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Abstract

The selective area, metalorganic vapor-phase epitaxy of gallium arsenide on silicon substrates was investigated. Low-temperature
arsenic passivation of the silicon surface was realized at 650 °C. A two-step growth method was used to deposit the GaAs films with an
optimum nucleation temperature of 400 °C. Layers nucleated at 350 °C or below were found to be polycrystalline whereas those
nucleated at 400 °C and above were single crystal. The X-ray diffraction full-width-at-half-maximum decreased from 890 to 775 arcsec
for a 1.0-pm-thick GaAs layer grown on unpatterned versus patterned Si (1 00) wafers. The 77 K photoluminescence peak position was
1.489 and 1.498eV for a 1.0-um-thick GaAs layer on unpatterned and patterned substrates, respectively. Based on the
photoluminescence peak shift, we find that selective area growth of GaAs on Si improves film crystallinity while reducing the in

plane strain in the film by 35%.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The growth of compound semiconductor devices on
silicon substrates has long been a goal of the electronics
industry. Successful monolithic integration of heterojunc-
tion and/or optoelectronic devices onto silicon-integrated
circuits would allow for new and improved architectures
with much greater functionality [1-5]. However, the large
lattice and thermal mismatches, 4% and 63%, respectively,
for GaAs on Si, and the presence of a polar/non-polar
interface result in high dislocation densities in the III-V
materials. These dislocations should be reduced to below
1 x 10~>cm ™2 in the active region of the device [5]. Much
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research has been devoted in solving these problems, with
the best results obtained by using thick buffer layers of
graded composition [6—8], by thermal annealing [9-12], and
by growing the III-V semiconductors on patterned
substrates [6,13,14].

Gallium arsenide films grown on silicon using graded
buffer layers combined with thermal annealing have
brought the dislocation density down to ~2x 10~%cm™
[15]. However, the thick buffer layer can be time and
materials intensive, and thermal annealing might harm
previously deposited Si devices. An alternative approach to
reducing the dislocation density is to decrease the epitaxial
area with an inert mask [16-19]. This method, known as
selective area epitaxy (SAE), has been shown to extend the
critical thickness of heteroepitaxial growth [17]. Moreover,
the mask can act as a barrier for the propagation of
threading dislocations [19]. Metalorganic vapor-phase
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epitaxy is well suited for patterned growth of III-V
compound semiconductors on silicon as the precursors
show good selectivity for decomposing on the silicon and
not on the silicon nitride mask [20-22]. Incoming precursor
molecules that adsorb on the mask diffuse across the
surface to an exposed silicon window and incorporate into
the growing film [20].

In this paper, we examine the growth of gallium arsenide
on blanket and patterned Si (100) substrates. Arsenic
passivation of the silicon surface was realized at 650 °C.
The optimum nucleation temperature for the two-step
growth of GaAs on Si was measured to be 400 °C.
Deposition on patterned versus unpatterned substrates
led to improved material properties as measured by X-ray
diffraction (XRD) and photoluminescence (PL).

2. Experimental methods

Silicon (100) substrates with a resistivity of 0.01 Qcm
and miscut 4° towards the [110] were used in these
experiments. The substrates were cleaned in a 1:1:1
solution of electronic grade HCI:H,O,:H»O for 5min prior
to a 5.0 vol% HF dip to remove organic contaminants and
the native oxide. Long trench patterns were produced on
bare silicon using photolithography with a positive AZ-
5214 resist. Trenches running along the [110], [110], and
45° towards the [110] direction were created using silicon
nitride as the mask material. Two and five micron wide
trench widths were examined, with windows separated by
4-20 pm. The HF used for patterned substrates was diluted
to <1% to prevent unintentional etching of the mask.
After the wet chemical treatment, the samples were
immediately introduced into a Veeco Discovery TurboDisc
125 MOVPE reactor.

The clean, deoxidized Si (100) substrates were passi-
vated with arsenic in the MOVPE reactor using tertiar-
ybutylarsine (TBAs). The samples were exposed to
4.0 x 10~*mol/min of TBAs at 650 °C for 2 min, followed
by a 10min anneal in flowing hydrogen. Gallium arsenide
films were deposited on the passivated surface by a two-
step growth method using trimethylgallium (TMGa) and
TBAs. A low-temperature nucleation layer was grown at a
V/III ratio of 10 and temperature of 250550 °C, while the
second-step growth was conducted at a V/III ratio of 26
and 630 °C. A deposition rate of 1.2 um/h was observed on
the unpatterned substrates.

After Si passivation and growth of GaAs, the samples
were cooled to room temperature and transferred directly
to an ultrahigh vacuum system where the surfaces were
characterized by low energy-electron diffraction (LEED)
and X-ray photoelectron spectroscopy (XPS). Next, the
samples were removed from the UHV chamber and
examined by XRD, PL and atomic force microscopy
(AFM). The LEED patterns were obtained on a Princeton
Instrument reverse-view LEED. The XPS data was taken
with a physical electronics spectrometer with a hemisphe-
rical analyzer and multichannel detector. Core level spectra

of the Si 2p, O 1s, Ga 2ps», and As 3ds, peaks were
collected using Mg K, X-rays with hv = 1253.6¢eV. All
spectra were taken in small area mode with a 7° acceptance
angle and 23.5eV pass energy. The XRD measurements
were made on a Bede D? high-resolution diffractometer
using Cu K, X-rays. PL measurements were performed on
a Phillips PLM 100 spectrometer using the 488 nm line of
an argon laser. Atomic force micrographs were obtained
on a Veeco Dimension 3100 atomic force microscope in
tapping mode.

3. Results

The unpatterned Si (100) surface exhibited a LEED
pattern after the wet chemical treatment as shown in in Fig.
1(a). After exposure to TBAs in the reactor at 650 °C, the
surface becomes passivated with arsenic and reconstructs
to a mixed phase (1 x 2)/(2 x 1) as shown in Fig. 1(b). This
LEED pattern is analogous to that produced previously by
MOVPE at temperatures from 850 to 900 °C, and by MBE
at 650-850 °C [23-25].

Shown in Fig. 2 is a plot of the Si 2p photoelectron peaks
for the untreated, chemically cleaned, and arsenic passi-
vated Si surfaces. Peaks for the untreated and wet-cleaned
Si surfaces include deconvolution spectra. On the untreated
substrate, a large peak associated with SiO, at 103eV and a
small shoulder associated with SiO at ~101eV is observed.
These are due to the native oxide present. After wet
chemical treatment, the SiO, peak disappears, but the SiO
shoulder at 101 eV remains, indicating a residual surface
oxygen content of ~2.0%. However, after arsenic passiva-
tion this shoulder is absent from the Si peak. The arsenic
coverage can be estimated by the peak-to-peak ratio of the
As 3d (not shown) and Si 2p peaks of the XPS spectrum. In
our case, the (As 3d)/(Si 2p) ratio is 0.21, indicating a full
monolayer of As coverage on the Si surface [23].

Following passivation, gallium arsenide was deposited
on the substrate. A 20-nm-thick nucleation layer was
deposited at a reduced temperature followed by a 180-nm-
thick GaAs film grown at 630 °C. Shown in Fig. 3 is a plot
of the XRD full-width-at-half-maximum (FWHM) of the
epilayer as a function of nucleation temperature. A sharp
drop in the FWHM is observed between 350 and 400 °C.
Full-spectrum XRD scans indicate polycrystalline facets
for nucleation temperatures of 350 °C and below, whereas
at 400 °C or above the films were found to be crystalline
with a single orientation along the [001] direction.
However, note that the FWHM increases monotonically
with nucleation temperatures beyond 400 °C.

The surface quality of blanket GaAs films deposited on
Si were examined in situ using LEED. A GaAs substrate
was processed simultaneously with the Si substrate during
arsenic passivation, 400 °C nucleation, and 630 °C growth.
Shown in Fig. 4 are the LEED patterns obtained for a 200-
nm-thick GaAs film grown on Si (100) and GaAs (001).
The ¢(4 x4) LEED pattern obtained on the GaAs/Si
sample is indistinguishable from that obtained for GaAs/
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Fig. 1. Low-energy electron diffraction patterns observed for (a)
chemically cleaned Si (100) at 48eV, and (b) arsenic passivated Si
(100) at 41eV.

GaAs. Similar, but weaker, GaAs/Si LEED patterns were
observed for nucleation temperatures of 450 and 500 °C.
Based on the results shown here and in Fig. 3, subsequent
deposition of GaAs on patterned Si (100) was performed
with nucleation at 400 °C.

Shown in Fig. 5 is an atomic force micrograph of an Si
substrate patterned with trenches along the [1 1 0] direction.
The nitride mask is approximately 120nm thick and the
trench sidewalls are vertical as indicated by the linescan in
the figure. The trench width and separation distance equal
2.2 and 3.8um, respectively. The root-mean-squared
(RMS) roughness over a 10 um? area of the exposed silicon
in the trench is 5.6 nm. Note that this silicon has a native
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Fig. 2. X-ray photoelectron spectra of the Si 2p peak for the untreated,
chemically cleaned, and arsenic passivated surfaces.
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Fig. 3. X-ray diffraction measured full-width-half-maximum for 200-nm-
thick GaAs films growth on Si as a function of nucleation temperature.

oxide on it. Excellent pattern transfer was repeated over the
entire substrate for all trench widths and separation
distances.

Gallium arsenide films were deposited on the patterned
substrate using identical conditions developed for the
unpatterned silicon substrates above. Shown in Fig. 6 is
an atomic force micrograph of GaAs deposited into 2.0-
pm-wide trenches spaced apart by 16.0 um and oriented in
the [110] direction. Note that the x and y axes are not to
scale. Excellent selectivity is achieved with minimal GaAs
nucleation on the nitride mask. Growth in trenches aligned
along the [110] and 45° towards [110] exhibit similar
surface features. The RMS roughness over a 10 pm? area of
GaAs in this figure is 26.6 + 1.3 nm. This may be compared
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Fig. 4. Low energy electron diffraction patterns observed for a 200-nm-
thick GaAs film deposited simultaneously on (a) Si (100), 39eV and (b)
GaAs (001), 44eV. The c(4 x 4) unit cell is outlined.

to the RMS roughness measured for blanket GaAs films on
Si (100), which is equal to 23.6+1.2nm. One will notice
when looking at the linescan of Fig. 6 that the GaAs strips
are not vertical, but instead are tapered with a base and top
width of 8.0 and 4.0 um, respectively, and with a height of
1.2 um.

The base width of GaAs deposited in 2.0-um-wide
trenches increases with mask separation distance is shown
in Fig. 7. In the case of 4.0 pm separations, adjacent GaAs
strips nearly coalesce. Gallium arsenide strips oriented
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Fig. 5. Atomic force micrograph and linescan of 2.0-um-wide trenches

separated by 4.0 um of silicon nitride along the [1 10] direction. Scan size
16 x 16 pm”.
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Fig. 6. Atomic force micrograph and linescan of GaAs deposited on 2.0-
um-wide trenches separated by 16.0 pm of silicon nitride along the [1 1 0]
direction. Scan size 45 x 45 ym>.
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Fig. 7. Base widths of GaAs deposited on 2.0-um-wide trenches as a
function of separation distance and trench orientation.

10° 3 T T T T T T
F Blanket

10* F

Micron-scale
pattern

10°

Intensity (cps)

10 F

-5000 0
/20 (arc*s)

100

-10000 5000 10000

Fig. 8. X-ray diffraction rocking curves for GaAs deposited on blanket
and patterned Si (1 00) substrates. The film thickness is 1.0 um.

along the [110] and 45° towards the [1 10] directions are
wider than those oriented along the [110].

The XRD rocking curves about the (004) reflection of
GaAs films deposited on unpatterned and patterned Si
(100) substrates are shown in Fig. 8. The epilayer thickness
in each case was 1.0 um. The FWHM of these two films is
890 and 775 arcsec, respectively. A 13% reduction in the
FWHM is observed for growth on the patterned substrate.
Note that the lower intensity from the patterned sample is
due to a reduced sample area.

Scanning electron micrographs corresponding to the
samples examined in Fig. 8 are presented in Fig. 9. The
patterned sample shown in Fig. 9b consists of 2.0-pm-wide
trenches oriented along the [110] separated by 14 pum of

Fig. 9. Scanning electron micrograph of 1.0pum GaAs deposited on (a)
unpatterned, and (b) patterned Si substrates. Rectangular block, pinhole,
and boundary defect structures are circled.

silicon nitride. Clearly, both surfaces are rough and exhibit
a high density of defect structures. These structures appear
as rectangular blocks, pinholes, and boundaries as
indicated in the figures. A rough estimate of the density
of these structures is 7.7 x 10* and 5.5 x 10®cm ™ for Fig.
9(a) and (b), respectively.

Low-temperature (77K) PL peak positions, FWHM,
and thicknesses for GaAs films grown on GaAs (001),
unpatterned Si (100), and patterned Si (100) are
listed in Table 1. The peak position for a 2.0-pm-thick
GaAs film shifts from 1.51340.002 to 1.484+0.002¢V
for growth on GaAs and Si substrates, respectively.
A reduced shift is seen for 1.0-um- thick GaAs layers.
The observed red shift on Si substrates is due to biaxial
strain. The larger red shift for the 2.0-um-thick versus 1.0-
um-thick GaAs layer on unpatterned Si indicates an
increase in strain with film thickness. On the other hand,
growing GaAs on patterned Si results in less of a shift of
the PL peak. The peak position for 1.0 and 2.0 um GaAs
grown on patterned silicon is 1.498 and 1.500¢V,
respectively. In this case, less strain is observed for the
thicker film.
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Table 1
Low-temperature (77 K) photoluminescence peak position, FWHM, and
film thickness for GaAs films deposited on GaAs and Si substrates

Substrate Peak position FWHM Thickness
(eV) (meV)  (um)

GaAs (001) 1.513+0.001 2243 2.0

Si (100) 4°—[110] 1.489+0.002 37+4 1.0

Si (100)4°—>[110] 1.484+0.002 25+3 2.0

pm patterned Si (100)4°—>[110] 1.498+0.002 32+3 1.0

um patterned Si (100) 4°—>[110] 1.500+0.002 39+4 2.0

4. Discussion

Low-temperature passivation was achieved by exposing
the hydrogen-terminated Si (100) to tertiarybutylarsine at
650 °C. A trace amount of oxygen remained on the silicon
surface after HF etching, but it desorbed after TBAs
exposure at 650°C. After this step, the surface becomes
terminated with As dimers as indicated by the (2 x 1)/
(1 x 2) LEED pattern of Fig. 1(b). The oxygen may have
been removed from the surface as water by reaction with
the hydrogen supplied from the TBA, or it could have
desorbed as AsO, which has been observed on GaAs at
582°C [24,26].

The mixed-phase LEED pattern indicates that the
surface is covered with single-height steps. It is preferable
to have a single domain (2 x 1) or (1 x2), i.e. with all
double-height steps, so as to prevent anti-phase domains
from forming. This structure has been obtained by several
groups on single-domain Si (1 00) starting surfaces [27-29].
However, obtaining a single-domain As-passivated struc-
ture on Si (100) surfaces that are not originally single
domain is difficult. Bringans et al. [23], have shown that the
interaction of As with vicinal Si surfaces is complicated by
competition between kinetic and energetic effects, which
result in the formation of both the (2 x 1) and (1 x2)
domains. The mixed phase (2 x 1)/(1 x 2) structure has
been shown to be stable up to 900°C [23-25]. The
maximum safe operating temperature in the Veeco
MOVPE reactor is 850 °C.

The deposition of a nucleation layer at reduced
temperature followed by a thick layer deposited at elevated
temperature is a well-known technique for growing I1I-V
materials on Si [5,6,8-10,23,30,31]. The temperature at
which a film nucleates determines the density and size of
3D nuclei. Lower temperatures ensure that many small
GaAs islands coalesce, resulting in more efficient APD
annihilation [30]. The subsequent growth at elevated
temperature ensures that the material is highly crystalline.
In this work, we find that the optimum nucleation
temperature is 400°C, as shown in Fig. 3. The high
FWHM found below 400 °C is accompanied by polycrys-
talline reflections in the XRD spectrum. Non-uniform
polycrystalline domains have been observed previously for
growth below this temperature [32,33]. Above 400 °C, the

entire epilayer is oriented in the [00 1] direction, exhibiting
a single reflection in the XRD spectrum.

Takasugi and coworkers [31] have shown that nucleation
at high temperature causes large GaAs nuclei to form that
accommodate strain by forming “type II"” dislocations, i.e.
stacking faults, micro-twins, and threading dislocations
inside the island. Conversely, low nucleation temperatures
result in small islands forming on the terraces of the Si
surface that relieve strain by introducing “type I”” disloca-
tions, i.e. edge or 90° misfit dislocations at steps where the
edges of adjacent islands meet. Type 1 dislocations are
more efficient in accommodating mismatch because their
Burgers vectors are parallel to the growth plane, whereas
the type II Burgers vectors propagate at an angle to the
surface plane [5]. Therefore, more type Il dislocations are
required to accommodate a given mismatch than type 1.
We suspect that the observed peak broadening with
increasing nucleation temperature above 400 °C may be
due to increasing initial island size and preferential
formation of type II dislocations.

Growth on patterned substrates led to a trapezoidal film
shape with the base significantly wider than the top. The
trapezoidal shape is expected for selective area growth of
GaAs in trenches oriented along the [1 1 0] direction, which
produces facets in the {1 1 1}B and {31 1}B planes near the
mask edge [34]. This faceting is predicted for selective area
deposition as a result of surface energy minimization
during growth in a confined geometry [34-36]. The growth
rate of GaAs on the (3 11) plane is nearly equal to that on
the (100) plane, while that on the (11 1) plane is much less
[36]. Because the (31 1) plane is inclined at an angle of 18.5°
from the surface, growth on this plane results in more
material in the lateral rather than vertical direction.
Inspection of Figs. 6 and 7 reveals that the base of the
GaAs strip is significantly wider than the pattern width,
which indicates lateral overgrowth extending over the
silicon nitride mask due to an enhanced growth rate at the
mask edge. This phenomenon has been reported by
numerous groups [37-39]. In our case, the ratio of lateral
to vertical growth is approximately two. One would expect
this ratio to be closer to unity based on the growth rates on
the (100) and (311) planes. We presume that diffusing
adatoms from the mask incorporate in the (311) plane
before they reach the (100) plane, contributing to an
increase in lateral growth rate.

A variation of the base width is observed with
orientation, as shown in Fig. 7. This is an unexpected
result, as surface diffusion on an amorphous silicon
nitride mask should be isotropic. Sugiyama and coworkers
have observed anisotropic lateral edge growth in their
study of selective area epitaxy of InP [38]. A modified gas-
phase diffusion model incorporating migration lengths of
adatoms on the mask and film was employed to explain
their results. It was found that anisotropic migration
lengths on the film, and not on the mask, determine edge
growth size [38]. Based on Sugiyama’s model, we relate the
larger strip widths in the [110] direction to the larger Ga
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adatom migration length documented for the [110]
direction [40].

The crystal structure of a 1.0 um thick gallium arsenide
film improves when deposited on patterned Si, as indicated
by the drop of the (004) rocking curve FWHM from 890
to 775 arcsec. This improvement indicates larger grain sizes
for the film deposited on the patterned substrate compared
to the unpatterned substrate. This is consistent with the
estimated density of defect structures observed in the SEM
images presented in Fig. 9. The decrease in intensity
observed on the patterned substrate is due to a reduction in
sample area. The tenfold drop in intensity is consistent with
the decrease in total GaAs material due to the patterning.

The PL measurements provide an alternative means to
measure strain. The shift of the GaAs peak to a lower
energy on Si substrates indicates the film is under tension
[41]. Although band splitting may contribute to the shift, it
is expected to be much less than that from strain.
Approximating the shift in peak position as due solely to
strain, we can estimate the normal stress and in-plane
strain for the 1.0-um-thick GaAs blanket layer to be
1.2kbar and 1.0 x 1073, respectively [41,42]. For the
patterned substrate, the redshift decreases from 24 to
15meV, indicating a reduction of the normal stress and in-
plane strain to 0.8 kbar and 6.5 x 107%, respectively.

The stress and in-plane strain for a 2.0 um GaAs film
grown on unpatterned Si increases to 1.4kbar and
1.2 x 1073, respectively. The increase in strain is due to
an increased film thickness. Conversely, increasing the
GaAs thickness from 1.0 to 2.0um on the patterned Si
actually decreases the stress and in plane strain to 0.7 amd
5.7 x 107, respectively. We surmise this strain relief is
accomplished in a manner similar to epitaxial lateral
overgrowth (ELO), where laterally grown material is
demonstrated to result in improved material qualities [43].

5. Conclusions

In summary, we have developed a procedure for growing
crystalline gallium arsenide films on silicon substrates by
metalorganic vapor-phase epitaxy. The properties of the
films improve when deposited on substrates patterned with
silicon nitride. Photoluminescence and X-ray diffraction
data presented in this work are consistent with significant
strain relieve being provided by the selective growth in
trenches. The estimated in-plane strain for a 1.0-pm-thick
GaAs film was reduced from 1.0 x 107 on unpatterned Si
(100) to 6.5x 10~* on SisNy-patterned Si (100). The in-
plane strain for 2.0-pm-thick GaAs layers was reduced
from 1.2 x 107> to 5.7 x 10~* on unpatterned and Si;N,-
patterned Si (100) substrates, respectively.
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