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Quantum well heterostructures grown by molecular beam epitaxy
on silicon-on-gallium arsenide substrates

Joanna M. London, Pablo A. Postigo,a) and Clifton G. Fonstad, Jr.b)

Microsystems Technology Laboratory and Department of Electrical Engineering and Computer Science,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

~Received 16 August 1999; accepted for publication 7 October 1999!

Silicon-on-gallium arsenide~SonG! wafers have recently been proposed as optimal substrates for
monolithic integration of GaAs-based optoelectronic devices with silicon electronics. In this letter
it is demonstrated that high quality quantum well heterostructures can be grown on SonG substrates
under conditions consistent with the survival of pre-existing electronics. Photoluminescence and
cathodoluminescence measurements confirm that these layers are sufficiently high quality to allow
integration of light emitting and laser diodes on SonG substrates. ©1999 American Institute of
Physics.@S0003-6951~99!03648-7#
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The monolithic integration of silicon VLSI electronic
with gallium arsenide~GaAs! optoelectronic devices pre
sents significant challenges. The reasons lie in the substa
differences between these two semiconductors in severa
material properties, specifically the lattice constants, wh
differ by 3.5%~5.43 Å for silicon vs 5.63 Å for GaAs!, and
the thermal expansion coefficients, which differ by a fac
of more than 2.5 (2.631026 °C21 for silicon vs 6.86
31026 °C21 for GaAs!. A solution which has recently bee
proposed to overcome these material roadblocks is the us
silicon-on-gallium arsenide~SonG! wafers.1 In this technique
separation by implantation of oxygen~SIMOX! silicon wa-
fers are hydrophilically bonded to GaAs wafers. The bulk
the SIMOX wafer is then removed leaving a thin layer
silicon ~several hundred angstroms thick! bonded to a GaAs
wafer through several dielectric layers. A TEM cross-sect
view of the bonded layers on the top of a SonG wafer
shown in Fig. 1. These wafers can then be used in an
process to produce silicon electronics on Ga
optoelectronics-friendly substrates; alternatively, the sa
bonding techniques might be used to bond and transfer c
pletely processed SOI CMOS to GaAs wafers to achieve
same goal.

The attractiveness of this structure for monolithic op
electronic integration derives from several device and m
rials observations. First, it is well known that thin layers c
tolerate much higher stress than thick layers. The leve
stress experienced by the thin silicon layer in a SonG wa
is similar to that experienced by the silicon in silicon-o
sapphire wafers because the thermal expansion coefficie
sapphire is very similar to that of GaAs. Thus we anticip
that a thin layer of silicon bonded to GaAs can tolerate s
sequent high temperature processing. In fact SonG wa
have successfully been exposed to temperatures of 70
and should tolerate far higher temperatures with suitable
capsulation of the back surface of the GaAs wafer.1 Second,
optoelectronic devices require thicknesses on the orde

a!Present address: Instituto de Microelectronica de Madrid~CNM-CSIC!,
Serrano 144, 28006 Madrid, Spain.

b!Electronic mail: fonstad@mit.edu
3450003-6951/99/75(22)/3452/3/$15.00

Downloaded 12 Mar 2012 to 161.111.180.103. Redistribution subject to AIP
tial
ey
h

r

of

f

n
s

I
s
e
-

e

-
e-

f
r

of
e
-
rs
C,
n-

of

microns, but MOS devices only require a silicon thickness
a few hundred angstroms. The thin Si in a SonG wafe
thus perfectly suited for fabricating VLSI Si electronic ci
cuits, and the GaAs substrate provides the optimal foun
tion for optoelectronic devices. Finally, the lattice mismat
between the materials can be circumvented by bond
oxide-coated single-crystalline wafers.

A first step in realizing a monolithic integration of Si an
GaAs devices using the SonG structure is to demonstrate
an optical device heterostructure can be integrated with
silicon film on a SonG wafer using epitaxial growth on th
GaAs substrate.2,3 It is this step which is addressed in th
letter.

Samples approximately 1 cm by 1 cm square were
from a SonG wafer.1 Photoresist was spun over the upp
sample surface. Using conventional contact optical lithog
phy, an array of 50mm squares was created through t
photoresist exposing the underlying buried oxide~BOX!
layer. Reactive ion etching~RIE! was used to penetrat
through the BOX layer and the Si layer. The RIE proce
conditions were 50 sccm of CF4 and 5 sccm of O2 with a
pressure of 30 mT, 400 W of power, and a dc bias of 487

FIG. 1. A TEM cross-section micrograph of the upper portion of a So
wafer showing, beginning at the top, the BOX layer, the silicon layer,
various oxide layers in the bonding region, and a part of the gallium
enide substrate. Additional views of SonG wafers can be found in Ref.
2 © 1999 American Institute of Physics
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The remaining dielectric layers were removed with buffer
oxide etch until the underlying GaAs substrate was expos
The photoresist was then stripped with acetone. The ox
bonding layers in the region of the wafer from which t
sample was cut were thinner than shown in Fig. 1, so
growth windows were just under 1mm deep.

Molecular beam epitaxy~MBE! was used to grow a
GaAs buffer layer and a In0.2Ga0.8As/GaAs quantum well
structure on the SonG sample, and, simultaneously, o
piece of an epiready GaAs wafer; the latter will be referr
to in the following as the control sample. Five In0.2Ga0.8As
quantum wells were grown with nominal thicknesses of 4
8, 10, and 20 nm, respectively. The GaAs spacers betw
the wells were nominally 20 nm, the GaAs cap layer was 1
nm thick, and the initial GaAs buffer layer was approx
mately 1.2mm thick. A cross-sectional schematic of the ta
get structure, albeit with a deeper growth window, is sho
in Fig. 2.

Prior to beginning epitaxy, any native oxide on the g
lium arsenide surfaces was removed using atomic hydro
at 450 °C, rather than thermal desorption; the MBE grow
was performed at 475 °C.4 Reduced temperature techniqu
were used because it is known from earlier work5 that pro-
cessed electronics must be kept below 500 °C in orde
avoid any degradation of their performance.

Wherever the GaAs substrate was exposed, the gr
material was single crystalline. Over the BOX layer, t
grown material was polycrystalline. This can be easily d
tinguished in Fig. 3, which shows a photomicrograph o
focused ion beam etch~FIBE! cross section through th
growth in one window and the area adjacent to it. The or

FIG. 2. An artist’s schematic cross section of a multiple quantum w
heterostructure grown in a dielectric growth window on a SonG wafer.
polycrystalline deposition which occurs outside of the growth window is
shown in this cartoon.

FIG. 3. A SEM photomicrograph of a FIBE cross section of the growth
the SonG sample positioned to overlap the edge of a growth window
show the epitaxial heterostructure, the original SonG layers, and the p
crystalline deposit over the top of the latter.
Downloaded 12 Mar 2012 to 161.111.180.103. Redistribution subject to AIP
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nal GaAs substrate, the thin Si layer, and the oxide bond
layers, and the single crystal growth and the polycrystall
deposit are all clearly visible. One also notes that the w
etching of the growth window resulted in some lateral etc
ing of the oxide layers above and below the silicon layer; t
can be corrected in future work.

The quality and uniformity of the growth were assess
using photoluminescence~PL! and cathodoluminescence. P
data were collected on the structures grown on the con
sample and in the windows on the SonG substrate; this
is shown in Fig. 4. The measurements were taken using
gon ion laser excitation at a temperature of 10 K. The lum
nescence peak due to each quantum well can be di
guished independently, although the 8 and 10 nm quan
well peaks overlap somewhat. The intensity of the data fr
the growth on the SonG wafer is about a third of that fro
the control wafer, even after accounting for the reduced a
of light emission from the SonG windows. This may be b
cause the epiready sample is of higher quality than the se
insulating substrate of the SonG wafer, but this point ne
further study. The quality of the SonG growth is suitable f
device fabrication, but can be improved further, perha
through the incorporation of thicker and more complex bu
ering layers.

The other feature which is different between the tw
photoluminescence spectra shown in Fig. 4 is a wavelen
shift. An analysis of this shift indicates that thex value of the
InxGa12xAs in the quantum wells is larger by 0.01 for th
SonG sample than for the control sample. This can be
plained by noting that although the samples were grown
multaneously, they were at different locations on the mou
ing block in the MBE chamber and thus experienc
different growth parameters. Another possible explanatio
that there was a temperature difference in the SonG wind
due to the silicon and/or oxide coverings.

The sharpness of the photoluminescence peaks on
samples indicates that the growth was uniform over the
proximately 1 cm2 area of each sample, even if it varie
between the two samples. In the case of the SonG wafer,
sharpness is also an indication that the well composition
not vary appreciably near the edges of the growth windo

ll
e
t

d
ly-

FIG. 4. Photoluminescence spectra taken at 10 K on the control sample
on the SonG sample after epitaxy. The vertical scales are uncalibrated
the relative intensities have been corrected for the smaller area of sin
crystal growth in the windows on the SonG sample.
 license or copyright; see http://apl.aip.org/about/rights_and_permissions
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Cathodoluminescence~CL! data were collected at room
temperature on the bulk GaAs substrate as well as the S
sample; these spectra are shown in Fig. 5. A 10 keV elec
beam source was used. Because this measurement was
at room temperature, the intensity of the CL was less t
that of the PL and also it is not possible to distinguish
individual quantum well peaks in the spectrum. Once ag
the intensity from the SonG windows was approximat
three times smaller than from the control sample.~Note that
because the electron beam excites a small area that cou
localized within a growth window on the SonG sample,
correction was made of the intensity of the CL spectr
from this sample.! Also, the SonG window data are aga
shifted with respect to the bulk data, consistent with the
data.~The CL spectra are, of course, shifted with respec
the PL data because of the band gap change with temp
ture.! It will be of interest in the future to do more detaile
profiling of the CL intensity and spectrum from edge-to-ed
in a growth window to confirm the uniformity indicated from
the PL spectra and to see if there is any reduction in inten
near the edges of the well.

FIG. 5. Cathodoluminescence spectra taken at room temperature o
control sample and on the SonG sample after epitaxy. The vertical sca
uncalibrated but is the same for both samples.
Downloaded 12 Mar 2012 to 161.111.180.103. Redistribution subject to AIP
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High quality In0.2Ga0.8As/GaAs quantum well hetero
structures have been grown on a silicon-on-gallium arsen
substrate. PL and CL measurements confirm that the fi
are sufficiently high quality to allow integration of ligh
emitting diodes~LEDs! and/or laser diodes on SonG wafer
With the successful demonstration of high quality quant
well heterostructures on SonG wafers, the next goal is
demonstrate that such structures can be grown on SonG
fers with functioning electronic devices in the silicon, and
then integrate, for example, laser diodes with silicon c
cuitry in this manner. To this end future work will includ
bonding fully processed SOI CMOS wafers to GaAs, rath
than SOI wafers containing no electronics.
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