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ABSTRACT: The inﬂuences of droplet size on the growth of
self-catalyzed ternary nanowires (NWs) were studied using
GaAsP NWs. The size-induced Gibbs−Thomson (GT) eﬀect
makes the smaller catalytic droplets have lower eﬀective
supersaturations and hence slower nucleation rates than the
larger ones. Large variation in droplet size thus led to the
growth of NWs with low uniformity, while a good size
uniformity of droplets resulted in the production of highly
uniform NWs. Moreover, thinner NWs were observed to be
richer in P, indicating that P is more resistant to the GT eﬀect than As because of a higher chemical potential inside Ga droplets.
These results provide useful information for understanding the mechanisms of self-catalyzed III−V NW nucleation and growth
with the important ternary III−V material systems.
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catalyzed NW growth. Since Au-catalyzed NWs are considered
incompatible with complementary metal−oxide−semiconductor (CMOS) industrial standards, it is thus critical to study the
impact of the droplet’s size on self−catalyzed NWs to further
improve the performance of III−V on Si NW devices.
Currently, most of the studies on self-catalyzed NW growth
are focused on binary material systems. In order to obtain more
freedom in adjusting the energy band gap, ternary material
systems are needed.28−30 For self-catalyzed growth, ternary III−
V NWs prefer the material combinations of one group−III
element and two group−V elements, such as GaAsP.31−33
During the growth, they are under group−III element rich
condition and the group−V elements govern the supersaturation of the droplets.34 Due to the high vapor pressure
of the group−V elements their incorporation into NWs is very
sensitive to the growth environment and can hence be
signiﬁcantly modiﬁed by the droplet’s size due to for instance
the GT eﬀect. In addition, diﬀerent group-V elements have
diﬀerent chemical potentials, making the inﬂuences of the
droplet’s size diﬀerent on each of them.35−37 Thus, the
nucleation and growth of a particular material composition in
ternary NWs is complicated.

he research on III−V nanowires (NWs) has intensiﬁed
over the last two decades due to their potential use in
electronic and optoelectronic devices.1−3 Their one-dimensional geometry at nanometer scale can lead to diﬀerent
crystallographic,4,5 photonic,6−8 electrical,9,10 and mechanical11
properties than those of their thin ﬁlm counterparts. These
novel properties can be employed to develop devices with
superior performance in a broad range of applications including
diodes, sensors, and photocatalysis.12−15
Droplet-catalyzed growth is one of the most popular
techniques for fabrication of NWs. In this mode, catalytic
droplets are needed to achieve the vapor−liquid−solid (VLS)
growth,16 which is signiﬁcantly diﬀerent from the traditional
thin ﬁlm growth using the vapor−solid mode. Despite great
eﬀorts, the detailed nucleation mechanisms of this growth
mode are still unclear, particular due to the size of the catalytic
droplet being in nanometre scale. The inﬂuences caused by the
small droplet size can greatly aﬀect the NW growth and hence
modify the performances of the reactants.17 For example, the
Gibbs−Thomson (GT) eﬀect can increase the vapor pressure
of droplets and hence decrease the eﬀective supersaturation
inside.18,19 It is well-established that the droplet supersaturation
is a crucial factor for the NW growth, impacting NW growth
direction, growth rate, and crystal structure.20−23 Although
there are some studies of the droplet size eﬀect on Au-catalyzed
NW growth,24−27 to our knowledge there is no report on self© 2015 American Chemical Society
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Figure 1. (a) Side-view SEM image and (b) length-diameter summation of GS-GaAsP NWs grown at ∼635 °C. The blue line in b is the ﬁtting curve
described by the inset equation. The red dots in b are corrected by reducing the actual length by 5/60, because their growth time was 5 min longer
compared with black dots which can be referred to Figure 4 for further information.

XB 1540 focus ion beam/scanning electron microscope (FIB/
SEM) system. Simple scraping of the NWs onto a lacey carbon
support was used to prepare transmission electron microscopy
(TEM) specimens. The TEM measurements were performed
on JEOL 2100 and doubly-corrected ARM200F microscopes,
both operating at 200 kV. Compositional analysis using energydispersive X-ray spectrometry (EDX) was performed using
Oxford Instruments 100 mm2 SDD EDX detectors. Powerdependent photoluminescence (PL) spectroscopy was measured by a confocal microphotoluminescence system with a laser
spot diameter of ∼2 μm, and the spectra were detected with a
liquid nitrogen cooled charge coupled device camera. Roomtemperature PL measurement was performed using a nanometrics RPM2000 machine with excitation wavelength of 635
nm and power density of ∼500 W/cm2.
The morphology of GS-GaAsP NWs grown at ∼635 °C is
shown in Figure 1a. It can be observed that the lengths of
GaAsP NWs vary signiﬁcantly. This large length variation is
connected with the NW diameter diﬀerences. As can be seen
from the diameter-length summation in Figure 1b, the NWs
with larger diameters are generally longer. This can be
explained by the GT eﬀect, which can signiﬁcantly increase
the balanced vapor pressure of the droplets, especially the vapor
pressure of group V elements.18,19 For the smaller droplets, the
vapor pressure can be increased more than that of the larger
ones. Therefore, the eﬀective supersaturation Δμ (the eﬀective
diﬀerence between the chemical potentials of elements in the
vapor phase and in the NW) inside the droplet with a smaller
diameter is lower, which can be expressed as19,43

When using the NWs for the device fabrication after growth,
a good NW uniformity is favorable, because it can greatly
facilitate the fabrication process and hence reduce the cost. On
the other hand, highly nonuniform NWs have some advanced
properties that can greatly improve the device performance. For
example, resonant optical modes inside NWs are strongly
diameter-, length-, and period-dependent.38−40 If the devices
are made of NWs with random position, diameter, and/or
length, broad band optical enhancement is expected as
compared with uniform arrays.41,42 This is highly favorable
for fabricating high-eﬃciency photovoltaics and photodetections. Therefore, depending on diﬀerent objectives, the NW
needs to be controlled to be highly uniform or nonuniform.
However, most of the uniformity control is achieved by using
patterned substrates or Au-catalyzed mode that are either
expensive or limited by the potential Au contamination. The
development of uniformity control technique for self-catalyzed
NWs on nonpatterned substrates can provide a way to produce
high-performance but low-cost NW devices.
Here we present, for the ﬁrst time, observations of the GT
eﬀect in the self-catalyzed growth mode using GaAsP NWs.
Due to this eﬀect, NWs grown from smaller droplets exhibit
slower growth rates and have higher P contents compared with
those produced from larger ones. By controlling droplet size
uniformity, growths of highly uniform and highly nonuniform
NWs have been demonstrated. The crystallographic and optical
properties of NWs with diﬀerent uniformities were also studied.
The self-catalyzed GaAsP and GaAs nanowires were grown
directly on p-type Si(111) substrates by means of solid-source
III−V MBE. There were two approaches used for the GaAsP
NW growth. In the ﬁrst approach, growth was initiated with a
GaAs stem for 5 min and then followed by a 55 min GaAsP
growth, which are called GaAs-stem GaAsP NWs (GS-GaAsP
NWs) for simplicity. The other growth method started directly
with GaAsP and lasted for 1 h, which is called directly grown
GaAsP NWs (DG-GaAsP NWs). If not indicated otherwise, the
GaAs stem was grown with a Ga beam equivalent pressure of
1.12 × 10−7 Torr and V/III ﬂux ratio of 60 at ∼640 °C. The
GaAsP segments of both types of NWs were grown with a Ga
beam equivalent pressure, V/III ﬂux ratio, P/(As+P) ﬂux ratio,
and substrate temperature of 1.12 × 10−7 Torr, 50, 0.12, and
∼640 °C, respectively. GaAs NWs were grown with a Ga beam
equivalent pressure, V/III ﬂux ratio, substrate temperature, and
growth duration of 1.12 × 10−7 Torr, 44, ∼630 °C, and 1 h,
respectively. The substrate temperature was measured by a
pyrometer. The NW morphology was measured with a Zeiss

Δμ = Δμ0 − 4Ωαvs/d

(1)

where the Δμ0 is the supersaturation in the planar limit (i.e., d
→∞), Ω is the atomic volume of the growth species, d is the
diameter of the NW, and αvs is the average surface energy
density of the NW surface facets. The growth rate strongly
depends on the supersaturation and can be expressed as19,43
⎛ b Δμ ⎞2 ⎛ b Δμ0
−
v=⎜
⎟ = ⎜⎜
⎝ kT ⎠
⎝ kT

2
b 4Ωαvs ⎞
⎟
kTd ⎟⎠

(2)

where b is a kinetic coeﬃcient of crystallization, k is
Boltzmann’s constant, and T is the temperature. Thus, the
reduction of the Δμ can slow down the growth rate. With the
growth time of t, the NW length can be expressed as19,43
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Figure 2. (a) Phosphorus content of GS-GaAsP NWs with diﬀerent diameters. (b) Phosphorus content VS NW diameter.

Figure 3. 35° tilted SEM image, length summation histogram, and diameter-length relationship of GS-GaAsP NWs grown at (a, d, g) ∼640 °C, (b, e,
h) ∼645 °C, and (c, f, i) ∼650 °C. The insets in d, e, and f are the diameter summation histograms. The red columns in d−f and dots in g−h are
corrected by reducing the actual length by 5/60, which is the same as Figure 1b. The blue lines in g and h are the ﬁtting curves described by the inset
equations. The green line in h is the same as the blue line which was added to improve the clarity of the plot.

⎛ b Δμ t 2
0
L = vt = ⎜⎜
−
⎝ kT

b 4Ωαvst 2 ⎞
⎟⎟
kTd
⎠

2

throughout the growth, but with less Ga available to form the
droplet as a function of time. This explanation does however
not ﬁt the results obtained in the comparative growths
described later in the text.
To further examine the inﬂuence of the GT eﬀect on the NW
growth, the P content of GS-GaAsP NWs with diﬀerent
diameters was studied. As shown in Figure 2, the NW with a
smaller diameter is higher in P content, which is consistent with
the GT eﬀect. During the growth, the droplet vapor pressure
can be signiﬁcantly increased as the size decreases due to the
GT eﬀect.18,19,43 This results in the smaller droplets having a
stronger driving force to push out the group V elements inside

(3)

By deﬁning A = (b Δμ0t /kT) and B = (b 4Ωαvst /kTd), L
can be expressed as
1/2

2
⎛
B⎞
L = ⎜A − ⎟
⎝
d⎠

2

1/2

2

(4)

eq 4 ﬁts the experiment data well with A = 3 and B = 52.78.
Another explanation for the variation in length could be that
there is constant nucleation of new Ga-catalyzed nanowires
1239
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Figure 4. Growth mechanism illustration of GaAsP NWs grown with (GS NWs) and without (DG NWs) GaAs stems.

similar to Figure 1b. However, the relationship between the
diameter and length is changed to almost linear in Figure 3g
and then to parabolic in Figure 3h. These phenomena clearly
show that the nucleation and growth rate diﬀerences between
the large and small NWs were enlarged with the increase of the
growth temperature. This could however be due to the material
desorption from the wafer surface. During the growth, some
III−V materials deposited on the wafer surface can desorb back
to vapor phase. Part of these desorbed materials, Ga, As, and P,
can still contribute to the NW growth, because they can
impinge on the NW sidewalls and then diﬀuse to the droplets,
which is called secondary absorption. Therefore, the longer
NWs have an advantage in collecting the desorbed materials,
which can enhance their growth rate. With the increase of the
growth temperature, the III−V materials desorption from the
wafer surface can be greatly enhanced. The amount of materials
deposited on the wafer surface has been reduced signiﬁcantly at
higher temperatures, which can be seen in Figure 3a−c. This
can boost sidewall material collection and hence the growth
rate diﬀerence between long (thick) and short (thin) NWs.
According to the above observations, the model proposed in
Figure 4 could explain the large variation in NW length and
diameter during the growth of GS-GaAsP NWs. At the
beginning of the GaAs stem growth, there was no material
deposition on the substrate surface, which is beneﬁcial for the
formation of droplets with uniform diameters. Because growth
temperature was 5−10 °C higher than conventional GaAs NW
growth, the droplets for the GaAs stem growth were quite large
and hence led to NWs with large diameters (∼90 nm). These
NWs correspond to the large-diameter NW group shown in
Figure 3. Introduction of the P ﬂux for GaAsP growth can
signiﬁcantly increase the chemical potential of the vapor
phase.46 This can promote the formation of the second batch of
droplets. Due to the strong competition and interference from
the ﬁrst-batch GaAs stems, the inferior Ga collection
environment made the size of the second−batch droplets
much smaller and nonuniform. During the subsequent NW
growth, the strong GT eﬀect gave the smaller droplets higher
vapor pressures. As a result, the eﬀective supersaturation inside
was lower, making them slower in nucleation rate and hence
shorter. The droplet size distribution could thus govern the
NW uniformity. Consequently, it is important to keep a
constant chemical potential of the vapor phase for the
formation of uniform droplet size to achieve uniform NW
growth. To prove this, GaAsP NWs were grown without the
GaAs stem and in addition, pure GaAs NWs were grown as a

to lower the eﬀective supersaturation, as well as a higher barrier
for incorporating new group V atoms. Thus, the incorporation
eﬃciencies of group V elements in droplets with a smaller size
were reduced as compared with those of larger ones. The
higher P content in smaller NW suggests P here has a higher
incorporation probability than As during growth. This occurs
because P has a higher chemical potential with Ga in
comparison to As, and hence stronger nucleation ability.37 As
a result, its reduction in the incorporation eﬃciency was smaller
when the droplet size decreased, making the smaller NW richer
in P.
The inﬂuence of the growth temperature on NWs of
diﬀerent diameters was also studied. At the growth temperature
of ∼640 °C, the NWs can be roughly divided into two groups
by their diameters, forming a bimodal distribution. The NWs in
the large-diameter group are much longer (∼6 μm) and
uniform in both length and diameter, which can be seen from
the red columns in Figure 3d and the pink columns in the inset.
In contrast, the NWs from the small-diameter group are much
shorter (peak length ∼2.5 μm) and have a much wider
distribution in both length and diameter, which can be seen
from the blue columns in Figure 3d and the brown columns in
the inset. With the increase of the growth temperature to ∼645
°C, the size distribution of NWs did not change signiﬁcantly, as
can be seen in the inset of Figure 3e. However, their length
decreased rapidly, which is shown in Figure 3e. Compared to
the NWs in the large-diameter group, the length reduction rate
(ΔL/L0), where ΔL is the length reduction and L0 is the length
of NWs, Figure 3a sample) of the ones in the small-diameter
group is much larger. Further increase of the growth
temperature to ∼650 °C caused complete suppression of the
growth of small-diameter NWs, leaving only large-diameter
NWs with small density but good length and diameter
uniformity, as shown in Figure 3f. These phenomena can be
due to the temperature-dependent change in droplet supersaturation. With the increase of the growth temperature,
droplet supersaturation decreases, which can slow down the
nucleation and hence reduce growth rate.37,44 When the
temperature is higher than the critical value, the supersaturation
of the droplets can be too low to maintain the NW growth. For
smaller droplets, their critical temperature is lower because the
GT eﬀect can give them extra reduction in supersaturation as
compared with larger ones, making the small-diameter NW
group disappear at ∼650 °C.43,45
For each growth temperature, as shown in Figure 3g and h,
NWs with larger diameters are in general longer, which is
1240
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Figure 5. (a) 35° tilted view SEM image, (b) side view SEM image, and (c) length summation histogram of DG-GaAsP NWs. (d) 25° tilted view
SEM image, (e) side view SEM image, and (f) length summation histogram of GaAs NWs. The inset in c and f are the diameter summation
histograms of each sample.

Figure 6. (a) TEM images of a GaAsP NW. The inset is an electron diﬀraction pattern taken from the middle part of the NW. (b) Atomic level
resolution TEM image of the bottom part of the NW. The inset is an electron diﬀraction pattern. (c) Atomic level resolution TEM image of the NW
tip.

Figure 7. 10 K power-dependent PL measurement of (a) DG-GaAsP NWs and (b) GS-GaAsP NWs.

reference. There was no change in growth parameters during
the growths to provide a comparatively stable environment.
The results are shown in Figure 5. Both GaAsP and GaAs NWs
are highly uniform in length and diameter. The average NW
length (X̅ ), root-mean-square deviation (RMSD) and uniformity index (UI) are used to describe the NW length
information and are deﬁned by the following equations:

X̅ =

1
n

n

∑ Xi

(5)

i=1

RMSD =

1
n

n

∑ (Xi − X̅ )2
i=1

UI = 100%*(X̅ − RMSD)/X̅
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Figure 8. SEM images of GaAsP NW sample (a) before and (b) after the NW removal by ultrasonic bath. (c) Room-temperature PL measurement
of the samples from a and b.

where the n is the number of NWs that were used in the
summation.
The X̅ of GaAsP and GaAs NWs are 3879 and 3456 nm,
respectively. The RMSD is only 256 nm for GaAsP and 179 nm
for GaAs NWs. Therefore, the UI is as high as 93.4% for GaAsP
and 94.8% for GaAs NWs. This is in stark contrast with the GSGaAsP NWs shown in Figure 3a that has an X̅ , RMSD, and UI
of 2557 nm, 888 nm, and 65.3%, respectively.
The crystal quality of those NWs was checked by TEM
measurements. All of the GaAsP NWs have quite similar
features. One representative NW is shown in Figure 6a. Zinc
blend (ZB) crystal structure dominates this NW. The body part
is pure ZB and free of any defects. Defects are present at the
very tip and very bottom parts. Most of the defects at the
bottom part of the NW are single twins, which can be seen in
Figure 6b. This could be due to the slight ﬂuctuation of growth
environment at the initial stage. On the other hand, at the tip of
the NW, along with the single twins, there are wurtzite
segments. As can be seen in Figure 6c, the segments can be as
long as several nanometers on some occasions. These defects at
the tip should be due to the change of growth parameters
during the termination of the NW growth.
The optical properties of the GS- and DG-GaAsP NWs were
characterized by PL measurements. Two major peaks were
observed in both samples as can be seen in Figure 7. The ﬁrst
peak is around 750 nm at 10 K. The intensity of this peak is
much stronger at high excitation powers but decreases much
faster with reduction of excitation power compared with the
other peak. The emissions from the NWs should be the major
contribution to this peak. The high surface-to-volume ratio
results in NWs having a high density of surface states.
Therefore, at low excitation power, most of the generated
carriers were consumed rapidly at the surface states through
nonradiative recombinations. This resulted in low emission
intensity. However, the NWs have very good crystal quality
with low defect density. Most importantly, they have no
threading dislocations that can contribute to the nonradiative
recombinations. Therefore, as the surface states were getting
saturated with the increase of excitation power, the emission
eﬃciency and hence PL intensity increased rapidly. It needs to
be mentioned that the peak from the GS−GaAsP NWs is much
broader compared with that of the NWs without GaAs stems.
This could be because GS-GaAsP NWs have a large variation in
size and composition. Moreover, the spectra from GS−GaAsP
NWs are actually merged from two small peaks. This could be
explained by their bimodal NW distribution shown in Figure 3.
The second peak is around 920 nm at low temperature. It is
weaker but comparatively less sensitive to excitation power than
the 750 nm peak. In order to identify the origin of this peak,
GS-GaAsP NWs were grown at ∼630 °C to produce NWs as

well as high-density parasitic clusters. Room-temperature PL
measurement was performed on the sample before (Figure 8a)
and after (Figure 8b) NW removal. As can be seen in Figure 8c,
at room temperature, this peak is centered at around 1000 nm.
Before and after the NW removal, the intensity of this peak did
not change signiﬁcantly. In contrast, the NW peak decreased
dramatically. Therefore, the parasitic grown clusters should be
the main origin of the emission at 1000 nm (room temp.
measurement). It could be due to the defects caused by groupIII rich growth environment, such as Ga antisite defects and/or
group-V Schottky defects.47−49
In conclusion, the inﬂuences of the droplet size on growth of
self-catalyzed ternary NWs were studied using GaAsP NWs.
Nanoscale dimension of the catalytic droplets cause them to be
inﬂuenced by the GT eﬀect. With the decrease of the droplet
size, the inﬂuence from the GT eﬀect is stronger, resulting in
smaller droplets having lower supersaturation and hence a
slower nucleation rate. By controlling the size uniformity of the
catalyst droplets, through varying the chemical potential of the
vapor phase, the growth of both highly uniform and highly
nonuniform NW heights have been demonstrated. Furthermore, the droplet size was observed to also inﬂuence the NW
composition, with thinner GaAsP NWs found to be richer in P.
This could be explained by the fact that P has higher chemical
potential with Ga and hence stronger nucleation ability, which
make it more resistant to the GT eﬀect than As. These results
not only give valuable information for understanding the NW
nucleation mechanisms, but also provide additional knowledge
on how to control composition and uniformity of the NWs.
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Aagesen, M. Nat. Commun. 2013, 4, 1498.
(29) Zhang, Y.; Sanchez, A. M.; Wu, J.; Aagesen, M.; Holm, J. V.;
Beanland, R.; Ward, T.; Liu, H. Nano Lett. 2015, 15, 3128−3133.
(30) Zhang, Y.; Wu, J.; Aagesen, M.; Holm, J.; Hatch, S.; Tang, M.;
Huo, S.; Liu, H. Nano Lett. 2014, 14, 4542−4547.
(31) Paek, J.; Yamaguchi, M.; Amano, H. J. Cryst. Growth 2011, 323,
315−318.
(32) Wu, J.; Li, Y.; Kubota, J.; Domen, K.; Aagesen, M.; Ward, T.;
Sanchez, A.; Beanland, R.; Zhang, Y.; Tang, M.; Hatch, S.; Seeds, A.;
Liu, H. Nano Lett. 2014, 14, 2013−2018.
(33) Heiss, M.; Ketterer, B.; Uccelli, E.; Morante, J. R.; Arbiol, J.;
Fontcuberta i Morral, A. Nanotechnology 2011, 22, 195601.
(34) Dubrovskii, V. G. Appl. Phys. Lett. 2014, 104, 053110.
(35) Lany, S. Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 78,
245207.
(36) Ansara, I.; Chatillon, C.; Lukas, H. L.; Nishizawa, T.; Ohtani, H.;
Ishida, K.; Hillert, M.; Sundman, B.; Hillert, M.; Sundman, B.; Argent,
1243

DOI: 10.1021/acs.nanolett.5b04554
Nano Lett. 2016, 16, 1237−1243

