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InAs nanowires (NWs) self-catalyzed grown on graphene surface frequently exhibit a large number of stacking-fault
defects. However, the control of these defects in InAs NWs still remains a large challenge, which significantly limits the
applications of InAs NWs in electronics and optoelectronics. In this work, the self-catalyzed growth of InAs NWs on
graphene/Ge substrate by molecular beam epitaxy (MBE) is systematically investigated. Growth models for InAs NWs and
parasitic islands on graphene/Ge are developed. Through rational design of growth parameters, the self-catalyzed growth
of defect-free InAs NWs on graphene surfaces is ultimately achieved. Our experimental results indicate that lower growth
temperature can effectively suppress the formation of stacking-fault defects in InAs NWs, no visible stacking-fault defects
are observed in the samples grown below 510 °C, and the intrinsic mechanism for this is clarified with the density functional

theory (DFT) calculations.
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III-V NWs exhibit huge potential for a wide range of ap-
plications in the fields of electronic, photonic, and optoelec-
tronic devices.!'=3! In recent studies, the substrates for grow-
ing III-V NWs were mainly rigid substrates such as GaAs and
Si.[*61 With the development of electronic devices towards
flexibility, lightweight, and integration, the growth of trans-
ferable III-V NWs on 2D materials such as graphene surface

7-171 The hexagonal symmetric struc-

received more attention. !
ture of graphene is suitable as a substrate for vertically grown
cubic or hexagonal semiconductor NWs,!% and graphene also
has many properties such as conductivity, thermal conductiv-
ity, transparency, flexibility, and no dangling bonds on the
surface (facilitate the detachment of epitaxial materials from
graphene). Therefore, the fabrication of mixed-dimensional
NW/graphene heterojunctions is highly promising for the de-

velopment of flexible NW optoelectronic devices and multi-
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functional NW heterojunction integrated devices.!'%19]

InAs NWs have the characteristics such as narrow
bandgap, high mobility, and easy formation of Ohmic con-
tacts, which are useful for infrared photodetectors, high-
frequency electronic devices, and spin devices.!?*%! So far,
many studies have achieved catalyst-free and self-catalyzed
growth of InAs NWs on various graphene substrates such
as graphite, mechanically exfoliated multilayer graphene, and
chemical vapor deposition (CVD) graphene grown on metal
substrates.[>>~2"] In these studies, the commonly used mechan-
ically exfoliated graphite flakes and graphene transferred from
metal substrates generally do not possess the characteristics of
ideal substrates such as high quality, cleanliness, and large-
area uniformity, and are not suitable for growing samples for
large-scale applications. In addition, the growth process of
InAs NWs on the surface of graphene, especially for their
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nucleation and defect formation mechanism, is not clear and
requires in-depth understanding. Although the self-catalyzed
growth of InAs NWs on graphene surface avoids the foreign
metal catalyzers suspected to being incorporated during NW
growth, the grown InAs NWs still suffer from high densities
of stacking faults.[>3-27]

In this study, graphene/Ge substrates with larger area
and high quality were first prepared by CVD method,!?%%]
then defect-free InAs NWs were successfully synthesized on
graphene/Ge by MBE. Growth process and key influencing
factors of the InAs NWs on graphene/Ge were investigated
systematically, and the nucleation and growth model of InAs
NWs and parasitic islands on graphene/Ge surfaces was pro-
vided. In addition, we studied the effects of growth temper-
ature on the stacking faults in InAs NWs and investigated its
intrinsic mechanism through DFT calculation.

Figure 1(a) shows a schematic diagram of the growth
process of InAs NWs on graphene/Ge substrate. Firstly,
graphene/Ge substrate is prepared by CVD, and typical atomic
force microscope (AFM) image and Raman spectrum of the

graphene/Ge are shown in Fig. S1. At the beginning of InAs
NWs growth, In droplets are formed on graphene surface, and
then nucleation and growth of InAs NWs are realized initi-
ated through the In droplets. Hence, the growth in the ini-
tial stage of InAs NWs should belong to vapor-liquid-solid
(VLS) mode. With the growth under an As rich environment,
In droplets are gradually consumed and switch to vapor-solid
(VS) growth mode. Figure 1(b) shows a SEM image of InAs
NWs grown on graphene/Ge (100), in which vertically grown
InAs NWs with a length of over 3.5 pm and a diameter be-
tween 80-120 nm on graphene/Ge can be seen. No catalyst
particles can be found at the top of InAs NWs, similar to most
reported InAs NWs grown on graphene surfaces.!”>~2"! Inter-
estingly, no InAs NWs were directly grown on Ge (100), Ge
(110) and Ge (111) substrates, but self-catalyzed InAs NWs
can be grown on graphene covered Ge (100), Ge (110) and
Ge (111) substrates (Figs. S2—S4). These results indicate that
graphene plays a critical role in growing vertical InAs NWs,
while the impact of Ge substrate is not significant.

Fig. 1. InAs NWs grown on graphene/Ge. (a) Schematic diagram of vertical InAs NWs grown on graphene/Ge. (b) 70° tilted-view SEM images
of InAs NWs grown on graphene/Ge (100). (c) Low-magnification TEM image of an InAs NW. (d) SAED patterns recorded from different
regions (1-4) of the nanowire shown in panel (c). (e) Low-magnification STEM image and corresponding EDX elemental mapping of In and As

for the nanowire shown in panel (c).

To examine the crystal structure and elemental compo-
sition uniformity of the NWs, we conducted electron micro-
scopic investigations using a field-emission transmission elec-
tron microscope (TEM, Talos F200i, Thermo Fisher Scien-
tific). Figure 1(c) shows an overview TEM image of a sin-
gle InAs nanowire, with four numbered regions selected for
subsequent electron diffraction analysis. The corresponding
selected area electron diffraction (SAED) patterns, which are
shown in Fig. 1(d), reveal that the nanowire has a zinc blende
(ZB) phase. The alignment of all four SAED patterns along the
NWs length indicates a uniform crystal structure and orienta-
tion throughout. Figure 1(e) shows the elemental mapping of

the same NW (Fig. 1(c)) using energy-dispersive x-ray spec-
troscopy (EDX) in scanning transmission electron microscopy
(STEM) mode. The composition ratio of In to As is approx-
imately 1:1, uniformly distributed across the entire NW. De-
tailed measurement data can be found in Fig. S5.

To clarify the nucleation and growth process of InAs NWs
on graphene/Ge, the morphology as well as the interface be-
tween InAs and graphene substrate were studied in detail. Fig-
ure 2(a) shows a typical SEM top view image of InAs on
graphene/Ge, the epitaxial InAs can be roughly divided into
two categories: hexagonal InAs nanowire (marked with 1),
shapeless parasitic island (marked with 2). Figure 2(b) shows
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an overview cross-sectional TEM image of an InAs NW and
the graphene substrate, with three marked regions correspond-
ing to the InAs nanowire, the interface and the Ge substrate.
The corresponding fast Fourier transform (FFT) from atomic
resolution images of these regions is shown in Figs. 2(f)-2(h).
Discrete dots in Figs. 2(f) and 2(h) demonstrate that both the
InAs nanowire and the Ge substrate are high-quality single
crystals. Note that the FFT pattern of single-layer graphene
The FFT pattern in
Fig. 2(g) is a superposition of the two sets of individual diffrac-
tion patterns in Figs. 2(f) and 2(h), indicating that the inter-

is not visible due to the limited size.

face between InAs nanowire and the graphene/Ge substrate is
sharp and does not form a thick polycrystalline buffer layer.

50 nm

100 nm

Figure 2(c) shows a high-resolution TEM image of the InAs
nanowire and graphene/Ge substrate interface region. This
image reveals atomically sharp interfaces (shown by dashed
lines), except for a lattice distortion of only two atomic layers
in the dashed box region. This region could be the nucleation
point of the InAs nanowire, possibly introduced by a small de-
fect in the graphene. From Fig. 2(c), it can be seen that the
range of lattice distortion is only two atomic layers in the ver-
tical direction and less than 5 nm in the horizontal direction.
Therefore, due to the weak van der Waals interaction between
nanowires and graphene in the normal region, the stress gen-
erated by lattice distortion in the nucleation region is released
laterally and does not extend longitudinally.

)

2 1

Fig. 2. Heteroepitaxy model of InAs on graphene/Ge. (a) SEM image of InAs NWs taken at top view. (b) Cross-sectional TEM image of an
InAs nanowire grown on graphene/Ge. (c) High-resolution TEM image of the enclosed area in panel (b). (f)—(h) FFT of the InAs nanowire (top
panel), the interface of InAs and graphene/Ge (middle panel), and the Ge substrate (bottom panel) in panel (b). (d) Cross-sectional TEM image
of an InAs parasitic island grown on graphene/Ge. (e) High-resolution TEM image and (i) FFT of the InAs parasitic island of the enclosed area
in panel (d). (j) The growth model for the InAs nanowire and parasitic island on graphene/Ge.

Figure 2(d) shows a low-magnification TEM image of the
interface between an InAs parasitic island and graphene/Ge
substrate. The region marked with a panel is magnified
in Fig. 2(e), with its corresponding FFT pattern shown in
Fig. 2(i). Comparing Figs. 2(g) and 2(i) reveals an extra set of
diffraction patterns (highlighted by a red circle). Figure 2(e)
also demonstrates different atomic structures on either side of
the blue dashed line, both indicating that the parasitic island
in that regions has two distinct crystal orientations. Unlike

the sharp interface between the InAs nanowire and substrate

(Fig. 2(c)), the interface between InAs parasitic island and
substrate exhibits approximately 4-5 atomic layers of struc-
tural disorder. This suggests more defects in the graphene in
this region.

Based on the results in Figs. 2(a)-2(i), an epitaxial model
of InAs on graphene/Ge substrate is proposed, as shown in
Fig. 2(j). In atoms deposited on the graphene surface will ag-
gregate to form crystal nuclei at defect areas. At the small
defect areas, the role of the small defects is only to promote

nucleation, and the direction of nucleation is determined by
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graphene, a single-crystal nucleus will form easily and grow
along the (111) direction under the induction of graphene to
form InAs NWs (marked with 1). In severely damaged ar-
eas, the edges of graphene and exposed Ge surface would in-
duce multiple nuclei with different orientations. These nuclei
grow and connect together, forming polycrystalline parasitic
islands (marked with 2). In the InAs nanowire sample with
a growth time of 2 min, there is significant lateral growth of
the nanowire at the large-sized defects, which should be in-
fluenced by the Ge (100) crystal plane (Fig. S6), Therefore,
big defects are not suitable for the nucleation of NWs. During
the growth, the atoms for InAs (including NWs and parasitic
islands) crystal nucleus growth mainly comes from atomic dif-
fusion around the crystal nucleus, the amount of atoms that a
crystal nucleus can obtain is related to its density and atomic
migration ability. Assuming that the density of crystal nucleus
is the same, the number of atoms obtained for each nucleus
is also the same. Therefore, InAs NWs with smaller lateral
dimensions are higher than parasitic islands.

TEM investigations, as shown in Fig. 3, further reveal
the impact of growth temperature on the morphology and
crystal structure of InAs NWs on graphene/Ge. Comparing

Figs. 3(a)-3(c), it can be found that at lower growth temper-
ature, the shape of the InAs NWs is less regular and the sur-
face is rougher. By increasing the growth temperature, the
thickness and surface roughness of InAs NWs tend to be uni-
form. The atomic resolution TEM images also show that the
atomic structures of NWs change at different growth temper-
atures. Figure 3(e) shows that the InAs nanowire grown at
480 °C is pure ZB phase, while Fig. 3(f) shows pure WZ
phase (at 510 °C). At the highest temperature of 570 °C, the
nanowire contains mixed phase structure (Fig. 3(g)). More
SAED results demonstrate that at lower growth temperature,
both ZB and WZ phase InAs NWs can be found on the
same graphene/Ge substrate, and have no stacking-fault de-
fects. However, InAs NWs grown at higher temperature
generally have obvious stacking-fault defects (Fig. S7). As
shown in the atomic resolution high angle annular dark field
STEM (HAADF-STEM) images, the NWs grown at higher
temperature (above 540 °C) contain many stacking-fault de-
fects (Fig. 3(d)), which lead to the appearance of mixing phase

and twinning. In the lower growth temperature sample (below
510 °C, Fig. 3(h)), no defects are visible.

Fig. 3. Effect of growth temperature on the crystal structure of InAs NWs on graphene/Ge. (a)—(c) Low-magnification TEM images of InAs NWs
grown at 480 °C, 510 °C, and 570 °C transferred to copper mesh. (e)-(g) The corresponding atomic resolution TEM images (a)—(e), (b)—(f),
(c)—(g) with SAED patterns inserted. Typical atomic resolution HAADF-STEM images of two kinds of InAs NWs at higher (d) and lower (h)

growth temperatures.

The above results suggest that the growth temperature is
an important factor for affecting the growth of InAs NWs on
the graphene. More specifically, the lower growth temperature
can effectively suppress the formation of stacking-fault defects
in InAs NWs, but it simultaneously makes the grown InAs
NWs become thick and short and present inconsistent diame-
ters. The increase of the growth temperature can promote the
axial growth, resulting in uniform InAs NWs. However, exces-
sively high temperatures introduce stacking-fault defects into
InAs NW lattice. Therefore, taking into account the length
of InAs NWs and stacking-fault defects, the growth temper-

ature should be set to the maximum value without forming
stacking-fault defects. In addition, since the growth tempera-
ture is not the only parameter that affects growth, the specific
growth temperature setting needs to comprehensively consider
other parameters such as the flux ratio of In and As.

In order to insight into the temperature-dependent phase
structure of InAs NWs, a nucleation model based on the self-
catalytic nucleation theory is proposed (see the details in the
supporting information). For the self-catalyzed growth of InAs
NWs following a vapor-solid mechanism, the formation en-

thalpy (AG) for producing a nucleus on the top of the nanowire
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(see Fig. 4(a)) can be calculated as follows:

AG: _nAlJ +B}/VS +A/)/sn7 (l)

where Au is the change in chemical potential per In—-As pair,
n is the number of In—As pair in the formed nucleus, s is
the surface energy of the side facet of the nucleus, ¥, is the
twin formation energy, A is the area of the upper or bottom
surface of the nucleus, and B is surface area of side facets. All
these surface energies and formation energies are determined
by density-functional theory (DFT) calculations and listed in
Table S1. When the formed nucleus is not a twin structure, Y,
is equal to zero. The nucleation on InAs nanowire requires to
overcome a nucleation barrier AG* (i.e., the maximum of for-
mation enthalpy). Accordingly, the formation enthalpy AG*
for the critical nucleus with a twin structure is given by

3 *2 3\/> .
A Au+—pﬂ%n

ay

6hp s

AG} = AG(p}) = P

2

When the formed nucleus lacks the twin structure, AG* can be
expressed as

] ) 3p*2 6hp" Yo
AG* = A =P A .
G"=AG(p") @ MM eost 3)

Based on the approach of Johansson et al.,[3! the nucleation
of a facet x on pre-existing nanowire surface y is governed by

(a) i A
? 'szlNucleus B
P
Nanowire
(b) 20
- {110}
7B i e {111} A/{111} B
15k {110}/{001}
{1120}
S Wz e {1100}
L
« 10F
Q
<
5 -
O 1 1 L 1
0 0.2 0.4 0.6 0.8 1.0
Ap (eV)

an exponential distribution with probability

) oo (45,

where i represents all possible orientations of nucleation

Hmbw% @

ksT

facets, kg is the Boltzmann constant, and T is the growth tem-
perature (K). For the growth of pure ZB nanowire, it requires
the probability for the formation of a twin structure is equal
to zero, i.e., Pt = 0. For the growth of pure WZ nanowire,
it requires Pt — 1. When Pt locates between 0.1 and 0.9, the
stacking faults or twin defects will be formed in the nanowires.
Here we considered the formed nucleus with different side
facets. If the formed nucleus has a ZB phase, its side facets can
be {110}, {111}A/{111}B, and {001}/{001}. For the formed
nucleus with a WZ phase, its side facets can be {1100} and
{1120}. Based on Egs. (1)—(4), the nucleation barrier AG*
for the formed nucleus with various potential side facets as
a function of Au is plotted in Fig. 4(b). It can be found that
the ZB-phase nucleus with {111}A and {111}B side facets
exhibits the lowest AG* for Ay < 0.25 eV and the WZ-phase
nucleus with {1120} side facets has the lowest AG* when
Au is larger than 0.25 eV, implying that the formed nanowire
structure prefers to the ZB phase under the lower Au. The in-
crease of Au could lead to the formation of twin structure with
the WZ phase. In order to better understand the crystal phase

{1120}

75

50

25 (11T}A/{11T} B

Nucleation probability (%)

T {(110}/{00T}
1 L L L

0.4 0.6
Ap (eV)

0.8 1.0

Fig. 4. Schematic illustrations of the nucleus and InAs nanowire. (b) Nucleation barrier AG* and (c) nucleation probability P as a function of
Au for the formation of a nucleus with different side facets during the growth of InAs nanowires.
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of the formed nucleus during the growth of InAs NWs, the
nucleation probability P as a function of Ay is presented in
Fig. 4(c). For the lower Au (e.g., Au < 0.2 eV), the as-grown
InAs nanowires will be dominated by the ZB phase. With the
increase of Ay, the nucleation probability of WZ phase rapidly
increases. This means that there exists a competition between
WZ and ZB phases at higher Au, consequently resulting in the
mixed WZ and ZB phases (i.e., stacking faults) in the formed
nanowires. The relationship between the Ay and temperature
T as well as the concentration of In and As flux can be de-
scribed by

CinCas

Al = kB Tln s
H CIn,eqCAs,eq

&)
where Cp, and Cas denote the concentrations of In and As
fluxes during the growth, and Cy eq and Cas, eq denote the con-
centrations of In and As under the equilibrium condition, re-
spectively. A high growth temperature induces a large Au.
Therefore, the increase of growth temperature can drive the
structure of InAs NWs from the pure ZB phase to the mixed
ZB and WZ phase (or stacking faults), which agrees well with
our experimental observations.

In summary, the defect-free InAs NWs on graphene/Ge
were successfully demonstrated by a self-catalytic growth
strategy via the MBE method. The nucleation of InAs on
graphene/Ge is sensitive to the defects in the graphene. The
introduction of appropriate defects in graphene substrate could
greatly promote the nucleation of InAs NWs, but larger defects
could lead to the formation of parasitic islands. The higher
growth temperature is beneficial for the growth of InAs NWs,
but excessively high temperature readily leads to the formation
of stacking-fault defects. The theoretical calculations show
that there is a delicate competition between the WZ and ZB
phases at the higher temperature, leading to the occurrence of
mixed phases. This study enriches the heteroepitaxial theory
on 2D substrates and promotes the application of nanowire ar-
rays in flexible devices and heterojunction integration.

See the supplementary material for Figs. S1-S7 and de-
tails of theoretical calculations.
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