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Abstract—GaAs was grown directly on silicon by molecular
beam epitaxy (MBE) at low substrate temperature ( 250 C).
Both the silicon wafer cleaning and the GaAs film growth pro-
cesses were done at temperatures lower than the Si–Al eutectic
temperature to enable monolithic integration of low-temper-
ature-GaAs photoconductive switches with finished Si-CMOS
circuits. The film surfaces show less than 1 nm rms roughness
and the anti-phase domain density is below the detection limit of
X-ray diffraction. Metal–semiconductor–metal photoconductive
switches were made using this material and were character-
ized using a time-resolved electrooptic sampling technique. A
full-width at half-maximum switching time of 2 ps was achieved
and the responsivity of switches made from low-temperature
GaAs on Si material was comparable to its counterpart on a
GaAs substrate.

Index Terms—GaAs on Si, low substrate temperature, low-tem-
perature-grown GaAs (LT-GaAs), metal–semiconductor–metal
(MSM) switch, monolithic integration.

I. INTRODUCTION

MODERN communications and high-speed instrumen-
tation require much higher speed analog-to-digital

converters (ADCs) with bandwidths up to several tens of giga-
hertz. Conventional electronic ADCs are extremely powerful in
signal processing. However, their performance at high speeds
is limited by low input bandwidth and a fundamental timing
jitter problem which causes aperture uncertainty. On the other
hand, photonic devices have high bandwidth and superior
timing accuracy advantages, although their signal processing
capability is inferior to electronic devices. Therefore, a hybrid
system would potentially combine the advantages of both tech-
nologies to achieve superior performance. Based on this idea,
we previously proposed a CMOS/photonic analog-to-digital
(A/D) conversion system utilizing a sample-and-hold scheme
with low-temperature-grown GaAs (LT-GaAs) metal–semi-
conductor–metal (MSM) photoconductive switches. In order
to achieve high input bandwidth in this system, the switches
would be triggered by a femtosecond-order optical pulse to
sample the input electrical signal onto a hold capacitor. Sam-
pled data would later be digitized at a much slower rate using
CMOS ADCs attached to the sample-and-hold circuit. We use
a time-interleaved parallel architecture with multiple channels
to achieve an ultrafast aggregate sampling rate. The details of
our A/D conversion system can be found elsewhere [1], [2].
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LT-GaAs is our choice of material for the photoconductive
switches. This material is usually grown by molecular beam
epitaxy (MBE) at substrate temperatures as low as 200 C to
350 C, compared to conventional GaAs which is grown at
550 C–650 C. Due to the low growth temperature, LT-GaAs
is highly nonstoichiometric, with a large density of excess
arsenic incorporated into the GaAs matrix, forming a high
concentration of As-related deep-level defects. These defects
result in an ultrashort carrier lifetime [3]. A high-temperature
postgrowth anneal at above 600 C is usually utilized to increase
the carrier mobility, but not substantially increase the lifetime.
The LT-GaAs material was chosen in our system because of
its picosecond or subpicosecond carrier lifetime that allows for
ultrafast switching, reasonably high mobility to provide good
switch responsivity, as well as high dark resistivity and high
breakdown field [3].

One of the key innovations of our study is the monolithic inte-
gration of high-speed LT-GaAs photoconductive switches with
low-power Si CMOS integrated circuits. We have previously
used a flip-chip bonding technique for integration and demon-
strated a two-channel prototype ADC with 3.5 effective bits of
resolution for an input bandwidth up to 40 GHz and an estimated
total timing jitter of less than 80 fs [2], [4]. To minimize the
input parasitics, monolithic integration is explored. A common
approach is to finish the final level metallization of the IC after
growth of the GaAs devices. However, this approach creates sig-
nificant fabrication perturbation. While limited success has been
achieved to make majority-carrier GaAs devices on Si [5], the
material quality requirements for the ultrafast switch applica-
tion are more forgiving and the low growth temperature is com-
patible with completely fabricated CMOS circuits. Low-tem-
perature treatments also promise not to alter the doping profile
in the underlying Si ICs and greatly reduce the thermal stress
caused by the 60% difference in the thermal expansion coef-
ficients between GaAs and Si. Therefore, we are investigating
the direct growth of LT-GaAs on finished Si CMOS wafers. In
our approach, the critical step is cleaning the Si wafer surface at
temperatures low enough not to damage the metal interconnects
and other components in Si circuits. In this paper, we present
a first-step study of LT-GaAs growth on Si substrates. Growth
results on real circuits will be reported later.

II. EXPERIMENTS AND RESULTS

A. Wafer Cleaning and Film Growth

The LT-GaAs layers were grown on nominal (100) Si sub-
strates and vicinal (100) Si substrates oriented 4 off toward
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[011]. The substrates were chemically cleaned in a class-100
clean room, using a modified RCA cleaning method. Wafers
were first immersed into a 4:1 H SO : H O solution at 90 C
for 10 min to remove trace organics. For removal of trace metal
ions, samples were submerged into a 5:1:1, H O H O HCl
solution at 70 C for 10 min. A 30-s dip in a 50:1 H O HF
solution was done for oxide etching. A final dip into a low-con-
centration HF solution was done to achieve hydrogen passiva-
tion immediately before loading the wafers into the loadlock
chamber. The wafers were baked in the load chamber at 200 C
for 1 h to remove moisture and gases.

All samples were grown in a solid-source Varian Gen II MBE
system. Gallium flux was supplied by a thermal effusion cell and
dimeric arsenic As was provided through a valved thermal
cracker. For the wafers investigated here, a 0.5- m-thick layer
of GaAs was grown at a rate of 0.2 m/hr with an As Ga
beam-equivalent-pressure (BEP) ratio of 6. In situ RHEED was
used to monitor the surface cleaning and the surface condition
at each stage of the film growth. During the heat cleaning step
to desorb hydrogen, the Si surfaces typically start to exhibit a
streaky 2 1 reconstruction pattern at temperatures as low as

450 C. Samples in this article were then subsequently baked
at 550 C for 20 min (although the RHEED pattern at 480 C
was almost the same as that seen at 550 C) and then cooled
down to the growth temperature 250 C) with exposure to an
As flux to avoid any further contamination from the chamber
during the cooling process. The As flux serves both as a protec-
tion and a prelayer for the purpose of anti-phase domain (APD)
suppression. The literature [6] and our experience show that the
hydrogen desorption peak is 510 C. Thus, by holding for a
longer time, this cleaning temperature could be further lowered
when growing on circuits. The LT-GaAs growth was initiated
with 10 migration-enhanced-epitaxy (MEE) cycles. After the
MEE cycles, the RHEED pattern became dim and spotty, in-
dicating island formation and three-dimensional (3-D) growth.

During growth, the RHEED pattern changed and the
LT-GaAs layer grown on Si became 1 1, similar to LT-GaAs
grown on a GaAs substrate. Upon in situ annealing, the RHEED
patterns exhibited a streaky 2 4 reconstruction [see Fig. 1(a)
and (b)], indicating a high-quality single-domain GaAs layer
with a smooth surface. All samples appear specular and fea-
tureless to the naked eye and under an optical microscope after
removal from the MBE system.

Following the growth, the samples were annealed at 600
C for 10 min either in the growth chamber under an As over-

pressure or in a rapid thermal annealing (RTA) chamber under
N ambient. During RTA annealing, the samples were covered
with a protective GaAs wafer to prevent As desorption. Laser
annealing techniques could be used to avoid this high-tempera-
ture anneal when growing on real CMOS chips.

B. Film Characterization

The roughness of the film surface was observed using AFM.
Several m m area scans were done. As shown in Fig. 2,
for 0.5- m-thick LT-GaAs grown on a nominal (100) Si sub-
strate, the rms roughness was 1.0 nm. For the same thickness
LT-GaAs layer grown on a vicinal (100) Si substrate (4 miscut

Fig. 1. RHEED patterns for LT-GaAs films grown on Si substrates and in situ
annealed at �600 C for 10 min. (a) [011] azimuth. (b) ����� azimuth.

toward [011] direction), the rms roughness was 0.5 nm. Sec-
tion analysis showed the peak-to-peak variation across the sur-
face was 6 nm for the film grown on the nominal (100) sub-
strate and 3 nm for the misoriented substrate. This roughness
is approximately an order of magnitude smaller than the best
previously reported data [7].

The film quality was studied by high-resolution (0.0001 )
X-ray diffraction (XRD). The ratio between the GaAs (002)
peak intensity and GaAs (004) peak intensity is comparable to
that of a conventional GaAs homoepitaxy reference wafer. The
full-width at half-maximums (FWHMs) of each peak for both
samples are summarized in Table I. The GaAs (002) superstruc-
ture reflection is very sensitive to APDs, while the (004) funda-
mental reflection is not affected by APDs. To experimentally
determine if APDs exist in an ordered crystal, the widths of the
superstructure and fundamental reflections must be compared
[8]. It is clear that, for growth on both substrates, the (002) su-
perstructure peak is not broadened compared to the (004) fun-
damental peak. This indicates that the APD density is below the
detection limit of XRD [8]. In addition, a decrease in the FWHM
of both peaks was observed when growing on the vicinal sub-
strate compared to the nominal substrate.

C. MSM Switch Characterization

Using this material, MSM photoconductive switches were
made to characterize the mobility and carrier lifetime of
LT-GaAs grown on Si substrates. Switches with an interdig-
itated pattern were fabricated by depositing titanium/gold
contact metal on the LT-GaAs epi-layers through a standard
lift-off process. Devices with different finger spacings and
finger widths were patterned in a m m area, the
approximate optical spot size used for characterization.

The switch was placed in the middle of a coplanar waveguide
transmission-line structure for high-speed characterization, as
shown in Fig. 3. The transmission-line pattern was also made
by depositing titanium/gold metal on the LT-GaAs film. For the
measurement, the switch was dc-biased and optically triggered
by a titanium/sapphire mode-locked laser pulse with 150 fs
FWHM pulse width, 850 nm center wavelength, and a 80
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Fig. 2. � �m � � �m AFM images. (a) A 0.5-�m-thick LT-GaAs layer grown on a nominal (100) Si substrate. RMS roughness is �1.0 nm and peak-to-peak
variation is �6 nm. (b) A 0.5-�m-thick LT-GaAs layer grown on a vicinal (100) Si substrate 4 misoriented toward the [011] direction. RMS roughness is �0.5
nm and peak-to-peak variation is �3 nm.

TABLE I
GAAS PEAK FWHM COMPARISON FOR LT-GAAS FILMS GROWN ON DIFFERENT Si SUBSTRATES

Fig. 3. SEM picture of MSM switch characterization structure.

MHz repetition rate. The movement of photogenerated carriers
causes an electrical transient to propagate down the transmis-
sion line. Therefore, by properly measuring this transient, the
responsivity and speed of the switch can be characterized. A
time-resolved electrooptic (EO) sampling technique was used to
measure the picosecond-order short transient, with a lithium tan-
talate LiTaO electrooptic crystal placed on top of the trans-
mission line [9].

An output waveform from a photoconductive switch made
from LT-GaAs on a vicinal (100) Si substrate and measured
using EO sampling is shown in Fig. 4. The amplitude and width
of the signal depend on sample growth conditions, anneal condi-
tions, switch pattern, and testing parameters (e.g., optical pulse
energy and bias voltage). There is always a tradeoff between the
switch responsivity and speed. Dependence of the response on
applied bias, optical pulse energy, and switch pattern was sim-
ilar to that seen for devices made from LT-GaAs grown on GaAs
substrates [4]. The main purpose of this study is to demonstrate
the possibility of directly growing LT-GaAs on Si at low tem-
peratures as an alternative to flip-chip bonding MSM switches
made from LT-GaAs on GaAs material onto Si chips. We thus
compare our LT-GaAs on Si with our earlier LT-GaAs on GaAs
results [4] because the devices are identical and provide a direct
comparison of the materials. The FWHM of the signal varies

Fig. 4. Output waveform characterized using an EO sampling technique for
a photoconductive MSM switch made from LT-GaAs on a vicinal (100) Si
substrate. The switch has a 2-�m finger width and 1-�m finger spacing, tested
under 1 mW optical power and 5 V bias voltage.

around 2 ps for both samples and the reference LT-GaAs on the
GaAs sample. Fig. 5 shows a comparison of the photocurrent
as a function of optical pump power for switches made from a
LT-GaAs film on a vicinal Si substrate and the reference ho-
moepitaxy wafer. It shows that the responsivity of the switch
slowly saturates with increasing pulse power. This is expected
since the carrier lifetime is very short. A large portion of car-
riers are trapped and recombine before they are collected by
the electrodes. Therefore, the output photocurrent is mostly a
manifestation of the number of captured photocarriers that are
close to the MSM electrodes. At the constant pulse wavelength
that we used at 850 nm, the number of carriers generated near
the device surface and close to the electrodes will eventually
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Fig. 5. Comparison of the photocurrent as a function of optical pump power
for switches made from LT-GaAs films on vicinal (100) Si substrates and
the reference LT-GaAs on GaAs wafer. The reference wafer is used in a
demonstrated prototype two-channel ADC. Both types of switches have 1-�m
finger width and the data shown were taken at 10 V bias voltage.

Fig. 6. Dark current of switches made from different materials. The two
LT-GaAs on Si materials with different thickness were grown on vicinal (100)
substrates under the same conditions. The LT-GaAs on GaAs wafer is the
reference wafer used in a prototype ADC.

saturate as the optical pulse energy increases. In addition, the
field-screening effect [10], [11] caused by excited photocarriers
is more pronounced at higher optical pulse energy, which also
contributes to the saturation behavior. The remarkable feature
of this plot is that the responsivity of switches is quite compa-
rable for LT-GaAs on Si versus LT-GaAs on GaAs reference
wafer, although a high density of dislocations presumably exist
in the material grown on Si substrate. Both switches have a
1- m finger width. Fig. 5 also indicates that the responsivity
increases with decreasing finger spacing, at the cost that device
capacitance also increases for smaller finger spacing. Therefore,
there is another tradeoff in choosing appropriate device size. The
dark current is a primary concern for device applications. Fig. 6

shows that the dark current of LT-GaAs on Si switch is reason-
ably low, in sub— -Amp level, although it is approximately
three orders of magnitude higher than the reference LT-GaAs
on GaAs wafer. The switch made on a thicker (1 m) LT-GaAs
film exhibits lower dark current by moving farther from the de-
fective Si-GaAs interface. To further reduce the dark current,
we can incorporate an AlGaAs barrier layer between the GaAs
and contact metal, or choose another contact material, such as
WSi [12]. These features will be included in our future re-
search. By optimizing the material quality and switch pattern,
LT-GaAs grown directly on Si presents a promising alternative
to bonding LT-GaAs on GaAs material to Si circuits.

III. SUMMARY

We have grown GaAs directly on Si substrates at low tem-
peratures ( 250 C). The wafer cleaning and film growth tem-
peratures are safe for finished CMOS circuits. In situ RHEED
patterns showed a clean, reconstructed Si surface before growth,
and a reconstructed GaAs film after postgrowth annealing. AFM
measurements reveal less than 1 nm rms roughness. XRD mea-
surements indicate good film quality and negligible APD den-
sity. Time-resolved EO sampling characterization shows that the
performance of LT-GaAs switches on an Si substrate is compa-
rable to its homoepitaxy counterpart which was used in our pro-
totype ADC which demonstrated outstanding performance. The
successful low-temperature growth of GaAs on Si substrates
promises the possibility of monolithic integration of ultrafast
LT-GaAs switches with Si CMOS circuits, and further research
is on the way.

REFERENCES

[1] R. Urata, R. Takahashi, V. A. Sabnis, D. A. B. Miller, and J. S. Harris
Jr., “Ultrafast differential sample and hold using low-temperature-grown
GaAs MSM for photonic A/D conversion,” IEEE Photon. Technol. Lett.,
vol. 13, pp. 717–719, July 2001.

[2] R. Urata, L. Y. Nathawad, K. Ma, R. Takahashi, D. A. B. Miller, B. A.
Wooley, and J. S. Harris Jr., “Ultrafast sampling using low temperature
grown GaAs MSM switches integrated with CMOS amplifier for pho-
tonic A/D conversion,” in Proc. IEEE LEOS Annu. Meeting, vol. 2, 2002,
pp. 809–810.

[3] F. W. Smith, H. Q. Lee, V. Diadiuk, M. A. Hollis, A. R. Calawa, S.
Gupta, M. Frankel, D. R. Dykaar, G. A. Mourou, and T. Y. Hsiang, “Pi-
cosecond GaAs-based photoconductive optoelectronic detectors,” Appl.
Phys. Lett., vol. 54, pp. 890–892, 1989.

[4] R. Urata, L. Y. Nathawad, R. Takahashi, K. Ma, D. A. B. Miller, B.
A. Wooley, and J. S. Harris Jr., “Photonic A/D conversion using low-
temperature-grown GaAs MSM switches integrated with Si-CMOS,” J.
Lightwave Technol., vol. 21, pp. 3104–3115, Dec. 2003.

[5] A. Georgakilas, P. Panayotatos, J. Stoemenos, J. L. Mourrain, and
A. Christou, “Achievements and limitations in optimized GaAs films
grown on Si by molecular-beam epitaxy,” J. Appl. Phys., vol. 71, pp.
2679–2701, 1992.

[6] S. H. Wolff, S. Wagner, J. C. Bean, R. Hull, and J. M. Gibson, “Hy-
drogen surface coverage: raising the silicon epitaxial growth tempera-
ture,” Appl. Phys. Lett., vol. 55, pp. 2017–2019, 1989.

[7] C. Kadow, S. B. Fleischer, J. P. Ibbetson, J. E. Bowers, and A. C. Gos-
sard, “Subpicosecond carrier dynamics in low-temperature grown GaAs
on Si substrates,” Appl. Phys. Lett., vol. 75, pp. 2575–2577, 1999.

[8] S. F. Fang, K. Aomi, S. Iyer, H. Morkoc, H. Zabel, C. Choi, and N.
Otsuka, “Gallium arsenide and other compound semiconductors on sil-
icon,” J. Appl. Phys., vol. 68, pp. R31–R58, 1990.

[9] J. A. Valdmanis and G. Mourou, “Subpicosecond electrooptic sampling:
principles and applications,” IEEE J. Quantum Electron., vol. QE-22,
pp. 69–78, Jan. 1986.



804 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 40, NO. 6, JUNE 2004

[10] M. Tani, S. Matsuura, K. Sakai, and S. Nakashima, “Emission charac-
teristics of photoconductive antennas based on low-temperature-grown
GaAs and semi-insulating GaAs,” Appl. Opt., vol. 36, pp. 7853–7859,
1997.

[11] J. T. Darrow, X. Zhang, D. H. Auston, and J. D. Morse, “Saturation prop-
erties of large-aperture photoconducting antennas,” IEEE J. Quantum
Electron., vol. 28, pp. 1607–1616, June 1992.

[12] M. Ito and O. Wada, “Low dark current GaAs metal-semicon-
ductor-metal (MSM) photodiodes using WSi contacts,” IEEE J.
Quantum Electron., vol. QE-22, pp. 1073–1077, July 1986.

Kai Ma (S’03) received the B.S. and M.S. degrees
in materials science and engineering from Tsinghua
University, Beijing, China, in 1993 and 1996,
respectively, and the M.S. degree in electrical
engineering from Stanford University, Stanford, CA,
in 2003, where she is currently working toward the
Ph.D. degree in materials science and engineering
under Prof. J. S. Harris.

She is a Research Assistant with the Solid State
and Photonics Laboratory, Stanford University. Her
current research has been focused on molecular beam

epitaxy growth of III-V materials and the integration of GaAs devices with com-
pleted Si circuits.

Ryohei Urata (S’99) was born in Tokyo, Japan, in
1975. He received the B.S. degree in engineering
physics from the University of California, Berkeley,
in 1997 and the M.S. degree in electrical engineering
from Stanford University, Stanford, CA, in 1998,
where he is currently working toward the Ph.D.
degree in electrical engineering under Prof. D. A. B.
Miller.

During the summer of 1997, he interned at NTT
Photonics Laboratories, Kanagawa, Japan, where he
was engaged in semiconductor mode-locked laser re-

search. His research interests are in photonic analog-to-digital conversion and
high-speed optoelectronics.

David A. B. Miller (M’84–SM’89–F’95) received
the B.Sc. degree from St Andrews University, St. An-
drews, U.K., and the Ph.D. degree from Heriot-Watt
University, Edinborough, U.K., in 1979.

He was with Bell Laboratories from 1981 to 1996,
as a department head from 1987, latterly of the Ad-
vanced Photonics Research Department. He is cur-
rently the W. M. Keck Professor of Electrical Engi-
neering at Stanford University, Stanford, CA, and the
Director of the Ginzton and Solid State and Photonics
Laboratories, Stanford, CA. His research interests in-

clude quantum-well optoelectronic physics and devices and fundamental and
applications of optics in information, sensing, switching, and processing. He
has published more than 200 scientific papers and holds over 40 patents.

Dr. Miller is a Fellow of the Royal Societies of London and Edinburgh, the
Optical Society of America (OSA), and the American Physical Society and
holds an honorary degree from the Vrije Universiteit Brussel, Brussels, Bel-
gium. He has served as a Board member for both the OSA and IEEE Lasers
and Electro-Optics Society (LEOS) and in various other society and conference
committees. He was President of IEEE LEOS in 1995. He was the recipient of
the Adolph Lomb Medal and the R. W. Wood Prize from the OSA, the Inter-
national Prize in Optics from the International Commission for Optics, and the
IEEE Third Millennium Medal.

James S. Harris, Jr., (S’65–M’69–SM’78–F’88) re-
ceived the B.S., M.S., and Ph.D. degrees in electrical
engineering from Stanford University, Stanford, CA,
in 1964, 1965, and 1969, respectively.

He is the James and Ellenor Chesebrough Pro-
fessor of Electrical Engineering, Applied Physics,
and Materials Science at Stanford University. In
1969, he joined the Rockwell International Science
Center, Thousand Oaks, CA, where he was one of
the key contributors to ion implantation, molecular
beam epitaxy, and heterojunction devices, leading

to their preeminent position in GaAs technology. In 1980, he became Director
of the Optoelectronics Research Department, and, in 1982, he joined the
Solid State Electronics Laboratory, Stanford University, as a Professor of
Electrical Engineering. He served as Director of the Solid State Electronics
Laboratory (1984–1998) and Director of the Joint Services Electronics Program
(1985–1999). His current research interests are in the physics and application
of ultrasmall structures and novel materials to new high-speed and spin-based
electronic and optoelectronic devices and systems. He has supervised over 65
Ph.D. students, has authored or coauthored over 650 publications, and holds
14 issued U.S. patents in these areas.

Dr. Harris is a Fellow of the American Physical Society. He was the recipient
of the 2000 IEEE Morris N. Liebmann Memorial Award, the 2000 International
Compound Semiconductor Conference Walker Medal, an IEEE Third Millen-
nium Medal, and an Alexander von Humboldt Senior Research Prize in 1998
for his contributions to GaAs devices and technology.


