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Growth and characterization of GaAs epitaxial layers on Si Õporous Si ÕSi
substrate by chemical beam epitaxy
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The initial growth of GaAs films on a Si/porous Si/Si~SPS! substrate has been investigated using
reflection high-energy electron diffraction. The morphology and the thickness have been examined
by a Nomarski optical microscope and scanning electron microscope, respectively. The results of
the low temperature photoluminescence studies have shown that a significant reduction in the
residual thermal tensile stress can be achieved with reduced growth temperature. The 77 K
photoluminescence spectra for GaAs/Si show a strain-induced splitting between the heavy and light
hole valence bands which corresponds to a biaxial tensile stress of 2.45 kbar acting on the GaAs
layer where the same for GaAs/SPS grown at 450 °C is 1.69 kbar. The results have shown that a SPS
substrate with the combination of low temperature growth is a promising candidate for obtaining
GaAs films with low stress. ©2001 American Institute of Physics.@DOI: 10.1063/1.1362339#
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INTRODUCTION

There has been considerable interest and extensive w
over the past several years in the epitaxial growth of Ga
films on Si substrates for optoelectronics applications.1 Re-
cently, several techniques2,3 have been proposed to obta
GaAs films on Si with good surface morphology. Rece
research has shown that the problem caused by a large la
mismatch between GaAs and Si, could be solved by usin
low temperature grown GaAs buffer layer. Thermal stre
can hardly be avoided in heteroepitaxial structures. Howe
from the extensive investigations of strained epitaxial laye
the reduction of thermal stress has been demonstrated cl
by selective-area growth and a postgrowth pattern
technique.4 The stress reduction is also achieved by dopin
small amount of indium in the GaAs epitaxial layers on
substrates.5

Porous silicon~PS! has been widely investigated in th
last few years as a challenging new material for microel
tronic devices.6 The observation of photoluminescence7 in
PS has launched an intense research activity because
discovery has opened the door for a possible optoelectr
role for silicon, the all-important material fo
microelectronics.8 Extensive studies have also been devo
to the application of PS in the electric isolation of integrat
devices, in particular, the fabrication of a silicon on insula
substrate.9 Recently, we10 have demonstrated the reductio
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of stress in the GaAs layer on the Si/porous Si/Si~SPS!
substrate by metalorganic chemical vapor deposit
~MOCVD!. In contrast to the selective-area growth or po
growth patterning techniques, the growth of GaAs/SPS
applicable for large area.

GaAs films have been grown on SPS substrates
chemical beam epitaxy~CBE! in anticipation that the ther-
mal stress would be reduced by the low growth tempera
as compared to MOCVD. Because of the presence of
small pores, porous Si layers are considered to be a flex
material. We, therefore, expect that the stress due to the l
lattice mismatch and thermal expansion coefficient, is
laxed by straining small crystalline columns in porous
layers, instead of the formation of misfit dislocations
GaAs films, and then GaAs films with good crystalline qu
ity are grown on the SPS substrates.

In this article, we report on the study of the initial stag
of GaAs growth on a SPS substrate with the use of reflec
high-energy electron diffraction~RHEED!. The quality of
the GaAs on a SPS substrate grown at various tempera
have been determined by scanning electron microsc
~SEM! and low temperature photoluminescence~PL!.

EXPERIMENT

A 12.6-mm-thick porous Si was formed by anodizing
heavily boron-doped~0.01–0.02V cm! Si ~100! wafer in
49% HF:C2H5OH ~2:1! solution. The etch current densit
was 7 mA cm22. A high-resolution SEM observation ha
5 © 2001 American Institute of Physics
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shown that the size of surface pores is 6–8 nm in diame
and the pore density is;131011 cm22.11 The surface and
inner pore walls were slightly oxidized at 400 °C in dry O2

ambient, in order to cover the inner pore walls with a th
oxide film that prevented the coarsening of inner pores d
ing the following heat treatments. This thin oxide at the p
rous surface was removed by HF dipping prior to the e
taxy. Around 10 nm single crystalline Si was epitaxia
grown on the porous Si at 1060 °C by chemical vapor de
sition in conjunction with hydrogen prebaking.12

The SPS substrates were degreased in organic solv
and etched by H2SO4:H2O54:1 solution. Finally, the sub
strate was hydroterminated using HF solution. The sou
gas for group III was triethylgallium and that for group
was arsine. Two step growth was employed for the h
eroepitaxial growth of GaAs on the Si substrates. After
growth of 20 nm initial layer at 300 °C a 1mm undoped
GaAs layer was grown at different temperatures~450, 500,
and 550 °C!.

Low temperature photoluminescence measurem
were made with the samples mounted in strain-free man
on a cold finger. Excitation was provided by an Ar1laser
~514.5 nm!. The luminescence from the sample was analy
by a scanning spectrometer and detected by a photom
plier. The spectra were recorded after lock-in amplificatio

RESULTS AND DISCUSSION

Figure 1 depicts the RHEED pattern obtained by d
fracting along â 110& type azimuth of the 20 nm GaAs film
on a SPS substrate immediately after low-tempera
growth. From the figure it is clear that the layer is epitax
with respect to the Si substrate as is evidenced by the p
ence of the distinct spots. We studied the surface morp
ogy of the CBE-grown GaAs/SPS at various growth te
perature of the top layers. The surface morphology depen
on the growth temperatures of the top layer. The surf
morphology of 450 °C grown GaAs epilayer on a SPS s
strate under the Nomarski condition is shown in Fig. 2~a!.
From the figure, it is clear that when compared to GaAs
the morphology is slightly rough. The roughness increa
gradually as the growth temperature is increased. In orde

FIG. 1. RHEED pattern obtained from an as-deposited 20 nm GaAs nu
ation layer on a Si/porous Si/Si substrate along a^110& azimuth.
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find the cause for the increased roughness of the epilaye
examined the morphology of the 20 nm nucleation lay
Though too small to be detected using standard optical
Nomarski phase-contrast microscopy, the roughness of
20 nm nucleation film does appear to slightly increase in
case of 20 nm GaAs on SPS substrate when compare
GaAs/Si. Using a model NT 2000-three dimensionalex situ
noncontact optical interferometer from WYKO Inc., the su
face roughness measured from GaAs/Si was 51.2 Å rms
GaAs on SPS was found to be slightly larger at 75.5 Å r
for 300 °C grown 20 nm GaAs layers. Figure 2~b! shows the
cross-sectional scanning electron microscope image of
mm GaAs epitaxial layer on a SPS substrate. From Fig. 2~b!
it is clear that the grown GaAs epilayer is uniform and t
interface between 12.6mm porous Si and Si substrate
clearly visible.

The photoluminescence spectrum was measured to c
acterize the optical quality of the 1-mm-thick GaAs films.
Figure 3 shows the 77 K photoluminescence spectrum of
GaAs on GaAs grown at 500 °C, GaAs on Si grown
500 °C, and GaAs on SPS for three different growth te
peratures~450, 500, and 550 °C!. The 77 K PL intensity of
the homoepitaxial GaAs is around 4.5 times higher than t

e-

FIG. 2. Surface morphology~a! and cross-sectional SEM image~b! of a
GaAs epitaxial layer on a Si/porous Si/Si substrate.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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of heteroepitaxial ~GaAs/Si! epilayer. The intensity of
500 °C grown GaAs epilayer on a SPS substrate is slig
less when compared to GaAs/Si. Theex situnoncontact op-
tical interferometer observation shows that RMS roughn
values of 500 and 550 °C grown GaAs epilayer on a S
substrate are 9.56 and 17.32 nm where the same for GaA
is 6.36 nm. The decrease in intensity in the case of 500
grown GaAs epilayers on SPS can be attributed to the
creased roughness of the GaAs epilayer, due to the pres
of porous region in the SPS substrate. In the case of 55
grown GaAs after the growth, we observed many small ho
near the edges of the SPS substrate. Though the origi
these holes is not clear at this stage, this may lead to p
morphology and high roughness. The high roughness s
stantially reduce the intensity of GaAs grown on a SPS s
strate at 550 °C. In all the growth, the prebaking has b
carried out for 5 min at 50 °C above the growth temperat
of the top layer. Hence, for the epilayer grown at 450 °C,
prebacking has been carried out at 500 °C. This tempera
may not be sufficient enough to remove the oxidized lay
on the SPS substrate. This could be the reason for the
roughness~rms roughness514.15 nm! and reduction in PL
intensity in the case of 450 °C grown epilayer.

We have observed two distinct emissions at 827.1
~1.4989 eV! and 834.7 nm~1.4853 eV! in GaAs on a Si
substrate grown at 500 °C. In contrast, the GaAs/Ga
grown at 500 °C has the band edge emission peak at 8
nm ~1.5093 eV!, which is 24 meV higher than the peak
834.7 nm in the GaAs/Si. As the biaxial strain causes a s
and split in the valence band of the GaAs layer, the peak
827.1 nm (D0, lh! and 834.7 nm (D0, hh! in the GaAs/Si are
presumably due to the recombination involving excito
bound to Si donors and themj561/2 ~light hole! and the
mj563/2 ~heavy hole! valance-band states, respectively13

This demonstrates that the band edge emission pea
GaAs/Si is shifted and splits into two peaks due to the bia
stress.

It can be observed that the heavy hole peak shift
GaAs/SPS is smaller than that of GaAs/Si. As shown in F

FIG. 3. 77 K photoluminescence of a CBE-grown GaAs epilayer on Ga
Si, and Si/porous Si/Si substrates.
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4, the peak position of GaAs/SPS grown at 450 and 500
has shifted towards low energy by nearly 14.1 and 15.6 m
respectively, as compared to GaAs/GaAs, whereas the s
for GaAs/Si is 24 meV. This indicates that the stress in
epilayer has greatly reduced. In the case of 550 °C gro
GaAs on SPS, the peak position is shifted towards low
ergy around 22.7 meV. The reason for this shift in the pe
position may be due to the thermal strain introduced dur
cooling is easily absorbed by the porous region by strain
small crystalline columns in a porous Si layer. In the case
550 °C grown GaAs the peak position is almost the same
that of GaAs/Si since the large thermal stress could not
absorbed in the present porous layer.

The difference in the energy between the electron
light hole, and the electron to heavy hole transitions provid
a measure of in-plane stress. Furthermore, this stress is
sile in nature, and arises from the difference in thermal
pansion coefficients between GaAs and Si. For the bia
stress parallel to@100# and @010#, the calculated energy dif
ferences between the conduction and valence bands, ak
50, were given as14

DE1h522a~S1112S12!X1b~S112S12!X, ~1!

DEhh522a~S1112S12!X2b~S112S12!X. ~2!

Here,S11, S12 are elastic compliances anda, b are deforma-
tion potentials corresponding to hydrostatic and tetrago
shear deformation potentials, respectively, andX is the stress
acting on the layer. Both equations neglect higher-than fi
order terms in stress. From Eqs.~1! and~2!, the valence-band
splitting is equal to 2b(S11–S12)X. Using the values ofS11,
S12, a, andb from the early report,15 together with the ex-
perimentally determined valence-band splitting at 77 K,
biaxial tensile stressX has been calculated as 2.45 kbar f
GaAs/Si grown at 500 °C. The peak position of (D0, lh! and
(D0, hh! transitions for 450 and 500 °C grown GaAs on
SPS substrate is determined by using a Gaussian pea
From Fig. 5 it is clear that the biaxial tensile stress for GaA
SPS grown at 450 and 500 °C has reduced drastically to 1

,

FIG. 4. Energy shift towards the low energy region in the growth of Ga
on a Si/porous Si/Si substrate when compared to CBE-grown GaAs/GaA
500 °C.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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and 1.76 kbar, respectively, where the 550 °C grown Ga
SPS is 2.19 kbar. Thus, we attribute the decrease in the
axial tensile stress in the GaAs grown on SPS is caused
the presence of a porous region in the substrate and the
growth temperature.

CONCLUSION

A GaAs epilayer has been grown on a SPS substrate
various temperatures. The surface morphology and the c
section of the grown epilayer have been examined b
Nomarski optical microscope and SEM, respectively. Fr
the reduction of 77 K PL, the energy shift towards the lo
energy region proves that the stress has greatly reduce
the epitaxial layers grown on SPS substrates. PL meas
ments have been used to compare the thermally indu

FIG. 5. Variation of biaxial tensile stress~X! due to GaAs epilayer growth
temperature.
loaded 18 Aug 2010 to 133.68.192.98. Redistribution subject to AIP licens
s/
bi-
by
w

or
ss
a

in
re-
ed

stress present in GaAs layers grown on both Si and S
substrates. The energy splitting between the (D0, lh! and
(D0, hh! transitions, atT577 K, reflects a biaxial tensile
stress of as low as 1.69 kbar for GaAs/SPS, grown at 450
The earlier result shows that SPS and low tempera
growth are promising candidates for obtaining GaAs film
with low stress.
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