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Site-Controlled VLS Growth of Planar Nanowires: Yield and
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ABSTRACT: The recently emerged selective lateral epitaxy
of semiconductor planar nanowires (NWs) via the vapor−
liquid−solid (VLS) mechanism has redeﬁned the longstanding symbolic image of VLS NW growthvertical NWs
extending out of the substrate. The in-plane geometry and selfaligned nature make these planar NWs completely compatible
with large scale manufacturing of NW-based integrated
nanoelectronics. Here, we report on the realization of perfectly
site-controlled growth of GaAs planar NW arrays with unity
yield using lithographically deﬁned gold (Au) seed dots. The
growth rate of the planar NWs is found to decrease with the NW width when spacings are ﬁxed, which is consistent with the
conventional model where the Gibbs−Thomson eﬀect is considered. It is found that in general, the planar and out-of-plane NW
growth modes are both present. The yield of planar NWs decreases as their lateral dimension shrinks, and 100% yield of planar
NWs can be achieved at moderate V/III ratio. Based on a study of the shape of seed particles, it is proposed that the adhesion
between the liquid-phase seed particle and the substrate surface is important in determining the choice of growth mode. These
studies represent advances in the fundamental understanding of the VLS planar NW growth mechanism and in the precise
control of the planar NW site, density, width, and length for practical applications. In addition, high quality planar InAs NWs on
GaAs (100) substrates is realized, verifying that the planar VLS growth mode can be extended to heteroepitaxy.
KEYWORDS: Vapor−Liquid−Solid Mechanism, Planar Nanowire, MOCVD, GaAs, InAs
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particles, via the VLS mechanism, propagating laterally along
certain in-plane directions in a self-aligned fashion, has recently
emerged. This growth method has not only enriched the
fundamental VLS study but also provided a practically useful
technology for realizing NW-based integrated circuits. So far
high-performance MESFETs, HEMTs, and MOSFETs devices
have been demonstrated using planar NWs as the current
conducting channels.24−27 Circuits have also been demonstrated by interconnecting aligned planar NW MESFET
devices.28 To advance the fundamental VLS study and to
better assess the technological potential, a systematic growth
study is needed. For doing so, we have ﬁrst developed arraybased GaAs planar NW growth using electron beam
lithography (EBL) to predeﬁne the Au seed particles.
Figure 1a and b show representative scanning electron
microscope (SEM) images of a GaAs planar NW array grown
on GaAs (100) substrate. The patterned Au dot array was
placed at a horizontal line as indicated by red arrows. The
center to center spacing between the NWs is 1 μm. The sample
shown here was grown in a metal−organic chemical vapor
deposition (MOCVD) system under 950 mbar at temperature

emiconductor nanowires (NWs) hold extreme promises to
be the building blocks of future electronics and photonics
and, thus, have received tremendous attention for many
years.1−7 Among all kinds of fabrication methods, the
bottom-up vapor−liquid−solid (VLS) growth method,8 where
a metallic (e.g., Au) seed particle is used to gather materials and
guide NW growth, attracts particular interests owing to its
advantages in size downscaling, versatility in the incorporation
of doping and heterostrutures,9−12 and potential in heterogeneous NW integration on foreign substrate13−17 (for example,
III−V NWs on silicon). Ever since the VLS method was
invented,8 NWs standing on substrates and pointing out along
surface normal directions have served as the symbolic picture of
this method. For III−V materials, these out-of-plane NWs
mostly grow along ⟨111⟩ B direction.18 The out-of-plane
geometry is not compatible with the well-established planar
processing technologies for ﬁeld-eﬀect transistors (FETs) and,
therefore, requires additional processing eﬀort for device
integration. More importantly, the vertical channel structure
tends to incur more parasitic capacitance, which degrades the
frequency performance (speed) of the device. So far, vertical
NW FETs have not shown advantages in speed in comparison
to the planar thin-ﬁlm FETs given the same channel
material.19−21 In this light, selective lateral epitaxy of planar
NW growth method,22,23 where NWs are grown out of Au seed
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Figure 2. Comparison between growth rates of planar and out-ofplane GaAs NWs. (a) Schematic diagrams of out-of-plane and planar
NWs grown on (100) substrate. A normalized growth rate is
introduced in the main text for a fair comparison of the two growth
modes. (b) Comparison between normalized growth rates of planar
NWs and nonplanar NWs. The growth was done at 460 °C with a V/
III ratio of 30 under 950 mbar. Each data point (red squares) for
planar NWs was measured and averaged from an array with 10 μm
spacing. The data for out-of-plane NWs were measured on the same
arrays. Each data point (green circles) refers to the growth rate of an
individual NW. The dashed lines are only for eye guidance. The inset
of (b) shows a linear ﬁt to the square root of growth rate versus the
inverse of NW width for both growth modes.

Figure 1. SEM images of GaAs planar NW arrays grown on GaAs
(100) substrates. (a) Top-view SEM image of a representative GaAs
planar NW array on a (100) substrate. The red arrow indicates where
the line of Au dots was initially patterned. Planar NWs were formed as
the Au dots propagated upward ([0 1 −1] direction) or downward ([0
−1 1]) during the growth. The three brighter NWs are out-of-plane as
indicated. The NW bottom width (trapezoidal cross-section) of this
particular array is 145 nm. (b) An 80° tilted-view SEM image of the
same sample in (a) clearly showing two out-of-plane NWs. (c) A 60°
tilted view of a planar NW array with perfect yield of planar NWs
achieved by optimizing the growth condition (see text for details). (d)
Higher magniﬁcation view of the same array in (c). The Au catalyst
dots, which propagated from the center line to guide the NW growth,
are clearly visible at the tips of those NWs. The scale bars are 10, 1, 5,
and 1 μm for (a)−(d), respectively.
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
f2

96
97
98
99
100
101
102

substrates because the growth direction is either [0 1 −1] or [0
−1 1], whereas the growth front is still (111)B, according to
our previous studies.22,29 Let Rm be the measured NW growth
rate, which can be obtained by directly dividing the measured
NW length by the growth time. The volume of material
deposited per unit area per unit time is Rmcos θ, where θ is 0°
for out-of-plane NWs and 35.3° for planar ones. So the number
of atoms deposited per unit time per unit area is proportional
to Rmcos θ. Therefore, we deﬁne a normalized growth rate as Rn
= Rmcos θ in order to compare the two diﬀerent types of NWs
on an equal footing.
Figure 2b shows the normalized growth rates of planar NWs
and out-of-plane NWs measured from the sample prepared
under the same growth condition as in Figure 1a. Each of the
data points (red squares) for planar NWs was measured and
averaged from about 20 NWs in an array with 10 μm spacing
between adjacent NWs. The large spacing was designed to
minimize any synergetic eﬀect of growth rate between
neighboring NWs.30 Without spacing control in the growth
rate study, the real trend can be hidden by density related
variations. Five arrays of holes were ﬁrst patterned on PMMA
by EBL with nominal diameters of 300, 250, 200, 150, and 100
nm, respectively. Au dots were then produced by a lift-oﬀ
process after 30 nm Au ﬁlm was evaporated. The planar NWs
are very uniform in size and growth rate within each array. The
standard deviations of growth rate and width are smaller than 3
nm/s and 3 nm, respectively. As seen from Figure 2b, when the
NW width is relatively large (>∼ 110 nm in bottom width), two
diﬀerent growth rates are associated with each planar NW size.
The growth rate starts to roll oﬀ clearly when the width
becomes smaller. This is consistent with the conventional VLS
model proposed by Givargizov,31 where smaller NWs are
associated with slower growth rates because NW surface energy
reduces supersaturation. The inset of Figure 2b plots the square
root of growth rate versus the inverse of NW width (the data
points with slower growth rate are adopted for the bimodal
cases). A fairly good linear ﬁt can be obtained for planar NWs,
supporting the interpretation by the conventional model.31,32

T = 460 °C for 80 s with a nominal V/III ratio of 30. The
bidirectional growth22,29 can be clearly seen in Figure 1a.
Interestingly, we observe a noticeable diﬀerence in the planar
NW lengths thus growth rates between the two presumably
crystallographically equivalent directions, with the NWs
propagating along [0 1 −1] and the antiparallel [0 −1 1]
direction being 9.4 and 8.8 μm in length, respectively. Such
growth rate diﬀerence (typically <20%) is only observed on
large diameter NWs and disappears when the NW widths are
smaller than ∼80 nm. This phenomenon is not the major point
here and needs further investigation. We speculate that the
preference could be induced by substrate orientation miscut
(manufacture speciﬁcation was ±0.5°), which makes the two
directions no longer perfectly equivalent. On this particular
sample, a few out-of-plane NWs are observed and can be
identiﬁed as those brighter (and shorter) NWs in Figure 1a.
The out-of-plane NWs grow along ⟨111⟩ B directions and,
therefore, are aligned at 35.3° with respect to the substrate
surface.22 Figure 1b is a tilted-view SEM image where two outof-plane NWs can be clearly seen. Remarkably, the yield of the
planar NWs can be improved by tuning the growth conditions
(details will be discussed later). Figure 1c and d show
exemplary SEM images of the planar NW array with unity yield.
A comparison between the growth rates of planar and out-ofplane NWs is shown in Figure 2. For out-of-plane NWs, the
growth direction (direction of facet advancing) and the normal
direction of growth front are the same (both [111]B),18 as
illustrated by the top schematic in Figure 2a. However, the two
directions are diﬀerent for the planar NW growth. As shown in
Figure 2a (bottom schematic), the angle θ between the two
directions is 35.3° for planar NW growth on GaAs (100)
B
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Figure 3. Yield study of VLS GaAs planar NWs. (a) Yield of planar NWs as a function of bottom width. Three samples were prepared with V/III
ratios of 0.4, 1.3, and 18, respectively. To vary V/III ratio, we ﬁxed TMGa ﬂow and only the AsH3 ﬂow was changed across the three samples. Other
growth conditions were identical for all the three samples. The growth temperature and reactor pressure were 460 °C and 150 mbar, respectively. (b)
Typical SEM image showing the transition regime where some of the planar NWs start to take oﬀ from the substrate surface in the middle of the
growth. The out-of-plane NWs show brighter contrast in the image. The white arrows indicate the points where the NWs start to take oﬀ. The scale
bar is 2 μm. (c) A 60° tilted view of the NWs taking oﬀ in the middle of the growth. The scale bar is 500 nm.
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

By extrapolating the ﬁtted line, the critical width is calculated to
be ∼13 nm for the planar growth.
We were able to measure the length of out-of-plane NWs
also from those arrays because the yield of planar NWs was not
perfect under that particular growth condition. Note that each
of the data points (green circles) of out-of-plane NWs only
refers to the growth rate measured from an individual NW. The
bimodal rate is also seen for the out-of-plane NWs. The
normalized growth rates of planar NWs (slightly slower) match
closely with that of out-of-plane NWs, both of which remain a
near constant value. This can be understood by the fact that the
Gibbs−Thomson eﬀect31 (NW sidewall energy) is weak for
thick NWs and thus out-of-plane and planar NWs should have
very supersaturation, Δμ, deﬁned as the diﬀerence between
chemical potentials of NW materials in the vapor phase and in
the NW.31 As the NW width shrinks down, the growth rate of
planar NWs decreases steeper than that of out-plane NWs.
Note that this trend, where the two modes have close growth
rates at large sizes but planar NW grows slower at smaller sizes,
is true for all growth conditions we have tested. This implies
that for smaller sizes, out-of-plane growth is associated with
higher supersaturation. In the discussion above, we assume the
kinetic parameters that connect supersaturation to growth rate
are the same for both types of growth. Though it is open for
discussion, it is reasonable because both planar and out-of-plane
NWs are seeded by Au and have (111)B growth front. Because
they are located on the same sample, they also had experienced
exactly identical growth conditions. Another factor that needs
to be considered is the surface adatom diﬀusion, which can
aﬀect the NW growth rate and cannot be captured by the
conventional model.33 We have conﬁrmed that the NW growth
rate induced by surface diﬀusion is negligibly small in our
experiment (below 1 nm/s, see Supporting Information for the
calculation). Note that our observation here is diﬀerent from an
insightful previous study on InAs planar NWs,34 where it was
shown that planar growth was associated with larger supersaturation (less suﬀered from Gibbs−Thomson eﬀect) due to
the removal of substrate surface by planar growth. The
contradiction is worth further study, and we speculate that
under our growth conditions, the top (100) and sidewall
(111)A surface energy of the planar NW is large and makes the
overall supersaturation of planar growth smaller despite the
removal of the bottom surface.

Figure 3a shows the yield of planar NWs as a function of the
NW size (bottom width). The yield here is deﬁned as the ratio
between the number of NWs that remain planar throughout the
entire growth period and the total number of NWs (81) grown
in the array. Three samples grown with diﬀerent nominal V/III
molar ﬂow ratios (0.4, 1.3 and 18) are shown in Figure 3a. To
vary V/III ratios, the TMGa ﬂow was ﬁxed and only the AsH3
ﬂow was changed across the three samples. Other growth
conditions were identical, with growth temperature and reactor
pressure being 460 °C and 150 mbar, respectively. Multiple Au
dot arrays with the same dot size within each array were
patterned on each of those samples. The growth rates of large
NWs (>120 nm in width) on the samples with V/III ratio of
18, 1.3, and 0.4 are 135, 120, and 40 nm/s, respectively. The
corresponding growth times are 50, 50, and 80 s, respectively.
For smaller NWs, the growth rate decreases following similar
trend shown in Figure 2b. From Figure 3a, it can be seen that
for NWs with bottom width larger than ∼70 nm, the sample
with V/III = 1.3 has unity yield of planar NWs. The yields from
the other two samples are noticeably lower. In this size range,
unity yield can be reproducibly achieved when the V/III ratio
ranges from ∼0.8 to ∼5.
As the NW width becomes smaller, the yield at the optimum
V/III ratio of 1.3 drops below 100%, and when the width
becomes less than ∼50 nm, no planar NWs can be observed.
The widths shown in Figure 3a for the zero yield case were
measured on out-of-plane NWs. Shown in Figure 3b is a typical
SEM image of the transition regime where the planar NW yield
has degraded. It is observed that many NWs start the growth in
the planar mode but take oﬀ from the substrate surface at some
point, as indicated by the white arrows in Figure 3b, during the
growth. This can be seen more clearly from Figure 3b. The
result suggests the presence of a delicate balance between
planar and out-of-plane mode. The other two samples show a
similar trend in general, where smaller NWs have lower yield
and no planar NWs can be found when the size drops below
certain points. A hump at 40 nm NW width is observed on the
yield-size curve with V/III = 0.4, which is not understood at
this point and needs further study. It has to be mentioned that
the cessation of planar NW growth at very small sizes is not
because of a complete loss of supersaturation due to the
Gibbs−Thomson eﬀect. Extremely high growth rate (∼100
nm/s) for planar NWs are still observed from the very low-yield
array of small-size NWs. In other words, there still exists a large
C
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level of supersaturation to support fast planar NW growth.
Other underlying reasons that control the preference between
planar and nonplanar growth must be considered.
Shown in Figure 4 are two SEM images of Au seeds after
growth, where 4a and b show the samples that were cooled

occurrence of a stacking fault may interrupt the contact
between the seed particle and the substrate and make the NWs
switch to the out-of-plane mode. Supporting evidence can be
found in our previous study, where the intentional introduction
of twinning defects by dopant incorporation can cause the
planar NW to switch to out-of-plane growth mode.38 This
explains the fact that even the yield for large planar NWs is not
always perfect except for under optimized V/III ratios. As
reported in the recent research on in situ TEM observation of
III−V VLS NW growth,39 a growth condition with very high V/
III ratio can induce twinning defects, which is likely to disturb
the planar growth in our case. The factors discussed above also
provide a natural explanation for the size-dependent yield
study. Small-size seeds would have less contact area with the
substrate so one would expect that it is easier to separate them
from the substrate. In other words, the growth of narrower
planar NWs should be more vulnerable to perturbations and,
thus, shows lower yield. The analysis here implies that the
planar type of growth could be universally achievable in any
material system if (i) the growth front is not in parallel with the
substrate surface and (ii) the adhesion between the substrate
and the catalyst can be engineered to be suﬃcient.
At the end, we demonstrate here that planar III−V NW
growth may be extended to the heteroepitaxy of self-aligned
and high-quality InAs on GaAs (100) substrates through the
same VLS approach deﬁned above. Growth of planar InAs
NWs on a semi-insulating substrate can be a very competitive
platform technology for future low-power digital applications
given the extremely high electron mobility in InAs. Despite the
approximately 6.7% bulk lattice-mismatch, directly interfaced
and single-crystalline lateral growth of InAs NWs is realized
under optimized growth conditions, with NWs being selfaligned along the ⟨011⟩ direction on GaAs (100) substrates.
Figure 5a shows a tilted-view SEM image of two as-grown InAs
NWs on GaAs (100). We note that Au-seed particles are clearly
identiﬁed at the NW tips, characteristic of VLS-type growth,
whereas the NW widths exhibits no structural variations
(twinning or tapering) along their lengths. Figure 5b shows a
cross-sectional view high-resolution transmission electron
microscopy (HR-TEM) image of a laterally grown InAs NW
on GaAs. Although the NW body and GaAs substrate share an
atomically abrupt interfacial plane (dashed line, Figure 5b), the
Au seed appears raised relative to the substrate surface, likely
resulting from postgrowth termination precipitation of growth
species from the liquid-phase alloy in an AsH3-rich environment. Analytic-TEM characterization (refer to Supporting
Information) conﬁrms the heteroepitaxial NW crystal quality
(no stacking faults) and composition.
In summary, we have performed a systematic experimental
study of the VLS growth of GaAs planar NWs from various
aspects. The size-dependent growth rate and yield of planar
NWs have been studied. Careful control of growth conditions
can lead to unity yield of planar NWs. We have also shown that
the liquid-phase seed particle contacts the substrate surface
during growth and proposed that the adhesion energy is
important in determining the choice of growth mode. We
believe that the well-controlled planar type of VLS growth can
be extended beyond the scope of homoepitaxy and it is
demonstrated by the growth of high-quality (free of stacking
faults) InAs planar NWs on GaAs (100) substrates.
Methods. Planar NW Growth. To grow GaAs planar NW
arrays, we ﬁrst deﬁned Au seed particles on GaAs (100)
substrate by electron beam lithography patterning (with a Raith

Figure 4. SEM images showing the shapes of seed particles after
sample cooling. (a) Cooling with AsH3 overpressure. (b) Cooling
without AsH3 overpressure. The sample is tilted by 80°. The scale bars
are both 100 nm.
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down from the growth temperature with and without AsH3
overpressure, respectively. It is observed that the Au particle in
Figure 4a shows a nonspherical shape and a neck-like structure
is formed and clearly visible below the Au nanoparticle. This is
because with the supply of As precursor during sample cooling,
the Ga atoms in the seed particle can continue to precipitate
out to form an additional growth segment of GaAs, as is the
case for out-of-plane NWs.35 However, the Au particle in
Figure 4b exhibits a rounder proﬁle and only negligible
extraneous material is visible below the gold. In the absence of
AsH3 supply, only a very small amount of GaAs can be formed
during cooling process because of the extremely low solubility
of As in Au, so the shape of catalyst can be well preserved.
Therefore, Figure 4b should more closely represent the actual
growth-phase geometry of Au nanoparticle. Importantly, the
base of the nanoparticle is in contact with the substrate, which
suggests that it was in direct contact with (wetted) the
substrate, in addition to the NW growth front, during planar
NW growth. Note that in the growth of in-plane InAs NWs,
such additional contact interface was also observed.23,34
Based on the experimental analysis above, we propose that
the wetting nature of seed droplet on the substrate during
growth is an important factor responsible for the planar type of
VLS GaAs NW growth. Once the liquid-form seed particle
contacts the substrate surface, it needs to overcome the
adhesion energy between the seed and the substrate surface
before the out-of-plane mode may proceed. Note that it was
suggested, in the case of in-planar InAs traces growth on (111)
B GaAs,23 that the Au catalyst stays on the substrate because
Au/GaAs interfacial energy is lower than that of Au/InAs
interface. We believe that in general, this energy diﬀerence is
not necessary for the occurrence of planar VLS NW growth
because in our case, the Au/GaAs (111)B interface at the
growth front should have lower interfacial energy.18 We
speculate that the wetting was initiated during oxide desorption
procedure at the very beginning of the growththe gold dots
collect materials from the substrate and become eutectic
droplets. After the growth precursors are introduced, the planar
growth proceeds with materials stacking in a layer-by-layer
manner on (111)B facet while the droplet remains in contact
with the (100) substrate since (100) is not the growth front. As
discussed in refs 36 and 37, perturbations that occur during
NW growth might strongly aﬀect the choice of growth modes.
Perturbations such as organic residue on the substrate or the
D
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GaAs (100). (a) Tilted-view SEM image showing parallel growth of
two planar InAs NWs on a GaAs substrate. (b) Cross-sectional HRTEM image of a ∼12 nm-thick planar InAs NW directly interfaced
with the underlying GaAs substrate.
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(33) Fröberg, L.; Seifert, W.; Johansson, J. Phys. Rev. B 2007, 76,
153401.
(34) Zi, Y.; Jung, K.; Zakharov, D.; Yang, C. Nano Lett. 2013, 13,
2786−2791.
(35) Persson, A. I.; Larsson, M. W.; Stenström, S.; Ohlsson, B. J.;
Samuelson, L.; Wallenberg, L. R. Nat. Mater. 2004, 3, 677−681.
(36) Schwarz, K. W.; Tersoff, J. Nano Lett. 2011, 11, 316−320.
(37) Schwarz, K. W.; Tersoff, J. Nano Lett. 2012, 12, 1329−1332.
(38) Dowdy, R. S.; Zhang, C.; Mohseni, P. K.; Fortuna, S. A.; Wen,
J.-G.; Coleman, J. J.; Li, X. Opt. Mater. Express 2013, 3, 1687.
(39) Chou, Y.-C.; Hillerich, K.; Tersoff, J.; Reuter, M. C.; Dick, K. a;
Ross, F. M. Science 2014, 343, 281−284.

F

dx.doi.org/10.1021/nl502525z | Nano Lett. XXXX, XXX, XXX−XXX

