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Abstract The role of interfacial contamination on anti-
phase domain boundary (APB) formation in GaAs grown
epitaxially on Si(100) by metal-organic chemical vapor
deposition was investigated. The pre-growth cleaning of
the Si substrate was varied to affect the relative amount of
residual surface contamination across the wafer. APB
density in the as-grown GaAs film was examined with the
aid of a selective APB etchant. The interfacial oxygen and
carbon concentrations were determined using secondary
ion mass spectrometry. It was found that the APB density
increased significantly from 0.14 to 3.2 pm™"' between the
center and the edge of the wafer. Over this distance, the
integrated carbon concentration at the GaAs/Si interface
increased by an order of magnitude and the integrated
oxygen concentration, although two orders of magnitude
lower than carbon, also increased by a factor of six.
Analysis of the GaAs/Si interface with high-resolution
transmission electron microscopy and high-angle annular
dark field scanning transmission electron microscopy
showed a direct association of APBs with amorphous
interfacial particles. The particles are likely carbon-based,
possibly SiC, and thus residual carbon contamination is
believed to be the primary contributor to increased APB
formation.
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Introduction

As electronic device scaling approaches the sub-10 nm
regime, there is growing interest in the use of alternative
channel materials in metal-oxide-semiconductor field
effect transistors (MOSFETSs). These new materials should
allow for further scaling with reduced power consumption
compared to conventional Si-based devices without com-
promising transistor quality or electrical performance. III-
V compound semiconductors such as InGaAs or InAs are
good candidates for future n-channel MOSFET devices
because of their excellent electron transport properties and
potential for reduced contact resistance [1]. However, in
order to realize large-scale production of III-V devices,
fabrication must continue to be performed on Si wafers.
Obtaining a high-quality III-V layer on Si is a significant
barrier to the successful implementation of III-V channel
materials.

III-V epitaxial layers grown directly on Si substrates are
typically plagued by high densities of defects that degrade
electrical performance. The lattice mismatch between the
-V film and Si induces a large number of threading
dislocations that propagate through the layer. For an InAs-
on-Si film, this mismatch is about 12 % (lattice constant of
6.06 vs. 5.43 A). There are already well-developed strate-
gies to reduce the density of threading dislocations in III-V
films, including aspect ratio trapping (ART) [2, 3] and the
use of buffer layers [4-6]. GaAs is well-suited as a buffer
layer for InGaAs and InAs grown on Si due to its inter-
mediate lattice constant (5.65 A) and relatively large
bandgap for electrical isolation.

The nature of growing a polar epitaxial film on a non-
polar substrate can also lead to the formation of antiphase
domains (APDs) [7]. These domains are regions in the film
that have a reversed polarity compared to the bulk crystal
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[8]. APDs in GaAs have been studied for several decades
[9-14]. They were first predicted to form in III-V com-
pounds by Holt in 1969 [15] and then were experimentally
observed in epitaxial GaAs films by Morizane in 1977 [9].
It is now well-understood that a single-step present on the
substrate surface prior to film growth can disrupt the epi-
taxial crystal ordering and cause the nucleation of an
antiphase domain boundary (APB) [16]. An APB is a
planar defect defined by having similar atoms in a III-V
film bonded across the APB, e.g., Ga—Ga and As—As in
GaAs. Consequently, APBs have very large associated
energies [17] and have detrimental effects on device per-
formance as they can propagate entirely through a layer. In
theory, APBs can be eliminated by having a double-step-
ped substrate surface. However, this typically requires a
high temperature annealing treatment near 1000 °C prior to
growth to induce a reconstruction of the (100) Si surface
[18-20] or the use of off-cut Si wafers [21]. These methods
are not compatible with conventional CMOS processing
which requires reduced thermal budgets and nominally
planar substrates [22]. Thus, self-annihilation of APBs
through propagation along higher-index planes [23-25],
e.g., {111}, remains the only practical way of suppressing
APBs within the III-V layer under the above stated
restrictions. Such self-annihilation during growth has been
observed in a GaAs-on-Si system, leading to a decrease in
APB density with increasing film thickness [12].

Contamination is a critical issue in semiconductor
growth and processing. Impurities present on substrate
surfaces prior to epitaxial layer growth can disrupt the
growth kinetics of the layer and lead to higher densities of
defects, e.g., stacking faults and dislocations [7, 26-30].
These impurities are commonly oxygen or carbon based.
While increased interfacial contamination is associated with
lower overall crystal quality of the epitaxial layer, the effect
on APB formation is less clear. Higher densities of APBs
will be more difficult to completely annihilate within a film
of a given thickness. It has been speculated that interfacial
contamination can contribute to APB formation [7, 28] but
never systematically studied. The goal of this work is to
provide greater insight on the relationship between inter-
facial contamination and the formation of APBs in an epi-
taxial GaAs film grown on Si(100) by metal-organic
chemical vapor deposition (MOCVD) without the use of a
high temperature pre-growth anneal near 1000 °C or wafer
off-cut typically used to suppress APB nucleation.

Materials and methods
A 300 mm (100) oriented Si wafer with no intentional off-

cut was utilized as the substrate in this study. The substrate
was cleaned prior to growth using a Siconi™ etch process
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[31]. This method involves a dry remote fluorinated plasma
that selectively reacts with and removes native oxide. The
cleaning process was varied across the wafer in order to
affect the relative amount of residual surface contamination
from the center to edge. By modulating the residual con-
tamination on a single wafer, identical growth conditions
are ensured for specimens taken from different areas of the
wafer. The substrate was then baked at a moderate tem-
perature (<1000 °C) to help promote the formation of
double-steps.

A nominally 450 nm thick epitaxial GaAs film was
subsequently grown on the Si substrate with an Applied
Materials I[II-V MOCVD system. The precursors for Ga
and As were trimethylgallium (TMGa) and tertiarybuty-
larsine (TBAs), respectively. GaAs growth was carried out
using the well-established two-step growth method for III-
V epitaxy at typical reduced pressure ambient to aid in
nucleation and improve crystal quality [32, 33]. In this
process, a low temperature step is first used to nucleate the
film followed by bulk growth at a higher temperature in the
conventional GaAs homoepitaxy range.

After growth, specimens were taken from the center to
edge of the wafer in sequential order. The APB density in
the as-grown GaAs film for each specimen was determined
using scanning electron microscopy (SEM) with the aid of
a HF(49 %):HNO3(69 %):H,O (10:1:3 by volume) etchant
to improve contrast of APBs. The HF/HNO; solution has
been demonstrated to be selective for APBs in GaAs [11-
13]. The samples were dipped in the solution at room
temperature for a short time (<10 s). Cross-sectional TEM
(XTEM) through an etch feature was used to verify that the
etchant was preferentially etching the APBs. SEM images
in plan view were collected in various areas of the sample.
The line length of APBs was determined using Imagel
software [34]. The APB density is defined as the line length
of APBs per unit area, giving units of pm™".

The oxygen and carbon concentration depth profiles in the
GaAs films were obtained using secondary ion mass spec-
trometry (SIMS). Samples were sputtered using Cs™ ions.
The depth resolution was ~ 1 nm. The integrated interfacial
oxygen and carbon doses were determined from the corre-
sponding peaks at the location of the GaAs/Si interface.

Samples for XTEM were prepared using a focused ion
beam (FIB) system. HRTEM imaging of the GaAs layers
and GaAs/Si interface was performed using a JEOL 2010F
instrument. Annular bright field scanning transmission
electron microscopy (ABF-STEM) and high-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) imaging were carried out using a probe
aberration-corrected JEM-ARM200cF instrument with the
STEM resolution of 0.78 A. HAADF-STEM images were
acquired with a probe convergence semi-angle of 11 mrad
and collection angles of 76-174.6 mrad.
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Results and discussion

Representative SEM images of sample surfaces after
applying the HF/HNOj stain are shown in Fig. la—c for
specimens from the center, 8§ cm from the center, and the
edge of the wafer, respectively. The increase in APB
density is apparent and the behavior of APBs also changes.
Domains in the specimen from the wafer center (Fig. 1a)
are much more self-contained and demonstrate clear
faceting along crystallographic planes. At a distance
+8 cm from the center of the wafer (Fig. 1b), domains
reach larger overall dimensions and the APBs begin to lose
faceting behavior. Finally, at the edge of the wafer
(Fig. 1c), APBs curve and extend for relatively long dis-
tances and it becomes difficult to distinguish isolated
domains. Figure 2 shows the APB density measurements of
samples taken in 2 cm increments from the center to the
edge of the wafer. The APB density increases significantly
from 0.14 + 0.01 pm ™" at the center to 3.2 + 0.3 um™ " at
the edge (>20x increase). The greatest rate of increase is
in the middle region from +6 cm to +10 cm relative to the
center of the wafer. GaAs film thickness was determined to
range from 455 nm at the center to 445 nm at the edge
using XTEM (not shown). This minimal thickness differ-
ence is unlikely to account for the observed change in APB
density from any additional self-annihilation of APBs and
also indicates that the growth process is fairly uniform. The
significant increase in APB density suggests another factor
is varying systematically from the center to the edge of the
wafer, most likely from the pre-clean treatment.

The amount of oxygen and carbon contamination pre-
sent at the GaAs/Si interface was investigated with SIMS.
The interfacial oxygen and carbon concentration peaks are
shown in Fig. 3a, b, respectively. Depth profiles were
obtained for samples from the center, +6 cm from the
center, +8 cm from the center, +10 cm from the center,
and the edge of the wafer, corresponding to the two
extremes of APB density and the transition region. The
interfacial peak positions were normalized to the sample
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Fig. 2 APB density in the as-grown GaAs-on-Si film versus position
on the wafer. Specimens were taken from the wafer in sequential
order every 2 cm from the center to edge

layer thickness as determined by XTEM. There is a trend
of increasing peak oxygen and carbon concentration from
the center to the edge of the wafer. It is evident that the
overall peak carbon concentration (Fig. 3b) is much greater
than that of oxygen (Fig. 3a). A large contributor to the
carbon depth profile is likely incorporation of the precursor
reaction products; however, there is still a distinguishable
interfacial peak as highlighted by the inset in Fig. 3b. This
area is used to determine the interfacial carbon dose. The
increase in oxygen and carbon concentration from the
center to the edge of the wafer likely stems from the
variation in the pre-clean treatment. An additional source
of carbon contamination could be carbon desorbed from
the MOCVD chamber walls during the pre-growth bake.
Any such carbon species would be more likely to reach the
edge of the wafer than the center.

Figure 4 plots the interfacial oxygen and carbon doses,
as determined by integration of the interfacial peaks in the
SIMS profiles, versus the corresponding location of each
sample on the wafer. The oxygen dose increases from

Fig. 1 Plan view SEM images of sample surfaces from the center (a), +8 cm from the center (b), and the edge (c¢) of the wafer after staining
with HF/HNOj; solution to selectively etch APBs. The APBs are clearly delineated after etching with dark contrast
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Fig. 3 Concentration depth profiles obtained by SIMS for oxygen
(a) and carbon (b) for selected samples. Peaks at the GaAs/Si
interface are shown. Peak positions are normalized to film thickness

7.3 x 10" atoms/cm? at the center to 4.0 x 10'* atoms/cm?
at the edge, while the carbon dose increases from 1.9 x 10
atoms/cm” at the center to 1.7 x 10" atoms/cm” at the
edge. Note that the oxygen dose is slightly greater at the
center than at +6 and 48 cm from the center, corresponding
to greater peak concentration in Fig. 3a. Both oxygen and
carbon dose follow the same approximate trend across the
wafer which corresponds well with the change in APB
density (Fig. 2). However, the significant difference by over
two orders of magnitude between oxygen and carbon dose
indicates it is more likely that carbon-based impurities are
causing the observed effects on APB density.

Figure 5 shows the relationship between the measured
APB density and integrated interfacial carbon dose for
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Fig. 4 Integrated oxygen and carbon doses at GaAs/Si interface

versus position on wafer relative to the center for SIMS data of
samples shown in Fig. 3a, b
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as observed in XTEM. Inset in (b) shows peak region used for
calculation of interfacial carbon dose (Color figure online)

specimens from corresponding positions of the wafer. The
plot follows a logarithmic trend before the APB density
begins to plateau. This quantitative correlation between
interfacial carbon contamination and APB density suggests
that carbon-based impurities present on the Si substrate
prior to GaAs growth are contributing to APB formation in
the GaAs layer. There is also an indication of a threshold
effect from residual carbon contamination, i.e., APB den-
sity increases significantly after ~2 x 10" atoms/cm? of
interfacial carbon dose. Thus, it is important to reduce
interfacial contamination to minimize APB density in the
film and in turn minimize the layer thickness necessary to
completely suppress APBs. It is possible that amorphous
impurity particles disrupt atomic ordering in the growing
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Fig. 5 APB density versus interfacial carbon dose for samples at
similar wafer positions. APB density increases from 0.14 to 3.2 pm™"
overa 1.9 x 10" to 1.7 x 10" atoms/cm?® range of carbon dose
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film similar to single-steps, and thus give rise to a greater
overall APB density versus samples with lower amounts of
carbon contamination.

Examination of the GaAs/Si interface with HRTEM was
conducted to investigate the physical relationship between
residual interfacial impurities and APB formation. Figure 6a
shows a region of the GaAs/Si interface in cross-section along
the [011] zone axis in a specimen from the edge of the wafer,
corresponding to higher amounts of oxygen and carbon
contamination. The distribution of distinct particles along the
interface is observed (indicated by arrows). Figure 6b is a
higher magnification image of a particle in the same region of
the specimen seen in Fig. 6a. The particle is amorphous and
induces the formation of planar defects along {111} planes,
e.g., micro twins or stacking faults. A group of micro twins or
stacking faults is seen to be terminating ~ 15 nm away from
the particle (marked by the arrow), indicating the presence of
an APB that is also associated with the particle. The high
energy and degree of lattice disorder of an APB makes it
likely that defects such as stacking faults and micro twins will
terminate at an APB, which agrees with experimental TEM
observations [12, 28, 35].

Further investigation of the interfacial particles was
carried out using ABF-STEM and HAADF-STEM imaging
for the sample from the edge of the wafer. A region of the
GaAs/Si interface is seen in ABF and HAADF in Fig. 7a,
b, respectively. An amorphous particle (indicated by the
arrow) is clearly observed at the interface in Fig. 7a. An
APB appears to be emanating from the particle in Fig. 7b,
as indicated by reversal of the Ga-As bond polarity
(“dumbbells™) across the indicated boundary. The varia-
tion in image intensity of the Ga and As atoms (atomic

number difference of 3) shows As atoms on top of Ga
atoms on the left of the line, and Ga atoms on top of As
atoms on the right (Fig. 7b), demonstrating that this is an
APB. The Fourier-filtered image of Fig. 7b using the 200
type spots is shown in Fig. 7c. The misordering of (200)
planes by ~ 1/2 plane spacing across the APB can be seen.
This misordering is characteristic of an APB due to the
inversion of the GaAs crystal structure [36] and is con-
sistent with experimental observations in a similar GaSb-
on-Si system [35]. These observations present direct evi-
dence for the nucleation of an APB by an amorphous
interfacial particle, as has been previously speculated [7].
The APBs nucleated by particles would form in addition to
those caused by single-steps and contribute to greater
overall APB density in the film compared to samples with
lower amounts of residual contamination.

The chemical identity of the particles is unclear, but
further evidence can be gathered by calculating the
expected distribution of particles along the GaAs/Si inter-
face from the interfacial oxygen and carbon contamination
doses and the observed particle size in TEM. The particles
are assumed to be either amorphous SiO, or SiC. Dimen-
sions of standard particle size are taken from Fig. 6b and
the particles are assumed to be circular. Thus, the number
of oxygen or carbon atoms per particle can be calculated.
The oxygen and carbon interfacial doses for the edge
sample were 4.0x10'? atoms/cm? and 1.7x10"> atoms/cm?,
respectively. By dividing the interfacial doses by the cor-
responding particle atomic densities, the expected areal
density of oxygen or carbon particles can be determined.
Finally, the areal density is multiplied by the thickness of
the FIB-produced lamella of 50 nm to obtain an expected

Fig. 6 Cross-sectional HRTEM images along the [011] zone axis of

a sample from the edge of wafer (4.0 x 10'? atoms/cm? oxygen dose
and 1.7 x 10" atoms/cm? carbon dose). Locations of interfacial
particles are marked by arrows in (a). A higher magnification of a

particle seen in (a) is shown in (b) and an APB emanating from the
particle and terminating a stacking fault or micro twin is marked by
an arrow
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Fig. 7 Cross-sectional images of identical region of GaAs/Si inter-
face along the [011] zone axis in ABF-STEM (a) and HAADF-STEM

(b) for sample from the edge of the wafer. A Fourier-filtered image of
(b) using the 200 spots is shown in (¢). An amorphous particle is

spacing of both SiO,- and SiC-based particles that would
be observed in XTEM. If the particles are oxygen-based
Si0,, the expected particle spacing is ~ 16 pum. For car-
bon-based SiC particles, the expected spacing is ~40 nm
which is consistent with the particle spacing seen in
Fig. 6a. Simply, carbon is the only impurity present in
enough quantity to account for the presence of the parti-
cles. Thus, the interfacial particles associated with the
formation of APBs and other planar defects are likely
carbon-based, possibly SiC.

An alternative explanation for the association of APBs
with amorphous particles is not a direct nucleation effect
due to disruption of atomic ordering but the passivation of
single-steps on the Si surface prior to GaAs growth by
residual carbon contamination. APBs form at single-steps
because of the rotation of the Si (2 x 1) dimers on the
(100) surface step terraces [7] which in turn causes rotation
of the epitaxial GaAs lattice. Thus, it may not be plausible
for an APB to solely nucleate from a particle in the absence
of a single surface step. Rather, residual carbon may be
agglomerated at single-step sites to terminate dangling
bonds and lower the overall free energy. Carbon has been
observed to preferentially collect at step sites on (100) Si
surfaces [37]. Single-step sites on the Si substrate with
agglomerated carbon are then essentially passivated and
are less likely to reconstruct to double-steps during the
annealing process prior to GaAs growth. In turn, regions
with higher amounts of carbon contamination will have a
greater density of single-steps, and thus a greater APB
density in the film. It is unclear whether this is effect would
be significant enough to cause the observed variation in
APB density and behavior. Further investigation of the Si
substrate surface after the cleaning step but prior to GaAs
growth is needed.

Thus, it appears the relative amount of residual surface
contamination does have an effect on the formation of
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marked by the arrow in (a). An APB is observed emanating from
particle in (b) and the offset of (200) planes at the APB is clearly
visible in (c). Approximate position of GaAs/Si interface is indicated
by dashed line

APBs in GaAs-on-Si. It is not explicitly determined whe-
ther the source of contamination causing the observed
effects on APB formation is oxygen or carbon. However,
the much greater amount of interfacial carbon versus
interfacial oxygen along with TEM observations suggests
carbon is the more likely source. Smaller self-contained
domains and lower overall APB density, as observed in
Fig. 1a, are advantageous for annihilation of APBs within
the GaAs films due to the inherent tendency of APBs to
kink to higher-index planes and self-annihilate with growth
thickness [12, 23]. Reducing contamination and thus
reducing the APB density should allow for complete sup-
pression of APBs with minimized GaAs layer thickness.
This is ideal for the use of GaAs as a buffer layer to
integrate other III-V transistor channel materials on Si for
future devices.

Conclusions

In conclusion, it was shown that there is a quantitative
correlation between the APB density in a GaAs-on-Si film
and the amount of interfacial contamination. The primary
source of contamination affecting the formation of APBs is
most likely carbon-based amorphous particles, e.g., SiC.
For a range of interfacial carbon dose of 1.9 x 10'* atoms/
cm? to 1.7 x 107 atoms/cmz, the APB density increased
logarithmically from 0.14 to 3.2 um~'. TEM analysis of
the GaAs/Si interface showed a direct association of APBs
with amorphous particles. It is unclear if the APB is in fact
being nucleated by the particle or if there is an indirect
effect of carbon agglomeration at single-step sites. With
either explanation, there is a clear contribution of residual
contamination to additional formation of APBs. The sig-
nificant increase of APB density after ~2 x 10" atoms/
cm? of interfacial carbon dose indicates there is a critical
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threshold for reduction of surface contamination to mini-
mize APB formation and in turn minimize epitaxial layer
thickness. This result is important for the integration of
GaAs and other III-Vs in future electronic devices without
the use of typical strategies for the suppression of APB
nucleation (i.e., the use off-cut wafers and high-tempera-
ture treatments) that are incompatible with conventional
CMOS processing.
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