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ABSTRACT
In this article, we present a fab-compatible metal–organic chemical vapor deposition growth process, realized in a hydrogen ambience, of two-
dimensional (2D) layered GaSe on 200 mm diameter Si(111) wafers. Atomic scale characterization reveals initial stages of growth consisting
of passivation of the H–Si (111) surface by a half-monolayer of GaSe, followed by nucleation of 2D-GaSe from the screw dislocations located
at the step edges of the substrate. We, thus, demonstrate that by using a Si wafer that is slightly misoriented toward [1̄1̄2], the crystallographic
orientation of 2D-GaSe can be step-edge-guided. It results in a coalesced layer that is nearly free from antiphase boundaries. In addition,
we propose a sequential process to reduce the density of screw dislocations. This process consists in a subsequent regrowth after partial
sublimation of the initially grown GaSe film. The local band bending in GaSe near the antiphase boundaries measured by Kelvin probe
force microscopy emphasizes the electrical activity of these defects and the usefulness of having a nearly single-orientation film. Such a low
defectivity layer opens up the way toward large-scale integration of 2D-optical transceivers in Si CMOS technology.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0087684

I. INTRODUCTION

Discovery of graphene and its ultra-high electron mobility1

has resulted in huge research activity on the singular properties
of atomically thin materials. In particular, two-dimensional mate-
rials with non-zero bandgaps have attracted considerable interest
owing to their integration capability in digital and optoelectronic
components. Among them, transition metal dichalcogenides
(TMDs) are now probably the most studied family of 2D materi-
als “beyond graphene”.2 TMDs, with a generalized formula of MX2
(M = Mo, W, . . . ; X = Se, S, Te), have already demonstrated good
potential for novel applications in electronics,3 optoelectronics,4
spin and valleytronics,5etc. However, most of the interesting prop-
erties of TMDs only arise at thicknesses on the scale of an atomic
monolayer (ML). In particular, a few-layer film induces a direct-to-
indirect bandgap crossover. Bandgap energy tuning by quantum
confinement (layer stacking) thereby offers a very restricted capacity

to change the spectral emission range of these materials. Further-
more, synthesis and integration of a single layer over a wide area
remain very challenging to control in terms of the fabrication pro-
cess. Alternatively, group III–VI compounds, MX (M = Ga, In;
X = S, Se, Te), represent an attractive emerging class of 2D lay-
ered materials possessing desirable optical and electrical properties
as well as direct bandgaps for few-nanosheets. As a member of
the III–VI group, the 2D-GaSe layer consists of four covalently
bonded atomic planes Se–Ga–Ga–Se with a D3h symmetry. The lat-
tice constant in the hexagonal basal plane is a = b = 0.375 nm.
GaSe has already widely been used to demonstrate solar cells,6,7

fast response photodetectors on rigid8–13 and flexible substrates,14,15

light emitters,16–18 large second harmonic generation,19,20 and
terahertz sources.21,22

Nevertheless, as for all 2D materials, the integration of III–VI
for industrial applications will only be possible if a large-scale fab-
rication method of a single-crystal can be achieved. In addition,
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for a large number of applications, which require the integration
with CMOS circuits (logic components, RF, resistive RAM, pho-
todetectors, light emitters, etc.), the process must be fully compatible
with Si-based technology. However, aside from the mechanical and
liquid exfoliation,12,13,23 pulsed laser deposition,24 molecular beam
epitaxy,10,25–27 and powder vaporization,7,9,25,28–30 there are cur-
rently few reports on fab-compatible growth techniques of 2D mate-
rials such as metal organic chemical vapor deposition (MOCVD).
To the best of our knowledge, all of them are dedicated to TMDs
and hBN growth and there is still none on the III–VI materials.
Thus, significant results were already shown for MOCVD growth of
WSe2-on-sapphire,31–34 MoS2-on-SiO2,35,36 hBN-on-sapphire, and
–Ni(111).37–39 Nevertheless, the methodology for 2D growth is still
in its infancy as many challenges remain, such as carbon contam-
ination originating from precursors,40 high density of metal-rich
aggregates,31,41 unwanted multilayer growth,42 use of incompatible
(or expensive) substrates in a fab environment,37 excessive growth
time,35,36 or chalcogenide precursors consumption.32 Above all, and
whatever the growth method, rotational domain (RDs) formation
remains a critical issue in 2D materials growth even when an
epitaxial relationship with the substrate can be achieved.25–27,43–45

The real influence of RDs and grain boundaries (GBs) on elec-
trical transport and optical properties has not yet been addressed
in the literature for the III–VI compounds. Nevertheless, a large
number of research studies on graphene and TMDs have already
emphasized the detrimental effects that GBs can have on the trans-
port and/or optical properties of the material.46–48 The growth of a
single-oriented 2D layer is a complex issue since RDs can be gen-
erated by multiple factors such as symmetry, commensurability, and
interaction with substrate. Several years ago, an innovative approach
was shown to overcome this hurdle by using step-edge-guided
nucleation of WSe2-on-sapphire,49 even though the mechanisms
involved and the required substrate specifications were not inves-
tigated in detail. More recently, experimental50 and theoretical51

reports have demonstrated the feasibility of a large hBN single-
crystal grown on a copper-foil with a similar method. In these
reports, the hBN-monolayer orientation is directly driven by the
step edges direction of the Cu(110) substrate. Nevertheless, these
first demonstrations are still limited by the usage of substrates
incompatible with Si-CMOS integration. GaSe is an interesting can-
didate for combining both the step-edge guided growth approach
and Si-CMOS compatible wafers. Indeed, seminal studies have
already highlighted the electronic passivation of the Si(111) substrate
by a Ga–Se half-monolayer termination.52–55 This highly stable and
weakly strained GaSe half monolayer (∼2% of lattice mismatch with
Si) is very suitable for a subsequent van der Waals epitaxy.56,57

In this work, we propose a multi-step MOCVD growth method
of 2D-GaSe on 200 mm-scale Si(111) wafers that is fully compatible

with the CMOS platform. We show that the first GaSe monolayer
nucleates by covalent bonding with the step-edges of the substrate.
The screw dislocations induced by this mechanism in the first
monolayer are responsible for directing the growth of subsequent
GaSe layers. Thus, by using a Si(111) substrate with step-edges ori-
entated in the ⟨112⟩ direction, we demonstrate a 2D-GaSe crystal
that is mainly single-oriented.

II. EXPERIMENTAL DETAILS
Substrates used were standard 200 mm diameter Czochral-

sky (CZ)-grown Si(111) wafers, sliced from the ingot with a slight
0.1–0.2○ miscut angle (terrace width ∼100 to 200 nm). The step
edges of the substrates were oriented in the main directions of the
Si(111) surface, i.e., either along the ⟨110⟩ direction: substrate No. 1
or in the ⟨112⟩ direction: substrate No. 2. Deoxidization was per-
formed in a SiConiTM chamber using a NF3/NH3 remote plasma.
The wafers were then transferred into the MOCVD chamber
for H2 annealing at 900 ○C/600Torr to realize smooth Si(111)–H
(1 × 1) terraces with well aligned step edges under N2 ambience.58

GaSe layers were grown in a 300 mm Applied Materials MOCVD
reactor using a laminar flux of H2 as the carrier gas, trimethylgal-
lium (TMGa) as the group-III precursor, and diisopropylselenide
(DiPSe) as the group-VI precursor. The VI/III ratio was maintained
in a range to avoid gallium droplet formation at a ratio of <4 or
selenide droplets at a ratio of >7. The baseline process consists of two
stages. (1) First, a nucleation step is carried out. Both the substrate
passivation layer and the GaSe nuclei are achieved quasi-
simultaneously in this step. Typically, with the OM precursors used,
this first step is performed in the 500–550 ○C range. (2) Next, a
step of lateral growth of the nuclei is performed at very low par-
tial pressure (PTMGa ∼10 −3 Torr) and high temperature (>600 ○C)
to promote long-range adatom surface diffusion. In this growth
regime, the supersaturation of the precursors is low enough to
prevent reaching the critical radius of energetically stable nuclei.
Therefore, there is no new nucleus formation in this step and the
growth is a purely lateral extension of the preexisting nuclei. To sim-
plify the understanding of the growth process, Table I summarize the
recipe steps.

Surface morphology of the layers was investigated using a
Bruker Dimension Icon atomic force microscope (AFM) in a
soft-tapping mode using VTESPA-300 tips. Kelvin probe force
microscopic (KPFM) measurements were carried out in a UHV
(<10−10 Torr) instrument composed of an Omicron Nanotech-
nology VT-AFM system with a Nanonis controller from SPECS
Zurich using AD-2.8-SS tips. Here, fundamental resonant frequency
f0 = 49.7 kHz was mechanically excited to control the tip-surface
distance by non-contact atomic force microscopy (nc-AFM) with

TABLE I. Baseline process description.

Recipe steps T (○C) PTMGa (Torr) Time VI/III

0 H2 annealing of the Si(111) substrate 900 ⋅ ⋅ ⋅ 600 s ⋅ ⋅ ⋅

1 Passivation with 1
2 GaSe ML + GaSe nucleation 550 ∼10−2 Few seconds ∼5

2 Lateral growth of nuclei 650 ∼10−3
>300 s ∼5
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a frequency shift setpoint equal to −19 Hz. Specifically, for KPFM
mode purposes, we used an additional lock-in amplifier (HF2LI
from Zurich Instruments), and measurements were carried out in
a single pass mode using heterodyne amplitude modulation KPFM
(h-KPFM).59 In h-KPFM, a bias voltage Vac = 500 mV was applied
at f1–f0 (f0 and f1 are the fundamental resonant frequency and its
first harmonic, respectively), which generated an electrostatic force
at f1 = 371.4 kHz if the cantilever Vdc bias did not match the contact
potential difference (CPD). To measure CPD, a feedback loop was
introduced to nullify the cantilever oscillation amplitude at f1.

In-plane high-resolution x-ray diffraction (HR-XRD) scans
were performed using a Rigaku SmartLab X-Ray diffractometer
equipped with a Kβ filter. A parallel in-plane collimator with 0.5○

resolution was used in both primary and secondary optics.
Scanning transmission electron microscope (STEM) imaging

was carried out using a Cs-corrected Thermo Fisher Themis at
200 kV.

X-ray photoelectron spectroscopy (XPS) measurements have
been carried out on a customized parallel angle resolved (pARXPS)
Theta 300 from Thermo Fisher Scientific operating under ultra-
high vacuum conditions (10−9 mbar), alongside a monochromized
Al Kα1,2 x-ray source emitting at 1486.6 eV. Parallel angle resolved

spectra were simultaneously collected without any sample tilt and
with an incident angle ranging from 23.75 to 76.25○ with regard
to the sample’s surface normal. Wafer transfer from the epi-
taxy chamber to the XPS tool was carried out using a specific
vacuum carrier60 (developed by Pfeiffer Vacuum). This procedure
fully prevents unintended oxidation of the GaSe film.61 Neverthe-
less, a slight remaining contamination by physisorbed carbon can
never be completely avoided during wafer storage in the carrier.

III. RESULTS AND DISCUSSION
AFM images in Fig. 1(a) ( 4 × 4 μm2

) and Fig. 1(b)
(20 × 20 μm2

) show the 2D-GaSe layer grown on substrate
No. 1 with 30 s of nucleation (step 1) followed by 400 s of lateral
growth (step 2); (cf. Table I). The layer in the background is fully
coalesced and perfectly conformal to the stepped topology of the Si
surface. The presence of this continuous film is evidenced by the
clearly visible grain boundaries on the AFM image [black arrows
on Fig. 1(a)]. The step height extracted from the line profile across
a hole in the film is about 0.75 nm (∼1 ml of GaSe). In addition,
the atomic resolution cross-sectional high-angle annular dark-field
(HAADF)-STEM image in the (110)Si plane [Fig. 1(c)] confirms

FIG. 1. (a) (4 × 4 μm2
) and (b) (20,×, 20 μm2

) AFM images (z-scale 2 nm) of a fully coalesced GaSe film (2 ml)-on-Si(111) with antiphase boundaries (APBs). The edges
of the picture correspond to the [112] and [110] directions of the silicon substrate. APBs and SDs are marked by the black and white arrows, respectively. The step-height
extracted from the cross-sectional view (red line on image 1(a)) is about 7.5 Å (1 ml of GaSe). (c) Cross-sectional HAADF-STEM image of the GaSe film separated by a
vdW gap from the Si–Ga–Se interface. Two GaSe-domains, 60○-rotated, are visible on the image. The junction between the two domains (center of the image) form an APB
(d) A zooming (SEM and AFM) on the few thick GaSe flakes (>3 ml) of the sample shows a spiral growth mode according to the mechanism depicted on the bottom part of
the figure.
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the presence of the Ga–Se passivation half-monolayer as well as the
2D-GaSe layer. The latter, cut in the armchair edge, is separated
from the passivated substrate by a sharp interface with a typical vdW
gap of ∼0.3 nm. The minimum film thickness is 2 ml on the whole
STEM lamella [the second ML in Fig. 1(c) is not clearly visible due to
oxidation and lamella preparation]. Nevertheless, several multilayer
triangular flakes can be observed on top of the continuous thin film
[Fig. 1(b)]. The domain sizes measure up to several microns. Higher
magnification of the thickest multilayer flakes provides interesting
clues on the growth mode [SEM and AFM images of Fig. 1(d)]. A
helical (spiral) stacking morphology is indeed observed. The spiral
consists of connected layers with areas that decrease monotonically
at each level of the stratified hillock. This growth mode acts in a
similar manner to the screw dislocation driven growth (SDD).62 In
SDD growth, dislocations with a screw component emerge at the
surface and create an additional step. The propagation of this step
edge by atom addition during growth will then result in a helical
trajectory around the vertical Burgers vector of the screw dislocation
[cf. scheme Fig. 1(d)]. These screw dislocations (SDs) can also be
seen on the coalesced layer in Fig. 1(a) from the reentrant angle
of the surface step generated by the emergence of the Burgers
vectors (white arrows). Moreover, the AFM image in Fig. 1(a) also
suggests a preferential orientation of the GaSe crystal. The triangular
flakes appear to be pointing toward the [112]direction of the Si
substrate. Nevertheless, opposite 60○-rotational domains (antiphase
domains, or APDs) are also present. When these mirror twin
domains merge, they are separated by antiphase boundaries (APBs).
The antiphase disorder in the 2D-layer can also be observed from
the STEM profile view [Fig. 1(c)]. The 60○-rotational domains
merge by forming a linear defect perpendicular to the image plane
(APB in central part of the figure).

In-plane high-resolution XRD scans were performed in order
to precisely measure the epitaxial relationship inferred from the
AFM images and STEM cross sections. Figure 2(a) shows the XRD
pattern of the in-plane 2θχscan with the sample aligned on the (110)
silicon peak. All diffraction lines are indexed as (hh0) GaSe reflex-
ions. In other words, during the scan, the momentum transfer vector
Δk⃗ follows a straight path in the reciprocal space crossing (110)GaSe,
(220)GaSe, (220)Si, and (440)Si. This emphasizes an epitaxial rela-
tionship with (110)GaSe ∥ (110)Si. The in-plane lattice parameter
extracted from the interplanar spacing is a = 0,37 nm, which is in
close match with values reported in the literature.

Using (100)GaSe reflection, the Phi-scan in Fig. 2(b) shows only
one variant of GaSe grains, with 60○-periodic peaks due to the hexag-
onal lattice, although each peak is actually a convolution of the
(100) reflections coming from the “up-” and “down-” oriented APDs
represented in the inset. Therefore, there are no other rotational-
domains except the APDs in mirror symmetry along the [110]
direction of silicon.

In order to understand the mechanism triggering the nucle-
ation of a 2D material on industrial-grade, nearly defect-free, silicon
wafers, we focused on the very first stages of the growth process.
For this purpose, the AFM image in Fig. 3(a) was performed on a
Si(111) surface after a few tens of seconds of GaSe nucleation (i.e.,
step 1 only) on substrate No. 1. First, the growth of the initial GaSe
monolayer is slightly anisotropic (white arrows); the elongated
domains roughly follow the shape of the substrate terraces. This
observation is consistent with the presence of an Ehrlich–Schwoebel

FIG. 2. (a) In-plane 2θχ XRD pattern of GaSe. The scan-angles nomenclature is
defined on the schemes (c) 60○-periodic φ-scan from the (100)GaSe reflexion. The
inset drawing shows the “up-” and “down-” domains corresponding to the diffraction
peaks.

barrier63,64 to the diffusion at the step edges. The growth rate of the
first GaSe monolayer will be, thus, faster in the direction parallel to
the substrate terraces than in the perpendicular direction. Then, the
second monolayer (and subsequent layers; blue arrows on the image)
nucleates from different sites vertically aligned with the step edges of
the substrate. More precisely, the STEM image in Fig. 3(b) shows a
first monolayer initiated by covalent bonding with dangling bonds at
the step edges of the (passivated) substrate. The image clearly illus-
trates a screw dislocation formation in the GaSe at the step edge of
the substrate. Therefore, there is never pure freestanding nucleation
of GaSe on the substrate.

This observation is consistent with the crystal growth theory:65

The terraces coated with 1 ml of GaSe (or with a Ga–Se passivation
half-monolayer) have a very low surface energy, nearly equivalent
to the one of the vdW surface of the GaSe bulk crystal; the binding
energy of growth species is, thus, higher at the step edges of the sub-
strate with dangling bonds. Furthermore, due to the helical feature
of the >2 ml nuclei, we assume that the second monolayer nucle-
ates on the screw dislocations of the first monolayer. These screw
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FIG. 3. (a) (4 × 4 μm2
) AFM image (z-scale 3 nm) of the GaSe nanoflakes after

a few tens of seconds of the nucleation step. The Si(111) substrate (passivated
with Ga–Se half-monolayer termination) is marked by black arrows. The 1 ml and
2 ml-GaSe nuclei are marked by white and blue arrows, respectively. The GaSe
nucleation occurs at the step edges of the substrate (b) (110)-cross-sectional
view of 2D-GaSe film showing the covalent bond at the substrate step edge and
the resulting SD formation.

dislocations are formed by the discontinuity of the first monolayer
at the step edges of the substrate.51 This assumption has important
implications. Indeed, in the case of a 2D-layer, the screw disloca-
tion is a zero dimension defect. Thus, by fixing the “polarity” of this
0D defect (i.e., by orienting its dangling bonds), it could be consid-
ered to guide the GaSe nucleation. Since the SDs are located at the
step edges of the substrate, the step edge direction could be a crucial
point for the 2D-layer orientation. There exist two types of steps on
the Si(111) surface: monomer steps (monohydride steps in hydrogen
ambient) and dimer steps (dihydride steps).66–68 Monomer steps are
oriented along the [112] direction [or the equivalent [121], [211]
directions due to the threefold symmetry of Si along the [111]-axis],
and dimer steps are oriented along the opposite direction [112] (or
[121], [211]). So far, we have been using Si(111) substrates with
two types of step edges (substrate No. 1 with both monomer and
dimer step edges). To know if the polarity of screw dislocations can
be fixed, we used substrate No. 2 with dimer only terminated step
edges (with a slight 0.1○miscut angle near the [112] direction). AFM
images in Fig. 4 show the surface topography resulting from a GaSe
growth on this type of Si substrate. The GaSe triangular flakes, with
Se- (or Ga-) terminated zigzag edges,69 point to the same direction
demonstrating a single-orientation crystal. When compared to sub-
strate No. 1, a majority of the triangular flakes are pointing in the

FIG. 4. AFM images at (a) ( 2 × 2 μm2
) and (b) ( 15 × 15 μm2

) of 2D-GaSe
epitaxy optimized to get a nearly single-orientation (z-scale 2 nm). Most of the
triangular flakes are pointing to the left of the image in the substrate (monomer)
step edges direction. The height-profile corresponds to the cross-section along the
red dotted line in figure (b).

direction of the steps (toward the left side of the image in [112]Si
direction) whatever the observation scale is. It may also be noted that
our substrate is not strictly misoriented toward [112] but deviates
from ∼5 to 7○. The very few GaSe nanoflakes arranged in the wrong
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orientation can be explained by this offset from the dimer direction.
On the other hand, it also demonstrates that the wafer does not need
to be sliced from the ingot exactly in the ⟨112⟩ direction. A shift of
several degrees in the miscut direction still allows obtaining a low
APBs density. In the context of large-scale fabrication, relaxation of
the constraint on the wafer miscut specifications would represent
a significant achievement. 2D-GaSe growth on wafers with a vici-
nal direction too far from the ⟨112⟩ will lead to APD formation as
shown in Fig. 1(a).

The occurrence of GaSe nucleation from the screw dislocations
at step edges was pointed out in the previous paragraph. Li et al.70

demonstrated that GaSe flakes can be reversibly grown or subli-
mated depending on the process temperature. We drew upon this
work to develop a growth-sublimation-regrowth process enabling to
decrease the SD density. First, 2 ml of mainly single-oriented GaSe
were grown using substrate No. 2. Then, the GaSe layer was heated
at 710 ○C for 2 min to sublimate a part of the layer. In a third step,
a fully coalesced bilayer is laterally regrown from the GaSe flakes
remaining after step 2. This whole growth-sublimation-regrowth
process is repeated three times. The AFM images in Fig. 5(a) show
the initial 2 ml-GaSe; with the color scale used, the GaSe film is rep-
resented in yellow/orange while the substrate is in dark brown. SDs
can be partly observed from the small step edges emerging at the sur-
face of the layer (blue arrows). After 2 min of annealing, about 50%
of the layer is sublimated. Both the layer and the enclosed SDs are
removed during this step [Fig. 5(b)]. Thus, when GaSe is regrown,
the new layer is free of SDs. Indeed, this process step is a pure lat-
eral growth of GaSe and no new nuclei/SDs are formed. Figure 5(c)
shows the 2 ml GaSe film after three cycles of growth-sublimation-
regrowth. The typical threading step edges induced by SDs are

largely less present although it is difficult to precisely measure their
remaining density. From the images, we can roughly estimate the
SD density to be 106 cm−2, which means ∼7 times less than without
any annealing of the layer. The SD density could probably be further
decreased if more than three cycles of growth-sublimation-regrowth
were used. However, it was not tested in this study in order to keep
a total process time below 90 min. Furthermore, in accordance with
the substrate used (substrate#2), the layer is mainly single-oriented
and the APBs density is low. As already seen before, the APBs have
a topological signature and the APB density can be estimated from
the images to be 0.07 μm−1. Table II summarize the recipe steps of
our optimized growth process.

To qualify the capability of our method to grow uniform 2D
layers on CMOS compatible substrates, we have measured the thick-
ness uniformity of the GaSe film along the radius of a 200 mm
Si(111) wafer by XPS and AFM (in Fig. 6 and Fig. S2 respectively).

For the XPS study, Ga2p, Ga3d, Se3d, Si2p and C1s peaks were
measured on a mapping consisting in a five-points line scan along
the radius of the wafer. All spectra were collected with angles rang-
ing from 23.75 to 76.25○ in order to evaluate the thickness of the
GaSe layer. The C peak intensity is in the same range as that for a
reference Si substrate, which underwent the same wafer transfer pro-
cedure between the growth reactor and the XPS analysis chamber.
Therefore, as mentioned in the method section, the carbon contam-
ination is more likely due to the transfer procedure to the XPS tool.
The binding energy positions of all mentioned XPS peaks were care-
fully selected according to reference literature.71 The spectra were
fitted for all angles with the help of the same reference. An example
of the resulting fitted data can be found in Fig. S3. First, the result-
ing data helped us to evaluate the atomic concentration of the main

FIG. 5. AFM images (z-scale 2 nm) of the growth-sublimation-regrowth process. The insets represent the height-profile along the red line of the images. The edges of
the three images correspond to the [112] and [110] directions: (a) (20,×, 20 μm2

) image of the initial fully coalesced 2 ml-GaSe film. Blue arrows mark the screw-type
threading dislocations. (b) (12 × 12 μm2

) image of the same layer after 2 min of annealing at 710 ○C. About 50% of the GaSe is sublimated. (We used a 12 μm scan
due to the instability of the AFM tip for larger scan size. In the case of this sublimated layer, the probe is indeed easily contaminated with some GaSe nanoflakes). (c)
(20,×, 20 μm2

) image of the 2 ml GaSe film after three cycles of growth-sublimation-regrowth. The screw-type threading dislocation density is significantly decreased.
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TABLE II. Optimized growth process description.

Recipe steps T (○C) PTMGa (Torr) Time VI/III

0 H2 annealing of Si(111) 0.1○-off→ [112] 900 ⋅ ⋅ ⋅ 600 s ⋅ ⋅ ⋅

1 Passivation with 1
2 GaSe ML + GaSe nucleation 550 ∼10−2 Few seconds ∼5

2 Lateral growth of nuclei 650 ∼10−3
>300 s ∼5

3 Partial sublimation of the GaSe film 710 ⋅ ⋅ ⋅ 120 s ⋅ ⋅ ⋅ } × 3
4 Lateral regrowth 650 ∼10−3

>300 s ∼5

FIG. 6. GaSe film thickness, along the radius of the 200 mm wafer, estimated from
the XPS models.70,71

species, which can be found in Table III. The Se/Ga ratio, close to
the theoretical value of 1, confirms the presence of pure GaSe, while
the low standard deviation along the radius validates the uniformity
of the GaSe film composition.

The results of the fit were used to evaluate the thickness of
the film along the radius, based on both Tanuma–Powell–Penn72

and Cumpson–Seah73 methods for the electron mean free paths cal-
culation. The two methods were applied on both Ga3d and Se3d
peaks for a better appreciation of the resulting thickness. We can
see in Fig. 6 the variation of the evaluated thickness based on dif-
ferent possible configurations and the resulting thickness indicates
the presence of a single ML. However, the absolute thickness value

resulting from the calculation is questionable, as it is model-based,
and due to the unique character of such 2D material. Thus, AFM
and XPS data attest to the presence of the GaSe film overall 200 mm
wafer. Nevertheless, a slight non-uniformity in thickness can be
observed in mid-radius. This point will be optimized in the future
by adjusting the center/edge ratio of gas injection in the MOCVD
chamber. In addition, in an absolute value, the GaSe film thickness
is about 2 ml with AFM vs 1–1.2 ml with XPS. Such discrepancy
could be due to the uncertainty of the model used to fit XPS data.
Indeed, the electron mean free paths and attenuation length of the
film were evaluated by two methods, based on physical properties
of bulk materials,74 such as density or bandgap. In the nature of the
2D material, the presence of the Si–Ga–Se interface could introduce
a variation from the bulk material properties, affecting the effective
mean free path of electrons and, thus, influence the absolute values
of the calculated thickness. Despite this discrepancy, a good unifor-
mity of the GaSe film thickness is demonstrated by AFM and XPS
on the whole 200 mm Si(111).

We next used this fully coalesced GaSe layer to probe the elec-
trical influence of APBs by UHV-KPFM. To this end, we focused
on one of the few APBs on the film. The image in Fig. 7(a) is
the surface topography obtained in nc-AFM, while the image in
Fig. 7(b) is the surface potential mapping measured using h-KPFM.
The silicon substrate (oxidized due to the short air break of the
sample) can be observed on the bottom of the hexagonal pits in
the GaSe bilayer (white arrows). These small pits correspond to
the parts of the GaSe bilayer not completely regrown after the
evaporation process step. More interestingly, the contrast of the
APBs is visible in both surface topography (yellow arrows) and sur-
face potential imaging. The contact potential difference (VCPD) is
measured with a mean value of −280 mV for the 2ml-GaSe at a
location far from the defects (value extracted from the distribu-
tion in VCPD histogram—not shown here) and at about −160 mV
at the APBs location. An example of the measurement is presented

TABLE III. Atomic concentration of the main species.

Point number X position (mm) C (at. %) Si (at. %) Ga (at. %) Se (at. %) Se/Ga ratio (a.u.)

1 0 4.458 07 76.2067 8.927 29 10.407 9 1.165 85
2 22.15 4.427 79 77.7414 8.279 22 9.551 55 1.153 68
3 44.3 3.336 26 82.0249 6.733 32 7.905 54 1.174 09
4 66.45 4.613 27 77.0466 8.383 21 9.956 93 1.187 72
5 88.6663 17.899 3 39.2229 9.107 44 10.821 5 1.188 2
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FIG. 7. (a) Topographic (3 × 3 μm2
)nc-

AFM image of 2 ml-GaSe film. First
GaSe ML (blue arrow) and silicon sub-
strate (white arrows) can be observed
on the bottom of the hexagonal pits.
APBs are marked with yellow arrows.
The z-scale is 1.5 nm (b) corresponding
KPFM image (surface potential) with a
700 × 700 nm2 image in the inset. APBs
appear as positively charged defects
with CPD ∼ −160 mV. (c) Cross-section
extracted from the KPFM image through
2 ml GaSe film, 1 ml GaSe film and Si
substrate [marked with white dotted line
on Fig. (b)]. (d) Cross-section extracted
from the KPFM image through 2 ml
GaSe film and APB [marked with yellow
dotted line on Fig. (b)].

in Fig. 7(d). Additionally, we show in Fig. 7(c) the comparison
of CPD on 2 ml GaSe and 1 ml GaSe and Si. Similarly to this
measurement, the variation of potential depending on the num-
ber of layers was reported for other 2D materials.75 The work
function of the sample ϕsample can be measured from the relation
VCPD = (ϕtip − ϕsample)/e, where ϕtip is the work function of the AFM
tip and e is the electron charge. ϕtip is calibrated to be 4.52 eV using
a reference sample of annealed highly oriented pyrolytic graphite
(HOPG)76 with ϕHOPG = 4.6 eV. Hence, the work functions are
ϕGaSe(2ml) = 4.8 eV and ϕAPB ∼ 4.68 eV. An electron transfer takes
place from the defect and the APB is, therefore, positively charged.
The band bending in the GaSe film occurs with an energy bar-
rier height of ΔΦ ∼120–140 meV near the APBs. This behavior was
observed for all the APBs checked on the sample. Trapping and scat-
tering at these positively charged defects adversely affect the mobility
of free-carriers. It is, thus, essential to have a GaSe layer with low
APBs density such as the one we managed to grow in this work.

IV. CONCLUSION
In summary, very large-scale growth of 2D-GaSe monolayer on

silicon in an industrial MOCVD chamber was demonstrated. The
use of a vicinal Si(111) wafer that is slightly misoriented toward

⟨112⟩ direction allows for a step-edge guided growth of a mainly
single-oriented 2D-GaSe crystal. It results in a coalesced film with
a very low density of APBs. The APBs are proven to be electrically
active in the KPFM measurements; this supports the usefulness of
a single-orientation 2D-GaSe film. The screw dislocations formed
at the step edges are in large part removed by using an opti-
mized growth-sublimation-regrowth process. This low defectivity
GaSe/Si film will serve as an active layer as well as a buffer layer for
subsequent growth of more complex vdW heterostructures. This
result paves the way for a monolithic cointegration of active 2D
materials, and their heterostructures, on silicon chips.

SUPPLEMENTARY MATERIAL

See the supplementary material for the schematic drawing of
the MOCVD tool principle (Fig. S1); (a) AFM images of the GaSe
film at different locations along the wafer radius and (b) cross-
sectional HAADF-STEM images of the 2 ml-GaSe film at the wafer
center and in the middle of the radius (Fig. S2); (a) C1s, (b) Ga3d,
(c) Se3d, and (d) Si2p XPS peaks measured at 23.75○ with associated
fitted data (Fig. S3); and example of the depth profile of elements
recalculated from angle resolved spectra (Fig. S4).
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