnAs, with extra Ga annealing
condition, the peaks from the 50 and 85A wells also
disappeared and the 200A well peak shifted 240A
from 9400 to 9160A. The degree of disordering was
larger than in the ZnAs, annealing condition. For
the ZnAs, with extra As ambient, the result was
the same as the Zn with As overpressure condition.
In the case of impurity-induced disordering, Ga
overpressure could not suppress the interdiffusion
of In and Ga while As overpressure did retard the
disordering process by slowing the diffusion front.

The diffusion coefficient of Zn is function of (Zn;]
the interstitial concentration and [Zn,] the substi-
tutional concentration.®® In the As overpressure
condition, the Ga vacancy concentration increases.
Most of the interstitial Zn atoms will fall into the
Ga vacancies and become substitutional Zn impur-
ities. With the Zn; interstitial concentration re-
duced then, the diffusion process will be dominated
by substitutional diffusion. With respect to the Ga
overpressure, the situation is totally reversed. The
extra Ga reduces the As vapor pressure and the Ga
vacancy concentration also decreases. T erefore the
Zn; concentration will be maintained and the dif-
fusion process proceeds faster. For these two rea-
sons the speed of the Zn diffusion front is controlled
by the Ga vacancy concentration. This explains why
the SQW did not intermix under the Zn and As ov-
erpressure condition but is subject to easy compo-
sitional disordering in an Ga overpressure environ-
ment. These results confirm the interstitial
substitutional mechanism of interdiffusion and in
the case of Zn impurity induced disordering neither
Ga or As overpressure is effective in substantially
slowing the intermixing (unless the Zn diffusion front
is prevented from reducing the QW).

CONCLUSION

The interdiffusion coefficient and activation ener-
gies have been determined for the interdiffusion of
In and Ga under the conditions of excess Ga, excess
As or no excess overpressure. These results were ob-
tained by measuring the shifts in the photolumi-
nescence peaks and correlating the data with a so-
lution to Schrédinger’s equation with the votential
determined by an error function composition profile
of the In mole fraction. The interdiffusion coeffi-
cient o7 .u and Ga is a function of In composition,
annealing environments and layer structure. In the
As overpressure case, the higher In concentration
in the SQW exhibits a larger diffusion coefficient.
On the contrary, high In composition InGaAs-GaAs
is more stable under Ga overpressure annealing.
Even the highest interdiffusion rate associated with
Ga overpressure is still less than the diffusion rate
associated with As pressure. Samples with a clad-
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ding layer (AlGaAs) also show a higher interdiffu-
sion coeflicient of In and Ga. With respect to the
impurity-induced disordering of InGaAs-GaAs by Zn
(elemental or ZnAs, source). It was not possible to
substantially slow the interdiffusion with a Ga or
As overpressure (unless the overpressure condition
prevented the Zn diffusion front from reaching the
quantum well). It is encouraging that the pseudo-
mosphic strained layer heterostructure can be pre-
served at high growth/processing temperature
without requiring the deposition of encapsulants if
the appropriate overpressure conditions are pro-
vided

This work was supported by Strategic Defense
Initiative Organizatior /Innovative Science and
Technology through Army Research Office DAAL
03-87-K-0051 and the National Science Foundation
Engineering Research Center for Advanced Elec-
tronic Materials Processing.

REFERENCES

1. J. W. Matthews, A. E. Blakeslee, J. Cryst. Growth. 27, 118
(1974); 29, 273 (1975); 32, 265 (1976).
2. J. W. Matthews, A. E. Blakeslee and S. Mader, Thin Solid
Films 33, 253 (1976).
3. G. C. Osbourn, J. Appl. Phys. 53, 1586 (1982).
4. G. C. Osbourn, J. Vac. Sci. Technol. 21, 469 (1982).
5. L. L. Chang and A. Koma, Appl. Phys. Lett. 29, 138 (1976).
6. W. D. Laidig, N. Holonyak, Jr., M. D. Camras, K. Hess,
J. J. Coleman, P. D. Dapkus and J. Bardeen, Appl. Phys.
Lett. 38, 776 (1981).
7. W. D. Laidig and N. Holonyak, Jr., J. Electron. Mater. 11,
1 (1982).
. D. G. Deppe, L. J. Guido and N. Holonyak, Jr., MRS meet-
ing, Reno Nevada (1988).

9. K. Y. Hsieh, Y. C. Lo, J. H. Lee and R. M. Kolbas, 1988 Int.
Symp. GaAs and Related Compounds, Atlanta, Georgia (Inst.
Phys. Conf. Ser. NO. 96 p393).

10. M. D. Camras, N. Holonyak, Jr., K. Hess, M. J. Ludowise,
W. T. Dietze and C. R. Lewis, Appl. Phys. Lett. 42, 185 (1983).

11. J. 8. Major, Jr., L. J. Guido, K. C. Hsieh, N. Holonyak, Jr.,
W. Stutius, P. Gavrilovic and J. E. Willams, Appl. Phys. Lett.
54, 913 (1989).

12. K. J. Beernink, P. K. York, J. J. Coleman, R. G. Waters, J.
Kim and C. M. Wayman, Appl. Phys. Lett. 55, 2167 (1989).

13. J. S. Major, Jr., L. J. Guido, N. Holonyak, Jr., K. C. Hsieh,
E. J. Vesely, D. W. Nam, D. C. Hall, J. E. Baker, P. Gav-
rilovic, K. Meehan, W. Stutius and J. E. Williams, J. Elec-
tron. Mater. 19, 59 (1990).

14. J. 8. Major, Jr., D. C. Hall, L. J. Guido, N. Holonyak, Jr., P.
Gavrilovic, K. Meehan, J. E. Williams and W. Stutius, Appl.
Phys. Lett. 55, 271 (1989).

15. D. F. Welch, W. Streifer, C. F. Schaus, S. Sun and P. L.
Gourley, Appl. Phys. Lett. 56, 10 (1990).

16. J. S. Major, Jr., W. E. Plano, A. R. Sugg, D. C. Hall, N. Ho-
lonyak, Jr. and K. C. Hsieh, Appl. Phys. Lett. 56, 105 (1990).

17. W. Stutius, P. Gavrilovic, J. E. Williams, K. Meehan and
J. H. Zarrabi, Electron. Lett. 24, 1493 (1988).

18. M. C. Joncour, M. N. Charasse and J. Burgeat, J. Appl. Phys.
58, 3373 (1985).

19. J. Crank, The Mathematics of Diffusion (Oxford University,
London, 1957).

20. J. Cibert, P. M. Petroff, D. J. Werder, S. J. Pearton, A. C.
Gossard, and J. H. English, Appl. Phys. Lett. 49, 223 (1986).

21. N. G. Anderson, Ph.D. dissertation. North Carolina State
University (1988).

22. Y. Marzin, M. N. Charasse and B. Sermage, Phys. Rev. B31,

8298 (1985).

. D. G. Deppe and N. Holonyak, Jr., J. Appl. Phys. 64, R93

(1988).

. W. D. Laidig, J. W. Lee, P. K. Chiang, L. W. Simpson and

S. M. Bedair, J. Appl. Phys. 54, 6382 (1983).

R. L. Longini, Solid St. Electron 5, 127 (1962).

26. K. K. Shih, J. W. Allen and G. L. Pearson, J. Phys. Chem.
Solids 129, 379 (1968).

¥ o8B




Journal of Electrenic Materials, Vol. 30, Ne. &, 1901

Diffusion of Zinc into GaAs Layers Grown by Molecular
Beam Epitaxy at Low Substrate Temperatures

Y. K. SIN, Y. HWANG, T. ZHANG and R. M. KOLBAS

Department of Electrical and Computer Engineering
North Carolina State University, Raleigh, N.C. 27695-7911

We report the diffusion of zinc into low temperature (LT) GaAs grown by MBE at 200° C,
the problems associated with using a silicon nitride film directly deposited on the LT
GaAs as a Zn diffusion mask, and several schemes to avoid the problems. The Zn dif-
fusion coefficient is measured (sealed-ampoule technique) to be about one order of mag-
nitude higher in the LT GaAs than in normal GaAs, attributed to a large quantity of
defects including arsenic antisites (Asg,) in the LT GaAs. The effectiveness of silicon
nitride as a Zn diffusion mask depends if the mask is deposited directly on the LT GaAs.
The failure of the nitride directly deposited on the LT GaAs to stop the Zn is attributed
to arsenic atoms outdiffusing from the As-rich LT GaAs (about 1 at. % excess As) into
the nitride. Several structures are introduced including a 100-A thick GaAs layer on
the LT GaAs that are effective in preserving the diffusion mask properties of the silicon
nitride.

Key words: Zn diffusion, LT GaAs, Si;N,, MBE

1. INTRODUCTION

In recent years, GaAs layers grown by molecular
beam epitaxy (MBE) at low substrate temperatures
(200° C, LT GaAs) have found an increasing num-
ber of applications both in electronics and optoelec-
tronics. The LT GaAs layers have been employed as
buffer layers for GaAs metal-semiconductor field-ef-
fect transistors (MESFETs).!-® GaAs MESFET's with
a low temperature buffer layer (LTBL) exhibited re-
duced sidegating effects, increasing the packing
density of transistors. Sidegating is the reduction in
the drain-source current of a FET as a result of a
bias applied to an adjacent device.*® More recently,
a substantial enhancement of the breakdown volt-
age of a GaAs MESFET has been demonstrated by
using LT GaAs surface layers.® LT GaAs has also
been used in optoelectronic devices such as photo-
conductors and a very high-speed photoconductive
response was observed.?-?

Some remarkable features of the LT GaAs in-
clude (1) very weak photoluminescence (PL),'? (2)
very high resistivity,!2 (3) an As-rich stoichiometry
(GaAs, 1), (4) a large quantity (greater than 10'®/
cm®) of an EL2-like deep level (probably Asg,),'%*?
and (5) a density of 1017 — 1018/cm® of arsenic pre-
cipitates.’

This paper reports the diffusion of zinc into LT
GaAs grown by MBE at 200° C. We also investigate
the use of a silicon nitride film directly deposited
on the LT GaAs as a Zn diffusion mask and offer
several schemes to avoid problems associated with
using such a film.

(Received January 18, 1991)
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2. EXPERIMENTAL METHODS

The samples used in this study were all grown by
molecular beam epitaxy (MBE, Varian 360). The
control sample (sample A) was an undoped liquid-
encapsulated Czochralski (LEC) GaAs substrate. The
LT GaAs samples were grown at 200° C and the
growth rate was about 1 um/hr. The growth tem-
perature was measured accurately using a ther-
mocouple imbedded in the heater block. After the
LT GaAs was grown, a stop growth was employed
to anneal the sample at 580° C for 10 min under As
overpressure and then the next layers were grown
successively. Four samples were grown as follows.
Sample B — a 3-um thick LT GaAs layer on an un-
doped GaAs substrate, sample C — a 1-um thick
GaAs layer on a 3-um thick LT GaAs layer grown
on a Si-doped GaAs substrate, sample D — an 87-A
GaAs quantum well sandwiched by 0.5-um thick
Aly3Ga, 7As layers on a 0.2-um thick LT GaAs layer
grown on an undoped GaAs substrate, and sample
E - a 100-A thick GaAs layer on a 2-um tkick LT
GaAs layer grown on a Si-doped GaAs substrate.

The silicon nitride was deposited by plasma en-
hanced chemical vapor deposition (PECVD). The
deposition temperature was fixed at 350° C for all
of the samples throughout this experiment. The re-
fractive index and thickness of the silicon nitride
films were about 2.0 and 1500 A, respectively. Stan-
dard photolithography was employed to define stripe
patterns (windows for Zn diffusion, the width of the
stripe was about 150 um) and the silicon nitride films
were etched by reactive ion etching (RIE) with a
mixture of CF, and O,. In addition, the LT GaAs
layer was etched with deionized (DI) water-diluted
clorox (clorox:DI water = 1 : 4) and the etching

465




466

rate was about 10 A/sec at room temperature with-
out agitation.

Zinc was diffused by a sealed-ampoule technique.
ZnAs, was used as a Zn diffusion source, and a weight
of about 5 mg of ZnAs, (to provide an As-overpres-
sure of about 450 Torr, see Ref. 14) was used for an
ampoule of about 4 cc. The amount of the source
material was kept to about 1 mg/cc, so equal Zn
diffusion rates were expected regardless of the size
of the samples. Zn was diffused in a furnace at 650° C
for 12 hr for all of the samples used in this study.
After the Zn diffusion was performed, the sample
was cleaved and stained with an A-B etchant,'® and
the Zn diffusion profile was observed with a No-
marski-contrast optical microscope.

In preparation for 77K PL (photoluminescence)
measurements, small sections of the samples were
pressed into a layer of indium on a copper plug'®
and cooled to 77K in a liquid nitrogen dewar. An
argon laser beam (A = 5145 A) was focused on the
sample surface, and the luminescence was mea-
sured using a 0.5-m spectrometer and a cooled S-1
photomultiplier.

3. RESULTS AND DISCUSSION

3.1 Zn Diffusion Coefficient in LT GaAs

The Zn diffusion profile for sample B is shown in
Fig. 1. The left-hand side was etched for the ease of
comparing Zn diffusion rates in undoped GaAs and
LT GaAs. The two-boundary diffusion model with
constant diffusion coefficient was used to calculate
the Zn diffusion rates in the LT GaAs and undoped
GaAs.'™® The Zn diffusion rate in the undoped GaAs
could be evaluated in the region where the LT GaAs
was completely etched. As shown in the schematic
diagram of Fig. 1, the Zn diffused all the way through
the 3-um thick LT GaAs into the undoped GaAs
substrate. The Zn diffusion rate in the LT GaAs layer
Dz = 1.3 x 107" cm?/sec) was calculated to be
about nine times faster than that in undoped GaAs
(Dz, = 1.5 X 107!2 cm?/sec). The faster Zn diffusion
rate in the LT GaAs is attributed to the presence
of a large number of defects including arsenic an-
tisites (Asg,) in the GaAs layer grown at the low
substrate temperature of 200° C. Zn has been shown
to diffuse much faster in GaAs with a lot of defects
than in GaAs with fewer defects because the defects
provide high diffusivity paths or short circuit paths.'®
The dependence of Zn diffusion rate on the number
of defects is also evidenced by the fact that a slower
Zn diffusion rate was observed in an In-doped
AlGaAs layer compared to AlGaAs,® attributed to
a reduced defect density (fewer Ga vacancies, for ex-
ample) made possible by isoelectronic In doping.?!
A similarly slow Be diffusion rate was observed from
In-doped AlGaAs.?

32 Photoluminescence (PL)

The 77K PL data were taken for sample B before
and after the Zn diffusion at 650° C for 12 hrs. The
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LT-GaAs __Z;

moX
¢2.5um ’ f

Zn Diffused Region 1.5um

Undoped GaAs Substrate

Fig. 1 — Optical photomicrograph of a cleaved and stained cross-
section of a sample with a 3-um thick LT GaAs layer on an un-
doped GaAs substrate (sample B) after Zn diffusion. On the left-
hand side of the sample, the LT GaAs was etched for the purpose
of estimating the Zn diffusion coefficient in the LT GaAs. Sche-
m‘;d cross-section is also shown with thicknesses of the layers

PL peaks were measured at 8500A (1.462 eV) for
both cases. The full widths at half maximum
(FWHM’s) for the as-grown and Zn-diffused LT GaAs
layers were measured to be 307 and 211 meV, re-
spectively. A high input power of 250 mW from the
argon ion laser was focused on the surface of the
sample to obtain reasonable data, which may ac-
count for why we could observe PL and others could
not. The PL intensity was about twice as strong from
the Zn-diffused sample. For LT GaAs layers grown
at 300-450° C, the near band gap PL peak has been
measured at approximately 1.5 eV at 5 K.! The dif-
ference of about 1604 in the wavelength in the PL
peaks between two measurements can be explained
by more defects in the layers grown at a lower growth
temperature of 200° C.

High temperature annealing experiments were
also performed on the other LT GaAs sampies grown
at different times. Annealing was done by the same
sealed-ampoule technique under no-, As-, and Ga-
overpressure conditions at 850° C for 0 hr. These
annealing conditions seem to remove tb: optical de-
fects responsible for the very weak PL i1 i.nsity from
the as-grown LT GaAs. The 77 K PL pe-'« was ob-
served at 8500A after an anneal under no over-
pressure, whereas the 77 K PL peaks were mea-
sured at 8280A after an anneal under As or Ga
overpressure. The wavelength of 8280A corresponds
to a slightly p-doped GaAs.
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3.3 Electrical Resistivity

Electrical resistivities of the LT GaAs were mea-
sured before and after the Zn diffusion of sample B
with a four point probe. A reduction in resistivity
was observed after the Zn diffusion. Prior to the dif-
fusion the resistivity was too high to accurately
measure, but after the Zn diffusion the LT GaAs
had a resistivity of 2 X 1073 f2-cm that corre-
sponded to a hole mobility of 31 cm?/V-sec assum-
ing a Zn concentration of 10 cm™> (see Ref. 23).
Another group reported no reduction in resistivitl
from LT GaAs doped with Si (greater than 10'¢/cm®)
after annealing at 600° C.¢

3.4 Silicon Nitride as a Zr Diffusion Mask

Cleaved and stained cross-sections of samples A
and B after the Zn diffusion are shown in Fig. 2.
The samples shown in Fig. 2(b) and (c) underwent
the plasma nitride deposition and Zn diffusion at
the same time for a fair comparison. As shown in
Fig. 2(c), the nitride film on the undoped GaAs sub-
strate was a good Zn diffusion mask. However, as
can be seen from Fig. 2(a) and (b), the nitride on
the LT GaAs was unable to stop the Zn. and this

Fig. 2 — Optical photomicrographs of cleaved and stained cross-
sections of samples A and B. Sample A is a control sample, an
undoped GaAs subetrate (Fig. 2(c)). Figure 2(a) and (b) are from
sample B with the 3-um thick LT GaAs layer. Two separate pro-
cessing runs were performed for (a), and (b) and (c), respectively.
The nitride on the LT GaAs was unable to stop the Zn (Fig. 2(a)
and (b)), whereas the nitride on undoped GaAs substrate could
stop the Zn.

result was observed several times on different waf-
ers with different silicon nitride depositions. A
schematic diagram of the Zn diffusion profile for
sample B is shown in Fig. 3. The failure of the ni-
tride film on the LT GaAs to stop the Zn is attrib-
uted to arsenic atoms outdiffusing from the As-rich
LT GaAs (GaAs, o, or about 1 at. % excess arsenic)
into the nitride. The outward diffusion of arsenic at-
oms from the underlying GaAs into the nitride has
previously been reported as one of the reasons for
the failure of nitride as an encapsulant on stoichio-
metric GaAs.?® Adding impurities to dielectrics has
profound effects on their diffusion mask character-
istics as evidenced by one group’s findings that the
amount of Zn lateral diffusion could be changed by
adjusting the amount of P,O5; added to the silicon
oxide film.*® They found that the lateral diffusion
of Zn was typically an order of magnitude larger
than the junction depth for all oxide compositions,
but showed a marked reduction for oxides with 17-
20% PO, by weight.

Several methods were tried to find ways to avoid
the above problem. Cleaved and stained cross-sec-
tions of samples C and D after the Zn diffusion are
shown in Fig. 4(a) and (b). As shown in Fig. 4(a),
the 1-um thick GaAs layer deposited on the LT GaAs
was effective in preserving the diffusion mask prop-
erties of the silicon nitride. Likewise the 1-um thick
AlGaAs layer was also very effective as shown in
Fig. 4(b). Schematic diagrams of the Zn diffusion
profiles for samples C and D are shown in Fig. 5. A
structure with a 100-A thick GaAs layer on the 2-
pm thick LT-GaAs layer (sample E) was also stud-
ied (data not shown here). Like samples C and D,
the 100-A layer of GaAs in sample E was also ef-
fective in preserving the diffusion mask properties
of the silicon nitride. A portion of sample E was
etched with a solution of H,SO:H;0,:H,0 = 8:1:100
for 30 sec to remove approximately 250-500 A from
its surface.”” The samples with and without the top
100-A thick GaAs layer underwent processing at the
same time, and the two samples were compared. The
nitride on the sample with the 100-A thick GaAs
layer was effective in stopping the Zn, whereas the

Silicon Nitride

Zn Diffused Region

Undoped GaAs Substrate

Fig. 3 — Schematic cross-section of the Zn diffused sample with
the 3-um thick LT GaAs layer (Fig. 2(a) and (b)). The diagram
illustrates that the nitride on the LT GaAs could not stop the
Zn.




(b)

Fig. 4 — Optical photomicrograph of cleaved and stained cross-
sections of samples C and D. With 1 um of GaAs on top of 3 um
of LT GaAs (Fig. 4(a), sample C), or an AlGaAs/GaAs hetero-
structure on top of 0.2 um of LT GaAs (Fig. 4(b), sample D). The
nitride acts as a good diffusion mask.

r‘ Silicon Nitnide

Region

7/

n - GaAs Substrate

(a)

Silicon Nitride

r 87 A GaAs QW

| Diffused |

Region

Undoped GaAs Substrate

(b)

Fig. 5 — Schematic cross-sections of the Zn-diffused samples shown
in Fig. 4. Figure 5(a) corresponds to sample C (1 um of GaAs on
top of 3 um of LT GaAs) and Fig. 5(b) corresponds to sample D
(an AlGaAs/GaAs heterostructure on top of 0.2 um of LT GaAs).
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nitride on the same wafer but without the 100-A
thick GaAs layer was unable to stop the Zn.

To see if 100 A of GaAs can make such a big dif-
ference consider the self-diffusion coefficient (D) of
As which is given by,?

D = D,y exp(-Q/kT)

where D, is a temperature independent factor and
Q is the activation energy for the atomic jump
mechanism. For As diffusion in GaAs*Do and Q are
0.7 cm?®/sec and 3.2 eV, respectively.” The self-dif-
fusion coefficient of As in GaAs is estimated to be
3 x 107 cm®/sec at 650° C from the above equa-
tion. Thus, the diffusion length of As in GaAs is about
40 A after the Zn diffusion at 650° C for 12 hrs. It
would appear that allowing the excess As to reach
the silicon nitride film severely degrades its use-
fullness as a Zn diffusion mask.

3.5 Device Applications

Two facts suggest that LT GaAs will be very use-
ful for semiconductor lasers since current confine-
ment and heat dissipation are very critical for a low
laser threshold, high modulation speed, and high
power operation in these devices. First, a much
higher electrical resistivity is obtained from LT-GaAs
compared to undoped GaAs.! And, secondly, better
thermal conductivity®™ and a better thermal expan-
sion coefficient are expected from LT GaAs com-
pared to dielectrics such as silicon nitride or silicon
dioxide. Also, a better temperature dependence of
laser threshold and lasing wavelength is expected
due to a better thermal impedance. We are now in
the process of developing laser diodes with the LT
GaAs and the results will be published elsewhere.

4. SUMMARY

The Zn diffusion coefficient in LT GaAs has been
measured using the two-boundary diffusion model
and found to be about one order of magnitude higher
than in undoped GaAs. The faster Zn diffusion is
attributed to a large quantity of defects including
arsenic antisities in the LT GaAs. The 77K photo-
luminescence data taken before and after Zn dif-
fusion have the same emission peaks at 8500 A but
the diffusion reduces the halfwidth of the emission
peak. Electrical resistivities measured before and
after the Zn diffusion show a reduction in the re-
sistivity. The failure of the silicon nitride film di-
rectly deposited on the LT GaAs to stop the Zn is
attributed to arsenic atoms outdiffusing from the As-
rich LT GaAs into the nitride film. Several struc-
tures were grown including samples with a 100-A
thick GaAs, a 1-um thick GaAs, and about a 1-um
thick AlGaAs layer separating the LT GaAs from
the silicon nitride. All of these layers grown on the
LT GaAs were effective in preserving the diffusion
mask characteristics of the silicon nitride. This suc-
cess, with as little as 100 A of GaAs, is consistent
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with the assumption that As outdiffusion is respon-
sible for the failure of the SiN mask.
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Monolayer Thick GaSbAs-GaAs Strained Layer Quantum Well Lasers
J.H. Lee, T. Zhang, and R.M. Kolbas
Department of Electrical and Computer Engineering
North Carolina State.University

Raleigh, North Carolina 27695-7911

Strained layer GaSbAs-GaAs quantum wells have the potential
for longer emission wavelengths than InGaAs-GaAs quantum wells
even though Eg(GaSb)>Eg(InAs) and the lattice mismatch is
worse. Longer wavelength (lower energy) emission is possible
because of the large valence band discontinuity. 1In this work we
report the growth and operation of strained layer GaSbAs-GaAs
quantum well lasers.

The energy bands for an AlGaAs-GaAs-GaSb type II

heterostructure1

are shown in Fig. 1. Note that electrons are
confined in the GaAs confining layers (or in a shallow GaSbAs
well) with relatively small bound state energies while the holes
are confined in the GasSb (or GaSbls) well. Recombiﬁation occurs
as long as the electron and hole wave functions overlap which is
possible even for a staggered real space transition.?

The epitaxial layers were deposited by molecular beam
epitaxy (MBE) on 100-oriented GaAs substrates as follows: 1) a
50004 Al, ;Ga, ,As cladding layer (686 °C); 2) 500A Gaas
confining layers grown at 630, 600, or 550 °C. 3) a one
monolayer thick Gasb quantum well at 630, 600, 550, or 450 °C,
after a 10 minute interruption to decrease the background arsenic

7

to below 10 ' Torr; 4) finally, a 50004 Al, ;Ga, ,As top

(Lee, Zhang, Kolbas)
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cladding layer (686 °C). Details are in reference 2.
Photoluminescence (77K) from samples grown at various
substrate temperatures but the same flux ratio Fgp/Fga (=3)
are shown in Fig. 2. The two saméles grown at the lovest
temperatures exhibit broad and weak luminescence peaks from the
quantum well and the GaAs confining layers due to the onset of
three dimensional growth or the poor guality of the confining
layers grown at too low a temperature. At higher growth
temperatures, Fig. 2 (c) and (d), the peaks are much strongér and

narrower but the gquantum well emission peaks are shifted to

higher energies with increasing growth temperature. The shift is

due to the incorporation of As in the GaSb layer.

To investigate the source of the As incorporation additional
samples were prepared with FgL/Fga = 3 or 10 at 600 °C. The
photoluminescence from these samples were nearly identical
indicating a weak dependence on the Fsp/Fga ratio (up to

10) .2

Comparison of a number of different growth times and
temperatures indicated that diffusion can only account for a
small portion of the shift. The As incorporation appears to be
due to the fact that GaSb grown at elevated temperatures is
Ga-rich and the nonstoichiometric GaSb quantum well incorporates
the excess As present when the top GaAs confining layer is
deposited.

Spontaneous and stimulated emission (77K) spectra from a
platelet2 taken from a separate confinement single quantum well
sample are shown in Fig. 3. At an excitation level of 4.1

2

kW/cm (Jeq=1.7 kA/cmz) laser modes are clearly evident

(Lee, Zhang, Kolbas)
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from the quantum well. At high excitation levels the emission
from the well dominates even as the GaAs confining layers begin
to lase. Despite the As incorporation the resulting gquantum well
can support stimulated emission at ldnger wavelengths than InAs
wells of comparable thickness. 2

High quality monolayer thick strained layer GaAs-GaSbAs
quantum well lasers can be prepared in an AlGaAs-GaAs separate
confinement heterostructure. Laser thresholds are comparable to
other monolayer thick lasers and the emission wavelengths are

longer than those from comparable thickness InAs-GaAs quantum

wells.
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Figure Captions

Figure 1. Energy band diagram for a strained AlGaAs-GaAs-GaSb
separate confinement heterostructure. The calculated band
discortinuities for the GaAs-Gasb interface are AE, =670meV and
AE_ =-25meV which results in a type II heterojunction. Note
that the quantized electron energy states will be much smaller

than those in the InAs-GaAs systen.

Figure 2. Photoluminescence spectra.(77x) from samples (see Fig.
1) prepared at different growth temperatures. The peaks at 82204
are from the GaAs confining layers. The shift in the quantum
well emission wavelength is attributed to the incorporation of As

in the Gasb quantum well.

Figure 3. Spontaneous and stimulated emission spectra (7?K) from
a one monolayer GaSbl_YAsy-GaAs-Alo.3Ga°.7As separate
confinement heterostructure. Note that the threshold is quite
low considering that the quantum well is much narrower than the
scattering path length of an electron or hole. Also, note that
the emission wavelength is longer than comparable thickness

InAs-GaAs quantum wells.

(Lee, Zhang, Kolbas)
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Improved Breakdown Voltage in GaAs
MESFET’s Utilizing Surface Layers
of GaAs Grown at a Low
Temperature by MBE

L.-W. YIN, Y. HWANG, J. H. LEE, ROBERT M. KOLBAS, MEmBER, 1EEE, ROBERT J. TREW,
SENIOR MEMBER, 1EEE, AND UMESH K. MISHRA, MEMBER, 1EEE

Abstract— A metal-semiconductor field-effect transistor utilizing sur-
face layers of GaAs grown at a low temperature by MBE (LT GaAs)
under the gate clectrode has been fabricated. The high irap density of
LT GaAs reduces the surface felds of the FET, suppresses gate leakage,
and increnses the gate-drain breakdown voltage without sacrificing
current drive capability. An uadoped AlAs layer is incorporated be-
tween the LT GaAs layer and the channel as & barrier to the diffusion of
excess As from the LT GaAs layer 10 the chansel. A 75-pm gate-width
device demonstrated aa improved breakdown voltage of 34.85 V with a
£ of 144 mS/mm and an ,,, of 248 mA /mm.

I. INTRODUCTION

HE major factor limiting the microwave power that can

be obtained from GaAs MESFET’s is the breakdown
voltage between the gate and the drain [1]. The breakdown
voltage can be enhanced by a combination of reducing the
doping level in the channel and using recess schemes to
alleviate the large electric field at the drain edge of the gate
{2}, [3]). This, however, reduces the available current from
the device and hence does not substantially increase the
output power. At first suggested by Barton and Ladbrooke {4]
and subsequently formalized by Trew and Mishra [5], the
electric field parallel to the device surface at the gate edge
increases until charge is injected from the gate metal into
adjacent surface states in the semiconductor. Trap-assisted
conduction along the surface leads to leakage and subsequent
breakdown. If the surface semiconductor is replaced by a
material which a) has a substantially larger critical field for
breakdown, b) has poor surface conductivity, and c) is
preferably lattice matched, then the breakdown voltage of the
FET should be increased substantially. An excellent candi-
date for this layer is GaAs grown at a low temperature by
MBE (LT GaAs) [6]), developed first by Calawa et al. at
M.L.T. Lincoln Laboratories.
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This LT GaAs layer is grown at ~ 200°C by MBE and is
stabilized by an in-situ anneal at 580°C. The current under-
standing of the properties of this layer which are relevant to
electronic ‘‘zvices are listed below (6]:

1) the LT GaAs grown as stated is a single crystal,

2) it is highly resistive,

3) it has a very high trap density (N, > 10! cm~?), and

4) the material has approximately 1% of excess arsenic
as determined by Auger and TEM studies.

In this work, we report a substantial enhancement of the
breakdown voltage of GaAs MESFET’s without sacrificing
the current drive capability of the device. This was achieved
by placing a LT GaAs layer grown by MBE under the gate
electrode and extending from the source to the drain of the
FET. The LT GaAs has a very high trap density which
suppresses gate leakage and alleviates the breakdown caused
by the surface fields of the FET.

II. DEVICE STRUCTURE AND FABRICATION

To evaluate the increase in breakdown voitage that is
achieved by the LT GaAs surface layers, MESFET's were
fabricated on two wafers, one (sample A) with the surface
layers and a control wafer (sample C) with no surface layers.
Fig. 1 shows a schematic cross section of the MESFET
fabricated on sample A. The epitaxial layers were grown by
MBE on undoped LEC substrates. First, a 200-nm-thick
undoped buffer layer was grown at 5S80°C followed by a
60-nm-thick active layer doped at 6 X 10'” cm~? and an
undoped spacer 20 nm thick. The surface layers consisted of
a 20-nm-thick AlAs layer grown at 680°C and a 50-nm-thick
LT GaAs layer grown at 200°C. The wafer was annealed at
580°C after growth to stabilize the LT GaAs layer. The
doping of the channel was controlled to ield an electron
sheet charge and mobility as determined by Hall measure-
ment of 1.77 x 10> cm~2 and 3406 cm?*- V~'-s~!, re-
spectively, for wafer C. Wafer A had a mobility x of 2317
em?- V~'s™! and a sheet charge density n, of 3 x 10"
cm~2. The AlAs was crucial in preventing undesired com-
pensation of the underlying channel by the surface LT GaAs.
There are at least two mechanisms that cause this instability.
The first is that the excess arsenic and its related defects
(e.g., Ga vacancies) within the LT GaAs can diffuse into the

0741-3106/90/1200-0561%01.00 © 1990 IEEE
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Fig. 1. Device structure with LT GaAs surface layer.

channel and compensate doping via the formation of traps
such as AsGa anti-sites. The second is that as the temperature
is reduced to grow the LT GaAs on top of the GaAs, excess
arsenic is adsorbed onto the GaAs surface due to the reduced
vapor pressure of arsenic at the lower growth temperature.
This uncompensated As is trapped by the overgrown LT
GaAs and is forced into the channel by the in-situ anneal at
580°C required to stabilize the LT GaAs. Previous work {7]
has shown that these problems are substantially corrected by
utilizing the AlAs layer and that layers without the AlAs
barrier were completely compensated.

Devices with nominal gate lengths of 1.25 um were fabri-
cated on both wafers using a conventional mesa isolation
technique and AuGeNi-based alloyed ohmic contacts. The
gate was fabricated by lifting off Ti- Au metal. There was no
gate recess used in either case. The nominal gate-source and
gate-drain spacings were 0.5 and 1.25 um with the final
values being determined by alignment tolerances. The only
difference in the processing of the two wafers was that the
surface layers of sample A were etched away prior to evapo-
rating the ohmic contact metals to facilitate formation of
ohmic contacts.

II. RESULTS AND DiscussiON

The I-V characteristics of typical devices from wafers C
and A are shown in Figs. 2 and 3, respectively. The maxi-
mum gate voltage is +0.5 V and each step of the applied gate
voltage is ~0.5 V. The device from control wafer C had an
I, of 160 mA/mm and a nominal transconductance g,, of
144 mS/mm. The gate-drain breakdown voltage, measured
at a gate current of 1 mA/mm, was 21.32 V. In contrast. the
device with the LT GaAs capping layers had a large I, of
248 mA/mm with a comparable g, of 144 mS/mm. In
addition, the gate-drain breakdown voltage was increased
substantially to 34.85 V. This enhancement in breakdown
voltage is caused by the surface layers of AlAs and LT
GaAs. Past work [8], [9]) has shown that utilizing a wide-
bandgap material under the gate (typically a 60-nm-thick
layer of Al,,Gag 4As) has enhanced the breakdown voltage
of the MESFET by approximately 5 V for comparable struc-
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Fig. 2. Current-voltage characteristics of a device from the control wafer
C. The maximum gate voltage is +0.5 V with each gate voltage siep being
05 V.
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Fig. 3. Current-voltage characteristics of a device with a LT GaAs surface
layer (wafer A). The maximum gate voltage is +0.5 V with each gate
voltage step being —0.5 V.
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Fig. 4. Relationship between the gate-drain breakdown voltage and the
gate-drain separation for devices from wafers A and C.

tures. We, therefore, attribute the substantial increase in
breakdown voltage primarily to the LT GaAs layer.

Fig. 4 shows the relation between the gate-drain break-
down voltage and the gate-drain separation for devices from
wafers A and C. The g, for devices from wafers A and C
range from a minimum of 120 and 128 mS/mm, respec-
tively, to a maximum of 144 mS/mm. For devices from
control wafer C, I, ranges from 192 to 200 mA/mm,
whereas the 7, of devices from wafer A ranged from 240 to
260 mA/mm. It can be seen that the devices with the LT
GaAs surface layer have a substantially larger gate-drain
breakdown voltage without sacrificing current drive.

IV. CoNcLusION

A substantial enhancement of the breakdown voltage of
GaAs MESFET’s has been achieved without sacrificing the
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current drive capability of the device. This was due to the
utilization of surface layers of AlAs and LT GaAs extending
from the source to the drain and under the gate of the
MESFET. The large breakdown voltage achieved with the
small gate-drain spacing is very important for seclf-aligned
technologies and may stimulate a major advance in the power
handling capability of MESFET's.
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Optoelectronic Properties of GaN,
AlGaN and AlGaN-GaN
Quantum Well Heterostructures

R. M. Kolbas and S. Kmhnmkn%
North Carolina Szt;tgggn_%ell?ity. Raleigh, NC

The dramatic advances in wide
bandgap semiconductors since the mid 1980s
have been driven by new developments in
growth processes, new requirements for high
power and high temperature operation and
radiation hardness, and the desire for blue
and ultraviolet optoelectronic devices.
AlxGaj-xN has a direct bandgap (3.4-6.2
eV), a large and sharp optical absorption
edge, a large radiative recombination
coefficient, and is quite hard and stable in
chemical environments and at eclevated
temperatures. Challenges in the continued
development of the AlGaN material system
are the lack of a native substrate, high n-type
carrier concentrations in epitaxial films and
controlled p-doping. In this paper we
describe the optical properties that have been
achieved with MOCVD grown AlGaN on
sapphire substrates and the diffusion of zinc
into these GaN epitaxial layers.

For GaN samples with carrier
concentrations less than 1x1018/cm3 a low
intensity peak approximately 70 meV down
from the main peak (attributed to a TO
phonon replica) can be observed as shown in
Fig. 1. For GaN samples with a background

doping less than 1x1017/cm3 features
identified as excitonic in nature (A and C in
Fig. 1) by Gershenzon and co-workers can be
observed at 77K. Typical linewidths are 25
meV at 77K for AlxGaj-xN (x<0.15).

The photoluminescence spectra from
AlxGaj.xN-GaN-AlxGai-xN quantum wells
of different thicknesses and x values are
shown in Fig. 2. Note that the emission from
the quantum wells is shifted to higher
energies characteristic of a type I
heterojunction. However the shifts are more
than the calculated quantum effects by an
amount (40 meV at x=0.13) that is linearly
dependent on the alloy composition. The
added shift can be accounted for by
including strain induced bandgap shifts for
the hexagonally symmetric AlGaN-GaN
crystal. Also note that the thicknesses and
compositions of these samples are below the
Matthews and Blakeslee critical thickness.

During the 1976-1981 time frame
researchers tried to diffuse a number of
elements into GaN (Mg, Cd, Zn, Li, Be, Si, Ge,
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and S) to obtain p-type doping but were
successful only with Li. Subsequently the
post-growth doping of GaN focused on ion
implantation. Most recently we have
successfully diffused Zn into epitaxial layers
of GaN with as grown n-type carrier
concentrations of approximately




5x1017/cm3. The successful diffusions were
measured by photoluminescence and
secondary ion mass spectroscopy. The
photoluminescence spectra of GaN before
diffusion (a), and after diffusion for various
times at 925°C are shown in Fig. 3. The
emission peaks are: 1- near band edge
transition, 2- TO non replica of m

peak, 3- a 3775A peak attributed to a
transition from the conduction to a
substitional zinc level, and 4- a 4250A peak
attributed to a transition from the conduction
band to a level introduced by a complex
associated with substitional zinc impurities.
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The photoluminescence spectra of
GaN after 12 hour Zn diffusions at various
temperatures are shown in Fig. 4 where the
same peak assignments are applicable. The
peak at 3775A (labeled 3) is 220 meV below
the band edge which corresponds closely to
the calculated hydrogenic acceptor level in
GaN. At higher temperatures or longer
diffusion times the Zn concentration increases
and the broad peak, labeled 4, appears. The
SIMS depth profiles for these samples are
shown in Fig. 5. The Zn concentration is
based on an ion implanted GaN:Zn
calibration sample. The diffusion appears to
be an interstitial-substitional process where
the interstitial Zn acts as a donor and the
substitional Zn acts as an acceptor. The
interstitial diffusion coefficient and activation
energy were calculated to be 5.7x103 cm2/s
and 3.8 eV, respectively. The presentation
will include details of the diffusion and SIMS

data and a brief discussion of the movement
of hydrogen in the film during diffusion.
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In summary, significant progress is
being made to meet the challenges of
understanding and controlling the AlGaN
material system for optoelectronic devices.

We thank APA Optics for AlGaN
samples the SDIO/IST through the Army
Research Office DAALQ03-90-G-0018 for

support.




adoys 1admys w Sumquixa Jaue) A Yim 3,0001 PUE Du056 O] 18 Jwn Fuifesuus
Pim ;w_s..__ Alydncs 25wu) 03 puno) sem Fuixiw Jo [3adf YL ‘ANUY TEM g JO 2JIYS
ang, Suipuodsanicd y “Juixiw qcz~ u) PANSA D0C6 I8 301 JO [SULR Uy qE Tid U) umoys
MLl 1® PAnsSTRU auses J05 uomsod yead 14 se [[om $¥ g P14 ul umoys are g pus
QSN 3L '3A0q8 PoquISIp s3ul] AP FUOE PABINSI SBm A[uo-y LY JO 1012 Burxru ay],

Bunmu Ragdwod nuasaidas | Jo Jiy pue UARW UmosS-se 0) spuodsaniod
QI JO I UB ‘VORILYIPSHA UO PAsRY  * SN-I=dIN  :S¥ PAULIIP sum (JW) sorownsed
Juriu § *23u21A00 104 ‘Futxiw 1Idwod $ANENPUL 03z JO JSN UR fIYm ‘dmepdns
umoad-se nyuasada | Jo (QSN) UOHRIAIP PINPUNIS PAZIRULIOU ] [BLIABW 3dMEIadns
umoIB-su 3y} JO UOTIRIAIP PISPURIS I3 AQ PIZIBULIOU 21am $I{ALITS SNOLIEA JOJ SUOHBIAIP
PIRpUTS PAIBINI{ES “aydures umoss-se 3y 0) vosurdwoa £q Fuixnu jo auBap ap nRYN
‘asojasa ¥ * onuz-ﬂww.: 3 Jo anjea A3qpua-o1-yead 2 o) uorodosd Ut 1 UONTIAIP [y
001§ ‘SUTXRU JO [343] JO ANSEIR UG 58 p3sn 31 Ydap 0mEpAdns W) 1340 AFnudd Ko v
P JO HONMAP prepUBS L1, “SuONIPU0d utssaooud VLN/HI JO K1aua s0) Buinnw jo saiBap
AP NEN[RAD 0} JIPIO Ut POk sem sofijosd tpdap STy A Jo sisjeus Janmnuenb vy

‘ V1Y 3ump 1no popeauus Ajanadusod ou
SEM 11 1 pue SI{dures 28U UL PAE) seam adswiep 13away ep Funespur ‘samo) KjPanej
Aam sapdures 350p-13481y %Y woiy syead Mau JO KSUANUL AP JIDAIMOY “7.Wd 5 01X
10 5, 01T % ONS ‘3380p 53Ty (im pAruwdwr syduses ap WO} PAUTEIQO OS(E Asam sIqYjoud
“Jd JEjIUS PIAIIIGO OB S PAXHUUN UTBWAL YOIYm MEpdns oyl Jo suoiBas woyy Jeudis
PIONPA Yonut y -2nIepdng AP Jo (9 1) Inpea aferoas paxadxa g 03 280> sunb 81 Yoym
“s8mu3asnd SRUOTE [V %91~ v (3oniwiadns poxa) (UL YING SYSOYY A swasaudas yead
MU SIYL “AIBILT 1 PIAIISGO Sum ‘QZ TLd Uy umoys ‘Yead afiys Iniq,, ¥ 'V.LY SV

*SUOIST]|00 [WSK13-uot AQ PasopIostP AjIAey sEm amonas [wsid>
A DUIS POAIIEQO I PINOD UCISSILI ou “vonmuTIdI gid 1Y (AIZS () l1am wmuwnb syen
AN wouy pus (A629 1) mepadns a1 woj voissiu 0y Jus $2010) ‘paAsasqo e syead
Id dreys om} (SQ1 ‘D.066) Ndwes Ajuo-y 1 ue 10) umoys 1 N, 7'y 18 ouasutuniooyd
w7 ‘8 up -Sunaw Jo 0udpIAa  apiaoid osie uwd ‘[suatewr A jo Lupenb (mmnns oy
Jo uonedpul us Ip1acad 0} pasn A|EuLiou st Yarym *audsssutumioroyd ameiadura mor)

*3%0p sup 1% uonmuwidul g].4 A Jo 130459 Juons
X 0npap uwa o ‘py “Fig Jo dpjoxd y LY smid g1 o yum q1 ‘314 Jo apjoud Auo-y1y
ap Suumdwoo Ag P F1d Ul umoys 31 501 30§ D4056 I8 POLEIUT PR .U O] X] JO FOP 441§
® \pum pasumydwi-g4 3dums 8 wo) pamseaw yord dap SaV YL Juraw (suuap Rfdwod
Sunexpum * wosqe A|[91UISSI SEM AMONNS 0MEdns dpouad AN ‘306 puv SOE 10] D,0001
8 j1om 39 °(5] ‘S1J W1 UMOYS ) 301 D066 Ajouru ‘SuoNIpued v LY 23uons paouauadxa aany
y1ym sachwes Ul “10AIMOH “SOI J0) D,0001 ¥ PR ‘S(f Joj 618 Ajuo-y Ly wamsopun
Prym saduses soj sarjdde uoisniouos awes ayy, Burxnu ap jo Burxnu sounw Ajuo yum *(qg
“314 208) 211j0sd (pdap MU A13a ® Uy NYNSA SOT 20§ D056 18 I O 10] VLY 3aKe] Fuppejd
SYeOLY 21 pus ‘fam wimusnb s *yoms omspadng oy ‘ded SYEDY 3 smoys A[1ea[d>
(v1"$10) somepsadns umosd-sw 2 jo jyosd ] "Ijdwies Ay Jo 51348 SNOLIEA g Ut ITMuIasad
Suuoe [y o) sonuow sem Xuad |y A989 ), ‘| '3r] ut umoys are v 1y puw uonmuwdwy
I pus Ajuo-y LY S8 S |jam B ‘2omepadns umoss-se oy jo S \pdap s3IV

uossnInQ pue sHnY

WUOO|~ JO JARUIIP wiaq ¥ pue VAT Jo Juamd ¢ pey
U0 PISNI0J 441§ I, ‘2-WI ¢ 01XE 0) ¢ 01 wosj SuiBues sasop 1w [ruuou sjdures 03 |3y
PRI pus ANODL 0F PARINION 213m SUOE 4,1S 05 1QRJOUBN U] WRIGOINN ¥ Im
pauniograd sem vonmueidun gi. “sumonns passacoxd pus umosd-se . 10) Yidap jo uonduny
® 3% 0onrsodwod SRUCIE NP unseraw 03 pakojdwsd sem Kdosondads uodapd s198ny “135w|
w0y 1y U Juisn Y,LL PUR Z'p I8 PAuisopad SEm VOHTZUIIIRYD 3UIISAUILN[0I0N]

. ]

Arspaog y U $I91010K 2661 » 0PT “IOA "20id ‘duikg ‘D08 ‘SIN 1B

"806 Put Of ‘01 JO sawn
Quireauun pus ‘3,000 PUS 056 JO SAMIRIIALLIR ¥ INO PaLLIED A1am SUONIPUOd Bujtauue ruindo
UluWLIp 01 swdLAdXT ‘wd| | 1noqe Jo w1 mops ¥ YIm (TH %y /IN %96) sed Sunwiog
ug aunssaud susydsouns v v LY £q pamojio} ‘uo] £-01%8 01 umop padwind 1811} sem Jaquieyd
AL "SIJRM SYRD OM) UIIMIIQ PAYDIMPUES Aom sI|duses somepsadns g *xoq (1id oy dpisu
“Suipesuus ainjeradusn M_u_._ Suunp voneiodeas sy Sunuaaasd 10y pesn sem xoq |pid auyd
v ‘uonsdtosd Knuixosd qim pouuopad sem sapdwes somepadng ap jo vy 4L

*des syL'0snC'0)y
wuQg ® pue * s1ouueq syL0ent 0y wu ¢'¢ pus sjom syry wu ¢ jo Sunsisuod spouad
6 JO Xo0s ome(sdng 8 *fjom wimuenb syeo wugg a[uis v * sake Fuippe)d syl e Oy
wrl] ® 4Q pamo](o; 155y umoid sem 104v] JO)Inq SYRD ® ‘SVED (00]) ® S¥M apensqns

Yy - Axmindo wiwaq seinaajows £q umoid asom Apms sy uy posn sapdures omepadng oy g

AUNPI0LJ (RIuAwIdxy

“SIPIM JToM puR oLIeq Wwu ¢°¢ [enba yim somspadns syenysYL0BDE Oy
pouad-uoys ® jo Suixnw g uo sinsas yuasad am “saded sy vy wiu g9 - oS Jo spotsad
2omepadns iim saumdnns pasn saomepsadns Jo Suiiw gr.d uo [§*'p] sHNsII SNOTAIG

213 ‘saim wmuenb ‘sapinSaaem jpuueyd
‘SuSe| g4 J0 YL J010npuodnus Joj sBunesd reondo jo uonesuqe; oy uy suonesydde spuy
anbiuyde) 1y, "ss3201d ssI(ISISA PUE SSOpYSEW ® ipIm Suixiw pazijeoo] Afy81y apiaoid ued
E:.s..uns_ gl * (V1) Sutfeouue reuuoy prdes qua uonounfuod uj ‘uonaeljal Jo xopuy pue
AB1t13 deB-pusq ALY ® [Im SUCIBI 3p1acud 0) JopO UL ‘samdnns onjejsadns i A[reso}
0) pasn u33q swy uolreueidit (g].4) Weaq uol pasnaoy “omepsdns a o Fupxmu euonisodwod
ul ‘jeouus juanbasqns uodn “insas o1 [g-1] umouy st vonumusidwy uor 10 Suidop Aq
saumonns 2omuepadns syAeoh Iy sy enT-ily ol saeds urisss jo uonanponus syt

uoydINposu]

“sopurered Surxmu ur sseasour Suwysinunp ¢ padnposd sasop
»INT 26'0 01§00 Ajuo Aq Buixru uy asEAISUI LR U1 SINSAS W9/ 01 X T 03 3s0p 3 Sunignoqg
‘wonuusidun gg o gid 1y J05 a1ep o1 pauodas Juixnu Aajdwos Ay S05 K1wssarou
IS0P UrEaq uoj 1SIMO[ APt 81 sty g, Furxiw 191dwod suasAdar '] araym *£g°0 JO 1umsed
Surxiur 8 pIPIOIA 713/ 01 X | JO 350p 0L UR £q Burxnu JO ]9AI] L A § JO MJIyS 301, 1d
Supuodsarion v yum ‘Furxnu pasnpur-Ajeusag 4,cz ~ Ut pAMSA ‘3uiresuue voneivejdus-isod
wanbasqns ut poziIIN SEM YIIM *D,056 I¥ $ O JO [EIUUR UY TUAUINSEIW Y} JO AIRINIOY
a1 uipim Supaw a(diiod 33nposd 01 IWADLYINS SEM § 0§ ‘AmEIIWOT I 1Y *adojs
sadreys  Sumiquyxa one; A M 3,0001 PUR 056 10q 1¥ AU Suneauus P Ajresur] Aysnos
paseanut £juo-y 1.y Jo 199352 uixnu sy Junyosd yidop 18ny £q Kuewnd pasnseaw
sem Sunsapuostp 1akej-s31ur JO Jaad) YL ‘ZW/5101 01 ¢;01 woij 3uyBues sasop 1B JRULIOU
ajdwes o) joqjered pausidist puv AX 001 O} PAIRIAIIOE sEM +4IS SYUIPIM []am pus Jauseq
wu ¢°¢ (enba Yirm 2omepsadns syenysyL 0t Oy ue jo Suixiw grg uo paruosasd are synsay

esqy
ON ‘yfiropey *Aussaatun aimig vuljore]) yuon
seqioy "W i

HO ‘uorleq ‘swanskg A3soug essanun
$12g 'Y pus oxuolq ‘d'd

HO ‘Neuudut) ‘neuutour) 3o ANsssan
phog "L'[ puT uosyIef ‘H 00D "V ‘udy) " ‘PII3IS 'V

sadesadns syensyenyy g?—a yioys jo Ucmu_--ﬂ—h 1S Ul £)091)3 ¥so(

€0




UONEZLINORIID JOUOSHUNUNOION] NaZ'p JO SHNSIY 7By

(A9) Asug
081 sL'l oLl 91 09} st of'l
’ v r j 0
tla
aD ]
4 €
0t
woio0s6viy Y
%91 :Tv) 7- W2y O1XT I 44 1S (@)
BS-&I—»S& i A oh PP (1,9
v v y 4 j 0
: AP
4 001
4 ost

-y

01 *0,066 'V.LY (¥) A

Lo .

(o) Ansuasu] 14

(sdoy) Ausueau 14

Surssacoud g1 pu v LY Jo L1otma

says saidures somsepsadns sysoysyL 08D €01y Jo saqyoad ydop S 11y

ot

[

01

Z

(wpdag

A,

$01 °2.056 VLY
W 4 0171 81 1S (P)

R e o aan o o o oo g

906 *0.056 :v.10Y (%)

PP W

201 ‘3,056 VLY (D)

ol

Tt

BRIV

%m v

PRIV

BRIV




601 (L861)1§ 1] 'shud
104y sunyseEN ‘H PUS UOW "1 ‘1ysekeqoy 't visunyny ) ‘WY ) *ps N ()

$92 (L861)97 ] 3hyq '|ddy
B -udf :mounysey ‘H ‘vieunynyg ‘1 ‘UowKR] ) ‘NUoK ‘L ‘Npeskiw 3 wousp N {v)

1552 (8861)€S
T “344d 10d; umsemsafey ‘O pus voyey ‘@Y ‘Rlug ‘4 ‘vewunug DS (E)

159 (9861)ST N7 'shuq
10dy °f udg WUIIYSEYEN “H PUT TPIYS] 1410y ‘srunymnyg °f ‘wysekeqo) f ‘mewp R (2]

S8¢€ (9861)sT M7'3A4d “19dY °f udf “Sprys] oto)] pus RUITYSEYEN “H
wpIgS] N ‘RN ) Beunyng ‘L ‘squing ‘A “wwifeyen ‘wsekvaoy 't (1)

sIuIIY

VONEPUNOL] 30UAIS [INONEN AP PUR YRR [BASN
10 YO AP WL} }0m sup 105 Loddns ersed ABpormonye 01 A PINOM sIOWNT AL

"DOHEIGE HRAND PUE 0P NUORP0K0 30 anbnasy uoniosal-yBm ¢ Surpracad
203 eauanod veard aawy v 1 3uR-woys pue Supmu g 280p-Mof ‘samonns Jonwdas povad
1043 JO BONRIGUICO AL, ‘H{A0O %06 05 80} 51 G 2omepsadns ap Jo Surxpu apyacad
03 JUINYNS $1 743 01~ JO 80P Gl 4418 V “Supmu euuap Kund op Surzuun s
%2&5%5%5.&3%3;53%3%
w3 3ATY 1,066 W 298 :oneo_..veooﬂ_.:.votﬂ_g.nnﬁ_i&:.gussnt&a
SYROAYLOROE Oy ve Jo Furxiu paOnpul-gd 441§ PATERSIAUL 3A¥Y I ‘Ameumims u]

wamalpamonpy pus Lrmuming

~aBvump 539y susauad pue anjosd [RINNE] JD[MUS SAMIEI)
ose 9 “Surspus K30108j31Ims $30nposd A[uo 10U 1) I9NEI0Q VOREILGE) 301AIP Uonnjosal ity
20§ QNS 20U 5] 7.3, ;01X JO 290 A “BuraRy 19pdwo0 Aous 3nPosd PR 80P JNAY
Weonly 1oy K{SUISEaIou) 530000 A0 )0 3dOIS AP YN SNJN ° 2.UBDy 0] X] JO 0P
501 dn Moy 23mod ¥ 3£3G0 VOTTIAI IN-00p AP W P3N0 81 3] “sosountied Surcyus uy ASEALIUY
Suryswrutp v poompoxd jlsﬁgm.«qoss.i_ssus:esgi
F TR LU OF X T 08 290P IR Fuy “wogeweidus) g 20 gl SN2 10} AP 0) povodu
%%niBuggis_guﬁzé.go?%
Sursp 8 POcaput 7 Wy 01X JO3OP Y BL'0 0 950 AQ IWAGY 0f sxurksed Supunu
POSHRO 7 wde, 01 Xp 08 p J0r3u) £Q 390P JO aseAIuy Uy PIoNPord sem Jnoursed Surxril ) ¢
Ao "z ¢ 0131 0 380p Mot PIM “y 31 1 umoys 51 Supxu-gi1 1S JO oudpuadap 80P AL

vonwueidus g1.§ VONIS JO I50P O} JO UOROUNJ SE
Rurersd Supaus $8 (o 58 [V JO UONRIASP PAPUTS pzifeulioN ¥ 31d

(o) swog
ol o1 o1 o1
1
ot 0® % :.::.J 00
| ] [} 1
e0 . . P
] < -
90 viveau " 4v0 o -]
[}
i oo 3
N 4
b0 ' ¥V 10 B
301 D056 VLY fo *
LY TR A vo-uri.) 1)

"SUORIPUOD LY 3 uontsod xwad 1 J,LL (Q) “SUONPUOD VLY $A s8ounered
SUPKRU PUB UONNIAIP PIEPUTS PITITWULON '(¥) 739 SunKRU Apuo-v LY € Bty

(puodes)ouny V1Y
00f 08 09 00 ®




IEEE PHOTONICS TECHNOLOGY LETTERS, VOL S, NO. 7, JULY 1993

”1

Monolithically Integrated SQW Laser and
HBT Laser Driver Via Selective
OMVPE Regrowth

David B. Slater Jr., Paul M. Enquist, James A. Hutchby, Frederick E. Reed, Arthur S. Morris,
Robert M. Kolbas, Robert J. Trew, Alexandre S. Lujan, and Jacobus W. Swart

Abstract—An AlGaAs / GaAs Npn HBT driver
and a pseudomorphic InGaAs / GaAs / Al
SQW laser have been laterally integrated
planarity using selective OMVPE regrowth of the
self-aligned HBT's exhibit a dc current gain of 30 and an
(fnax) of 45 (60) GHz. The 980 nm lasers exhibit room lalgen
mthmholdcnmntdcndﬂuulowumen)A/
(pubed)openﬁonheuﬁdumudu“(‘l
pm? and have less than 1 (2) of series resistance. SPICE
simulations of the integrated driver indicate operating speeds
over 10 Gb / s are possible,
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INTRODUCTION

majority of optoelectronic research has focused

on III-V material structures for discrete devices such

as detectors, lasers, modulators, high-speed field effect

(FET's) and heterojunction bipolar transistors (HBT’s).

This research has moved to monolithic integration of the

various devices to produce optoelectronic integrated cir-
cuits (OEIC’s) with greater functionality and speed.

The simplest method of monolithic integration is to
produce the photonic device structure epitaxially and pro-
duce the electronic devices (FET’s) by implantation (1}
Another simple approach is to fabricate photonic and
electronic devices from a single epitaxial structure, but
this prohibits optimization of the individual structures. A
monolithic 9 Gb/s photodiode-HBT receiver with —17.5
dBm sensitivity has been demonstrated using the HBT
base-collector for the detector (2] The thin HBT collector
limited the quantum efficiency of the detector diode to
0.35 A/W as compared to a more optimum value of 0.8

Manuscnptrecewedhmryza,lm revised April 12, 1993. This
work was by internal research and t at Research
Triangle Institute and ONR Contract N00014-89-C-0181 which sup-
ported the development of selective OMVPE for dissimilar device inte-

gration.
DBSlaetJr..P M.Enqmst.and) A.Hutcbbymwnhthe

A/W resulting in a 3.6 dBm loss of sensitivity. An alter-
native technique, vertical integration, stacks the epitaxial
structures by way of a single growth provndmg greater
flexibility for individual device optimization. Unfortu-
nately, excess surface topography can result which further
complicates mesa device processing. This is especially so
given that photonic device structures are often several
microns thick. Demonstrations employing this technique
include a 10 Gb/s p-i-n-HEMT receiver [3] with a sensi-
tivity of —11.7 dBm, a 5 Gb/s p-i-n-HBT receiver with a
sensitivity of —18.8 dBm [4}, and a laser-HBT transmitter
which was operated at 5 Gb/s [5). To overcome the loss in
planarity of this technique, the growth has been done on
substrates that were etched to form wells in which the
photonic devices were then recessed [1], [6] The final
technique is selective epitaxy which involves multiple
growths and allows several devices to be integrated later-
ally producing a planar surface. This is accomplished by
growing the first structure, masking the areas to be pre-
served with silicon nitride or oxide, etching the surface to
a depth equal to the thickness of the next structure to be
regrown and subsequently regrowing that structure.
Organometallic vapor phase epitaxy (OMVPE) is well
suited for this since it can be controlled so that no
deposition occurs on the mask. This is in contrast to
molecular beam epitaxy, where polycrystalline deposition

.occurs on the mask and must subsequently be removed.

This technique has been used to demonstrate monolithic
integration of Npn and Pnp HBT’s for various applica-
tions (7], (8] In this paper we report the first monolithic
integration +a selective OMVPE regrowth of a high qual-
ity pseudomorphic InGaAs SQW laser and high speed
self-aligned AlGaAs/GaAs HBTS in a laser driver circuit.

MATERIAL GROWTH AND DEVICE FABRICATION .

A cross sectional view of the HBT and laser device
structures are given in Fig. 1. The laser structure was
grown first which from bottom to top consisted of a 1 um
GaAs cathode contact layer (n = 2 x 10'® cm~?), 50 nm
Al,Ga,_,As grading (x = 0-03, n =1 x 10"®* cm~3), 1
‘Lm M”GaoJAs Cladding (n - 1 X 10" Cm-’), 0.25 “m
Al,Ga,_,As graded index region (x = 0.3-0) which was

1041-1135/93$03.00 © 1993 IEEE
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Fig. 1. Cross sectional view of integrated HBT and laser prior to
polyimide planarization and interconnect metallization.

not intentionally doped (NID), single 10 nm In,,Ga 4, As
strained quantum well (NID), 0.25 um Al,Ga,_,As
graded index region (x = 0-0.3, NID), 1 um Al;,Gag,As
cladding (p = 1 x 10" cm™?), 50 nm Al,Ga,_, As grad-
ing (x = 0.3-0, p = 1 X 10" cm=?) and a 50 nm GaAs
anode contact layer (p = 6 X 10" cm™*). The second
growth consisted of a 2 um NID buffer (n < 10%) and
the HBT structure. The HBT structure consisted of a 0.6
um thick GaAs subcollector (n = 2 X 10'* cm~3), 0.6
um GaAs collector (n = 2 X 10" cm~3), 90 nm GaAs
base (p =3 x 10" cm™3), 40 nm Al,Ga,As emitter
(n =5 x 10" em~3), 30 nm Al,Ga,_,As grading (x =
0.3-0, n = 1 X 10" cm~3) and a 0.25 um GaAs emitter
contact layer (n = 2 X 10'® cm™3).

Standard optical contact lithography and liftoff metal-
lizations were used. The lasers were located 150 m from
the HBT’s. N-type (p-type) oamics were formed by evapo-
rating AuGe/Ni/Au (Ti/Pt/Au). The HBT self-aligned
base and laser anode contacts were formed simultane-
ously, as were the HBT collector and laser cathode con-
tacts. Ti/Au interconnects were deposited over a pla-
narizing polymide layer. The wafer was thinned, and the
die were cleaved to form a 500 pm Fabry-Perot cavity.

HBT AND LASER PERFORMANCE

Discrete Npn HBT’s located adjacent to the laser-driver
circuits were tested to determine their dc and microwave
characteristics. Their performance was comparable to Npn
HBT’s fabricated on SI substrates using the same epitaxial
structure used in developing SPICE models. The HBT
geometry used throughout the circuit has two emitters
(26 X 5 um?), a single self-aligned base contact and a
base mesa area of 68 um?. The value of f, (f,,,) for this
geometry was 45 (60) GHz. at a collector-emitter bias of 2
Volts and an emitter current density of 4 X 10* A/cm?
(11 mA). A typical Gummel Plot is shown in Fig. 2. A
typical value of dc current gain was 30 at an emitter
current density over 1 X 10* A/cm?. The base (collector)
current ideality factor is 1.3 (1.0) above unity gain indicat-
ing the recombination component of the base current is
low.

High quality pseudomorphic InGaAs/GaAs/AlGaAs
graded index single quantum well (PGRINSQW) lasers

TEEE PHOTONICS TECHNOLOGY LETTERS, VOL 5, NO. 7, JULY 1993
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Fig. 2 Gummel plot of a two emitter (26 X 5 um?) and one base
contact HBT.

were fabricated with 7 and 40 pum wide active areas.
Room temperature CW operation of the 40 um wide
laser exhibited single mode emission at a threshold cur-
rent density, J,, of 420 A/cm? and a J, = 320 A/cm?
when pulsed. The room temperature CW emission spectra
of a 7 um wide laser is shown in Fig. 3. The measurement
was obtained by probing the laser directly thus bypassing
the circuitry. The emission is nearly single mode (9733 A)
at 1 mA above threshold (27 mA). The CW optical output
power (relative) versus input current is shown in the insert
of Fig. 3 for the same device. The average threshold
current for the devices tested was 27 mA with the lowest
at 25.5 mA. In pulsed mode the threshold current dropped
as low as 22 mA. The series resistence of the 7 um
integrated diodes was very low (1-2 Q).

CIRCUIT PERFORMANCE

A schematic of the circuit containing 26 transistors and
a photomicrograph are given in Fig. 4(a) and (b), respec-
tively. Due to the low series resistance of the laser, the
circuit is capable of operating with a Vg of —5.2 V. The
circuit is immune to stray inductances in either the ground
or — Vg leads as a result of layout and topology. The
biasing is performed by current sources throughout, and
the connections to ground for the circuit and the anode of
the laser come from a common pad on the die, and thus
climinate dynamic currents in the supply leads. The anode
is connected to this common pad by a crossover in the
center of the laser as shown in the micrograph. Separate
ground connections for the circuit and the laser anode
(i.e., [6D reduce the high frequency advantages of the
differential (current steering) topology. The current source
biasing provides a wide common mode range for the
input. The I,,, current mirror sets the dc operating point
of the laser, and the I, mirror sets the modulation
current up to 40 mA each.

Circuits were functionally tested with a dc laser current
of 25 mA via I,;,, (threshold for a 7 um wide stripe) and
with a modulation current of 25 mA. A 10 MHz sinewave
was applied to the input and the optical output was

¢
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Fig. 3. Spectral plot of relative emission intensity versus wavelength for
integrated laser diode and (insert) relative output power versus current.

detected using a Si photodiode /transimpedance amplifier
and an oscilloscope. Performance tests at high frequencies
are limited by the 5 MHz bandwidth of the detector.

Using extracted parameters for the HBT and laser,
SPICE simulations were performed to estimate the
rise /fall (10-90%) times of the voltage drop across the
laser which was modeled as a simple diode with a series
resistance of 1.5 ) and a zero bias junction capacitance of
4 pF. The simulated times for modulation currents of 10
or 30 mA and dc laser bias currents of 10 to 40 mA are
given in Fig. 5. Small signal simulations in this same range
of operation indicate a minimum bandwidth > 11 GHz.
These simulations indicate the circuit has potential for
operation above 10 Gb/s. Key factors in obtaining this
are the low series diode resistance (low voltage gain) and
the small base-collector capacitance of the driver, Q4.
These factors reduce the impact of Miller multiplication
without sacrificing the current sinking capacity of the
driver, hence the use of HBT’s with two emitters and a
single base contact. . .

Note that the above performance was obtained without
considering the relaxation oscillation frequency (f,) limit
which is estimated to be less than 6 GHz [9] for these
lasers. Consequently, the speed of the laser would limit
the large signal performance of the integrated HBT /laser
transmitter. This integration technique could be used to
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Fig. 4. (a) Schematic of integrated laser driver. (b) SEM photomicro-
ulphoftheglieﬁ!hhser(leh)lndﬂﬂfdﬁvct(riﬂn)meming

10 2 k
DC Laser Current (mA)

Fig 5. Plot of risc, fall and total delay times for 10 (30) mA of
modulation current versus dc bias current given by the solid (dashed)

combine HBT drivers with low resistance surface emitting
lasers that exhibit high f,, and thus are capable of 10
Gb/s operation [10] Furthermore, this technique can
then be used to realize compact 2-D arrays for aggregate
data transmission rates on the order of a Tb/s.
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SUMMARY

Monolithic integration of a InGaAs/GaAs/AlGaAs
PGRINSQW and an AlGaAs/GaAs HBT driver circuit
has been demonstrated using selective OMVPE regrowth.
The laser exhibited a low J, = 420 (320) A/cm? at room
temperature in CW (pulsed) mode. This method of inte-
grating dissimilar devices has the distinct advantage of
allowing several epitaxial structures to be optimized indi-
vidually while maintaining a relatively planar surface.
Based on circuit simulations, the driver circuit is capable
of operating at speeds above 10 Gb/s. This excellent
performance is attributed to the low series resistance (1-2
Q) of the laser, and f, and f,,, of the HBT's and low
parasitic base-collector capacitance. The integration of 26
high speed HBT's in close proximity to the low threshold
laser diode via selective OMVPE represents a substantial
improvement in integration density and potential bit rate
for monolithic OEIC's.
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