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Antimony-Rich GaAs,Sb,_, Nanowires Passivated by
Organic Sulfides for High-Performance Transistors and

Near-Infrared Photodetectors

Wei Wang, SenPo Yip, You Meng, Weijun Wang, Fei Wang, Xiuming Bu, Zhengxun Lai,
Xiaolin Kang, Pengshan Xie, Quan Quan, Chuntai Liu, and Johnny C. Ho*

Due to their excellent properties, ternary GaAs,Sb,_, nanowires have been
extensively investigated to enable various nanodevice structures. However,
the surfactant effect of antimony has a notorious impact on the surface mor-
phology and electrical properties of prepared Sb-rich nanowires, restricting
their practical utilization. Herein, through the in situ passivation effect of
thiourea, highly-crystalline, uniform, and thin GaAs,Sb;_, nanowires (x < 0.34)
are successfully achieved. In contrast to low-melting-point sulfur powders
typically used in surfactant-assisted chemical vapor deposition, thiourea has
a relatively higher melting point, facilitating the more controllable formation
of Sb,S, layer on the nanowire surface to minimize the radial growth and to
stabilize the sidewalls for high-quality Sb-rich nanowires. When configured
into field-effect transistors, the obtained GaSb nanowires exhibit excellent
device performance with a hole mobility of over 200 cm? V' s7. The optimal
GaAs13Sby 5, device yields an impressive responsivity of 5.4 X 10* A W~ and
an external quantum efficiency of 4.4 X 10°% under near-infrared light illumi-
nation. Importantly, the rise and decay times are as efficient as 80 and 104 ps,
respectively, which are better than any values reported for GaAsSb nanowire
photoconductors to date. All these results demonstrate the promising poten-
tial of GaAs,Sb,_, nanowires for high-mobility electronics and ultrafast near-

1. Introduction

In the past decades, due to the extraor-
dinary and versatile properties such as
appropriate direct bandgap, inherent
high carrier mobility, and substantial
light-to-current conversion efficiency, 1D
III-V semiconductor nanowires (NWs)
have attracted considerable attention as
building blocks for future applications in
electronics and optoelectronics.! As com-
pared to their bulk material counterparts,
the reduced dimensionality of III-V NWs
would provide them the superior surface-
to-volume ratio, wave-guiding properties,
light polarization sensitivity, and efficient
strain relaxation to reduce lattice defects
for enhanced crystallinity for technological
utilization."¥? In particular, the ternary
NW materials systems, including InGaAs,
InGaSb, and GaAsSb, have additional
degrees of freedom in lattice engineering
and bandgap manipulation, making them

infrared optoelectronics.
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the promising active elements for a variety
of field-effect transistors (FETs) and
broadband photodetectors.?! For example,
GaAsSb NWs are one of the ideal active
photosensing materials in the infrared optical communication
region. They are also advantageous to form various band align-
ments (i.e., type I, I or I1I) with other I1I-V compounds.!?>
However, although there is a significant recent advance in
the material synthesis, it is still a challenge to achieve high
density and crystalline GaAsSb NWs, especially with high Sb
composition in a controllable manner. In this case, various syn-
thesis methods have been explored to fabricate the high-quality
ternary GaAsSb NWs, mainly on the basis of vapor-liquid—solid
(VLS) growth mechanism. Recently, Li et al. reported the Ga
self-catalyzed growth of GaAsSb NWs with pure zinc-blende
(ZB) crystal structure by molecular-beam epitaxy (MBE). When
configured in back-gated FETs, these NWs exhibited the clear
p-type characteristics.¢l In addition, the gold-seeded GaAsSb
NWs with Sb content of below 60 at% were also realized by
metalorganic vapor phase epitaxy, while the impact of feeding
flow rate of the Sb precursor of trimethylantimony on the NW
morphology and crystal structure was delicately investigated.®!
Similarly, a two-step growth method was employed to assist in
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obtaining high-density GaAsSb NWs with Sb composition up
to 34 at% by MBE.®l In any case, the Sb composition beyond
30 at% in the GaAsSb NW system tends to have a detrimental
influence on NW surface and physical properties, inducing the
formation of tapered and kinked morphology, multiple facets
and thick parasitic islands growth.” Prepared by the aforemen-
tioned methods, the obtained GaAsSb NWs with Sb composi-
tion of over 60% are usually very thick (i.e., more than 200 nm),
and the axial length is even below 2 pm, even though the
growth parameters had been subtly adjusted within a narrow
process window. In this regard, these NWs are not favorable
for the fabrication of nanoscale electronic and optoelectronic
devices because of the short channel effects and associated
ineffective gate electrostatic control caused by the small aspect
ratio.l18]

In general, the substantially high Sb precursor concentra-
tion is required to achieve the rich Sb composition in GaAsSb
NWs. Simultaneously, due to the surfactant effect, Sb is prone
to float on the top of the growing surface of Sb-based NWs
during synthesis, impeding the Ga side-facet diffusion and
leading to the decreased axial growth rate.”®°! Meanwhile, the
concomitant radial growth on the sidewalls via vapor-solid
(VS) mechanism would give rise to the tapered morphology
and parasitic islands on surface, which pronouncedly deterio-
rates the electronic transport properties of NWs./>1% In order
to tackle all these issues, herein, we employ a kind of organic
sulfides (i.e., thiourea, SC(NHj,),) for the first time to suppress
the unintentional radial growth to obtain thin and uniform
GaSb and GaAsSb NWs via the solid-source chemical vapor
deposition (SS-CVD) process. Similar to other sulfide solu-
tions, when thiourea is heated to 180 °C or above, hydrogen
sulfide (H,S) gas would be gradually released.™ These H,S
species are commonly utilized for the surface passivation of
I11-V semiconductor by forming I1I—S and V—S bonds.”? In
contrast to the sulfur powders exploited in our previous GaSb
NW works,[®l the relatively higher melting point of thiourea
makes it to evaporate more controllably in the CVD chamber,
inducing more uniform NW growth with less agglomeration
and widening the growth process window. In this way, crys-
talline and stoichiometric GaAs,Sb;, NWs (x < 0.34) with
smooth surface and thin, uniform diameter (less than 30 nm)
without any tapering can be readily achieved. By systematically
varying the As and Sb concentrations, the effect of chemical
composition on their electrical and optoelectronic properties of
GaAs,Sby_, NWs can be explicitly investigated when they are
configured into NW FET devices, where these valuable findings
are scarcely reported in the literature due to the limited syn-
thesis of high-quality GaAsSb NWs. Interestingly, it is revealed
that the hole mobility of GaAsSb NWs witness an upward trend
with the increasing Sb composition, reaching a maximum
(=200 cm? V! s71) for GaSb NWs with a high Ioy/Iopy ratio of
>10%. For near-infrared (NIR) photodetection, the GaAsg15Sbq g,
NW devices deliver a respectable performance at room temper-
ature with a responsivity of 5.4 X 10* A W1, a specific detectivity
of 2.5 x 10" Jones and an external quantum efficiency (EQE) of
4.4 x 10°%, and a response time of 80 us under 1550 nm illu-
mination at a bias voltage of 2 V. This efficient response in the
tens of microsecond range is one of the fastest among all the
NW NIR photodetector reported so far. These excellent device
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performances can evidently demonstrate the great potential
of ternary GaAs,Sby_, NWs for future electronic and optoelec-
tronic applications.

2. Results and Discussion

As depicted in the schematic illustration in Figure 1a, thiourea
is utilized as surfactant for the Au-catalyzed SS-CVD growth
of GaSb and GaAsSb NWs. During the growth, 1 g of thiourea
powder is placed in an Al,O5 crucible positioned in the location
between the source and the substrate heating zones, where the
H,S species is controllably released to the downstream for the
formation of Ga—S and Sb—S bonds on the NW growth surface.
This surface passivation is an effective way to stabilize the high-
energy growth front of Sb-based I1I-V NWs in order to suppress
their uncontrolled radial growth.’*¥! More importantly, this
passivation scheme does not induce any adverse effect on the
manipulation of the chemical composition of GaAs,Sb;_, NWs
by simply varying the precursor powder mixing ratio (i.e., the
amount of GaAs and GaSb powders). The detailed NW growth
and passivation mechanism will be discussed in the section
later.

For a consistent comparison, pristine GaSb and GaAsSb
NWs have also been grown with the same process condition
without using any thiourea surfactant. In specific, Figure 1b
shows the relatively thick pristine GaSb NWs obtained with
the obviously kinked morphology and parasitic islands growth.
Based on the corresponding transmission electron microscopy
(TEM) image as presented in Figure 1d, there are spherical cata-
Iytic seeds clearly observed at the NW tips, indicating that the
NW growth follows the VLS mechanism. It is also noted that
there is a significant tapering behavior, mainly attributable to
the excessive NW radial growth. Except for the direct impinge-
ment upon Au catalyst droplets from the Ga precursor, the
catalytic droplets also collect the Ga atoms via the Ga adatom
diffusion toward the NW tip-body interface, which originates
from the adsorption of the substrate surface and the NW side
facets.®] However, the Sb atoms would react with the Ga atoms
adsorbed on the NW side-facet surfaces and reduce the diffu-
sion length of Ga adatoms on the facets, leading to the enhance-
ment of the radial growth and the tapered morphology via VS
mechanism. By contrast, the utilization of thiourea would dra-
matically improve the surface morphology by minimizing the
kinked morphology, reducing the diameters, and increasing
the growth density of GaSb NWs as witnessed in the scanning
electron microscope (SEM) image in Figure lc. Evidently, the
smaller diameters of the thiourea-assisted GaSb NWs are found
to be uniformly distributed along the axial direction, strikingly
demonstrating the effective suppression of the uncontrolled
radial NW growth (Figure le). From the statistics of more than
70 NWs for each sample group, the average diameter of thio-
urea-assisted GaSb NWs is 36 + 5 nm, which is much smaller
as compared to those (166 £ 50 nm) of growing without any thi-
ourea surfactant (Figure 1f). To further evaluate the crystallinity
and the growth orientation of thiourea-assisted GaSb NWs,
high-resolution transmission electron microscopy (HRTEM)
was carried out as displayed in Figure 1g. An amorphous native
oxide shell is observed with a thickness of about 3 nm. The
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Figure 1. a) Schematic illustration of the synthesis process of GaSb NWs with thiourea as surfactant. b,c) SEM images of GaSb NWs grown without and
with thiourea, respectively. d,e) TEM images of GaSb NW's without and with thiourea, accordingly. f) Statistics of the diameter distribution of the obtained
GaSb NWs. g) HRTEM image of the thiourea-assisted grown GaSb NW body. The inset shows the fast Fourier transform pattern of the NW body.

figure inset shows the corresponding fast Fourier transform
(FFT) pattern of the NW, illustrating the single crystalline zinc
blende structure and its preferential <111> growth orientation.
This direction is typically observed in III-V semiconductor
NW growth since it consists of the lowest free surface energy
planes for the NW nucleation and formation.®l In addition,
there is not any significant amount of crystal defects, such as
stacking faults or twin-plane polytypic defects, were identified
in the NW sample, which suggests the excellent crystal quality
and the good control of the thiourea-assisted growth process of
GaSb NWs. The crystal structure of pristine GaSb NWs without
any thiourea passivation is also assessed and confirmed to be
crystalline in the zinc blende structure (Figure S1, Supporting
Information). As a result, the introduction of thiourea does not
influence the crystal structure of the obtained NWs, while it
suppresses the notorious uncontrolled radial growth to achieve
the thin, long, and uniform NWs here.

In the meanwhile, it is necessary to explicitly reveal the role
of thiourea in the NW synthesis. As a type of organic sulfide,
thiourea is usually utilized to serve as the sulfur source for
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target applications.l”) Once thiourea is heated to above 180 °C,
the gaseous products, mainly comprising of H,S and NHj,
would be controllably released,[''* in which H,S is frequently
employed to surface-passivate the III-V semiconductors by
forming the I1I—S and V—S bonds on the surface. For instance,
Fukuda et al. reported that the H,S-treatment could effectively
reduce the unoccupied surface states of GaP due to the passi-
vation of dangling bonds.[?*% Therefore, X-ray photoelectron
spectroscopy (XPS) measurements were performed in this work
to assess the NW constituents’ chemical state. Prior to the XPS
measurements of GaSb NWs, in order to confirm whether the
sulfur atoms are indeed incorporated into the NW core or only
bond to the surface, the outer shells of NWs were first removed
by etching them in the dilute HF solution (1 vol%) for 1 min
and immediately followed by the deionized water rinse. It is
worth mentioning that the surface morphology of processed
GaSb NWs did not get damaged as the NWs were still long
and dense with smooth surfaces after etching (Figure 2a; and
Figure S2a, Supporting Information). The average NW diameter
is then shrunk from initial 36 nm down to 30 nm after the HF

© 2021 Wiley-VCH GmbH
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Figure 2. a) Surface morphologies of the thiourea-assisted grown GaSb NWs processed with 1vol% HF solution for 1 min. XPS studies of the GaSb
NWs grown with or without thiourea and those processed with HF: b) S 2s spectra; c,d) deconvoluted Ga 3d profiles of GaSb NWs without and with
thiourea, respectively; e,f) deconvoluted Sb 4d profiles of GaSb NWs without and with thiourea, accordingly.

treatment (Figure S2b, Supporting Information), indicating the
outmost amorphous shell (=3 nm as shown in Figure 1g) could
be completely removed by this ex situ treatment. In this case,
XPS analysis was subsequently carried out by focusing on the
core levels of the spectra of S 2s, Ga 3d, and Sb 4d for the three
different sample groups, i.e., GaSb NWs grown with/without
thiourea and the HF-treated NWs with thiourea passivation. All
the XPS spectra have been calibrated with the reference peak of
C 1s (284.6 eV). As shown in the S 2s spectra in Figure 2b, the
S core level is only observed in the thiourea-passivated sample
without HF etching, ascertaining that the S atoms only exist
on the NW surface and the possibility of incorporating the S
atoms into the NW core by surface passivation could be ruled
out. Moreover, it is clear that the spectrum of Ga 3d without
any sulfide modification can be decomposed into three compo-
nents by Gauss-Lorentz fitting, corresponding to the Ga—Sb
(at 18.5 eV), Ga—O (at 20.0 eV), and O 2s (at 23.1 eV) bonds,
respectively (Figure 2c). For the sulfide passivated sample, a
new component arises in the oxide component area of Ga 3d,
with the binding energy shift to a lower value with respect
to Ga—O by —0.7 eV, which could be assigned to the Ga—S
bonding (Figure 2d)."® Interestingly, the Ga—O peaks are more
intense than other Ga 3d peaks (e.g., Ga—Sb peaks) for both
NW samples with or without thiourea passivation; therefore,
the Ga atoms on the NW surface are prone to be oxidized when
exposed to the ambient, also elucidating the minor effect of thi-
ourea on Ga atoms due to the relatively weak Ga—S bonding.
This way, it makes sense that the intensity of Ga—O peak gets
apparently diminished after HF etching (Figure S2c, Supporting
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Information). At the same time, based on the peak fitting of
the Sb 4d spectrum, the chemical bonds of Ga—Sb (4ds), at
31.3 eV and 4d;); at 32.5 eV) and Ga—O (4ds), at 33.8 eV and
4d;), at 35.1 eV) are observed for the pristine unprocessed NWs
(Figure 2e). In contrast, there is a significant reduction in the
relative magnitude of the oxide component area of Sb 4d core
levels for the thiourea-processed samples (Figure 2f). These two
components’ binding energies are also observed to shift to 33.1
and 34.5 eV, respectively, which can be designated to the for-
mation of Sb—S bonds.” Therefore, these peak intensity differ-
ences and binding energy shifts between the samples with and
without thiourea treatment can confirm a noticeable effect of
thiourea on the passivation of GaSb NWs. The Sb—S bonds are
established on the NW surface to inhibit the surfactant effect
of Sb and thus stabilize the NW sidewalls. After HF treatment,
the Sb—O bonds are witnessed to emerge with relatively high
intensity (Figure S2d, Supporting Information). This is mainly
caused by the exposure of adjacently inner Sb atoms to the
ambient that results from the removal of outmost amorphous
shells, convincingly proving the passivation mechanism of thio-
urea by forming Sb—S bonding on the NW side-facet surface.
Besides H,S, it is also important to investigate the impact
of another gaseous product, NH3, on the surface morphology
and chemical composition of GaSb NWs. In this case, the
growth of GaSb NWs under the condition of NH; gas flow
without using any thiourea was purposely implemented. As
depicted in Figure S3a,b (Supporting Information), there are
substantial surface coating and kinked morphology observed
for the large-diameter NWs, similar to the pristine NWs grown

© 2021 Wiley-VCH GmbH
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without any surfactant, which manifests that the introduction
of NH; can hardly surface-passivate the GaSb NWs. Due to
the severe inference of N 1s binding energy with the strong Ga
Auger peak in XPS measurements, electron energy loss spec-
troscopy (EELS), instead of XPS, was employed to characterize
the elemental composition of the obtained NHj-enabled NWs.
It is clear that there is homogeneous distribution of Ga and Sb
along the NW body, whereas the scarce presence of N indicates
the absence of N adsorption or passivation on the NW surface
(Figure S3c,d, Supporting Information). All these findings
have further confirmed that the thinning of GaSb NWs could
be dominantly ascribed to the existence of H,S. Without using
any surfactant, the GaSb NW would be grown with abundant
surface Ga,O, and Sb,0, layers as evidenced in the XPS spectra
discussed before. When the thiourea is utilized, the GaSb NW
sidewall would be stabilized by the formation of Sb,S, layer
(coexisting with Ga,S, and Ga,O,). As a result, the electrical
device properties of surface-passivated NWs are anticipated to
be correspondingly enhanced for the reduced surface states and
the reinforced gate electrostatic control.

To evaluate the electrical properties of prepared GaSb
NWs, global back-gated NW FETs were fabricated with indi-
vidual GaSb NWs as device channels by using Ni source/
drain electrodes (=60 nm) with the same configuration as pre-
viously reported.?d As given in the transfer characteristics in
Figure 3a,b, both the NW devices with and without thiourea
treatment deliver a typical intrinsic p-type semiconducting
behavior. It is worth noting that the thiourea-passivated GaSb
NW device has remarkably enhanced the FET device properties,

www.advopticalmat.de

exhibiting a large on-state current (480 nA), a low off-state cur-
rent (36 pA), and an impressively high on/off current ratio
(>10% under Vg = 0.1 V as compared with the counterpart
without thiourea treatment. The output characteristics of the
device configured with the thiourea-treated NW channel are
displayed in Figure 3c, where the linear relationship demon-
strates the ohmic-like contact behavior between Ni electrodes
and NW channels. Meanwhile, the field-effect hole mobility (1)
can be extracted and calculated from the transfer characteristics
by the following analytic expression!2%]

N S
H=gn

Con )

where g, is the transconductance defined as dls/dV,, L is the
NW channel length, Coy is the gate oxide capacitance, and Vj
is the source—drain bias. Cpx can be derived from the finite ele-
ment method by using COMSOL software.>d Then, the peak
mobility of the thiourea-passivated NW device is calculated to
be as high as =200 cm? V7! 57, which almost quadruples the
value of the thick GaSb NW device without thiourea treat-
ment (Figure 3d). Statistical results of the peak mobility and
on/off current ratio values of the devices are also compiled
in Figure 3ef, further proving the significant improvement
of FET properties after the passivation treatment of thiourea.
The variations of mobility and on/off current ratio for each
sample group can be attributed to the different NW diameter,
surface roughness, crystallinity, and other factors that can affect
the NW FETS’ electrical properties.
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Figure 3. a,b) Transfer characteristics of the NW FET configured by using a single thiourea-treated and -untreated GaSb NW channel under source—
drain bias of 0.1V, respectively. The schematic diagram of the device configuration is shown in the inset. ¢) Output characteristics of the NW FET
configured by using a single thiourea-treated GaSb NW channel. d) Mobility of the corresponding devices presented in panel a). e,f) Statistics of the
mobility distribution and on-off current ratio of thiourea-treated and untreated GaSb NW FETs.
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In general, the device performance enhancement is mainly
due to the better NW crystallinity and the much larger aspect
ratio for more efficient gate coupling resulted from the sur-
factant passivation. Based on the forward I3—V,, sweep of the
transfer characteristics presented in Figure 3a, the free hole car-
rier concentration can be estimated by the analytical equation/?!

4Cox (Vs = Vin )
mqd’L

ny =

(2)

where Vy, is the device threshold voltage, d and L are the dia-
meter and length of the NW channel, respectively. As com-
pared with the FET device based on the thiourea-passivated NW
channel, the thicker NW FET exhibits a lower carrier concentra-
tion at the zero gate voltage and the n;, value decreases from
2.88 x 107 to 1.37 x 107 ¢cm™, accordingly. On the one hand,
with thiourea treatment, the GaSb NW surface states would be
passivated and thus fewer carriers could be trapped by the NW
surface. In this way, the improved NW crystallinity with min-
imal crystal defects is beneficial to augmenting free carrier con-
centration. In addition, the diameter of thiourea-treated GaSb
NWs is substantially reduced as compared to those untreated
NWs. This aggressive NW diameter scaling would offer better
gate electrostatic control, which yields the lower drive voltages
while maintaining sufficient on-sate current and lowering off-
state current for the minimized power consumption as explic-
itly evidenced in Figure 3ef.8?2 It is also noted that although
the NW diameter can be shrunk by HF etching, this surface
etching is not an ideal approach to achieve thin NWs due to
the significant amount of trap states induced, deteriorating the
electrical properties of NW devices (Figure S2e,f, Supporting
Information). In any case, the NW growth with thiourea con-
tributes to the larger aspect ratio of the GaSb NWs and the
improved crystal quality for the remarkable enhancement of
NW FET device performance.

Apart from GaSb NWs, thiourea is also found to play an
effective role in improving the surface quality and control-
ling the diameter of ternary Sb-rich GaAs,Sb;_, NWs (with
precursor powder mixing ratio of GaSb:GaAs = 20:1 in wt%).
The ternary NWs are also grown without using any surfactant
with the same growth condition for a consistent comparison.
At first, the NW morphologies were evaluated by employing
SEM and TEM. Based on the SEM and TEM images displayed
in Figure 4a,c, the GaAs,Sb;_, NWs without any passivation
exhibit the poor morphology with significant tapering, which
presents a similar feature with the unmodified GaSb NWs on
account of high Sb concentration. By contrast, the participation
of thiourea in the growth can noticeably eliminate the kinked
and tapering behaviors, thus achieving the far thinner NWs as
shown in Figure 4b,d. The diameter distribution was assessed
from the TEM images and illustrated in Figure 4e. It is evi-
dent that the passivated NWs are relatively thin with a narrow
diameter distribution (29 + 4 nm) as compared to the thiourea-
untreated ones (190 + 43 nm). Notably, the NW sidewall rough-
ness is identified as one of the key factors to enable impressive
device performance. As demonstrated in the AFM tomography
images in Figure S4a,b (Supporting Information), the GaAsSb
NW grown without thiourea would have distinct parasitic
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growth along the axial direction, whereas dramatic changes
occurred for the thiourea-assisted grown NW, having the much
smoother surface without any obvious particle coatings. There-
fore, thiourea can not only restrain the uncontrolled radial NW
growth but also stabilize the side-facet surface of GaAsSb NWs
to a great extent.

At the same time, HRTEM studies were also carried out to
assess the crystallinity of as-prepared ternary GaAsSb NWs.
Figure 4f and Figure S4c,d (Supporting Information) give the
HRTEM images of representative GaAsSb NWs grown with
and without thiourea, accordingly. The almost defect-free and
highly-crystalline zinc blende phase is confirmed for both NW
samples. The FFT patterns demonstrate the growth orientation
along <111> and <110> direction, respectively, both of which
are very common in III-V NW growth. Their chemical com-
position could be determined by using energy dispersive X-ray
spectroscopy (EDS), where they are found to be GaAsg5Sbg.os
and GaAs1;Sbggg for the samples with and without thiourea
(Figure S5, Supporting Information). The relatively signifi-
cant difference in As concentration could be attributed to the
reservoir effect in ternary III-V semiconductor NWs that has
been reported previously.#23] The exchange of As for Sb at the
NW surface during growth would cause outward diffusion of
Sb or radial GaAs overgrowth, which can be demonstrated by
the apparent parasitic growth phenomenon (Figure S4a, Sup-
porting Information). In this study, for the GaAsSb NWs, the
As—Sb exchange at the NW surface during growth would result
in the composition inhomogeneity and the accumulation or
clusters of As atoms. However, with the sidewall stabilization by
using thiourea surfactant, the diffusion of As and Sb adatoms
along the NW surface is anticipated to be hindered, leading to
the suspension of As—Sb exchange and parasitic growth on the
NW surface. Consequently, the thin NWs with smooth surfaces
together with relatively low and homogeneous As composi-
tion would then be achieved. EDS mappings were as well per-
formed on the GaAsysSbges NWs, where the elements of Ga,
Sb, As, and S are all distributed in a uniform manner along
both axial and radial directions of the NW (Figure 4g). In addi-
tion, the evenly distributed S atoms on the NW surface further
confirm the existence of the surface passivation layer. All these
results suggest that the thiourea-assisted SS-CVD technique
can be employed to synthesize high-quality Sb-rich GaAs,Sb,_,
NWs with well-controlled surface morphology and good crystal-
linity. Moreover, the pure zinc blende crystal structure without
any wurtzite phase is witnessed for all GaSb and Sb-rich
GaAs,Sby_, NWs as illustrated in the X-ray diffraction (XRD)
patterns in Figure S5c (Supporting Information), consistent
with the HRTEM results as discussed above. Expectedly, the
main peaks of GaAsSb NWs are found to shift toward the larger
angle with the introduction of As, indicating the decreased lat-
tice parameter due to the smaller size of As atoms replacing the
Sb atoms. With comparison to the thiourea-untreated NWs, a
smaller angle shift is also observed for the GaAsSb NWs with
thiourea, which is in accordance with the EDS analysis that the
passivation effect would limit the incorporation of As atoms
into NWs through an exchange mechanism.

Subsequently, the growth of GaAs,Sb;_, NWs with varied
chemical stoichiometry was conducted via the robust thiourea-
assisted SS-CVD process. GaSb and GaAs powders in different
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Figure 4. a,b) Surface morphologies and c,d) TEM images of GaAsSb nanowires grown without thiourea and with thiourea. e) Statistics of diameter
distribution of the GaAsSb NWs grown without and with thiourea. f) HRTEM image of the thiourea-treated GaAsSb NW. The inset shows the fast
Fourier transform pattern of the NW body. g) HAADAF-STEM image and corresponding EDS mapping of Ga, Sb, and As elements of the thiourea-

assisted grown GaAsSb NW.

mixing ratios (i.e., 2:1, 1:1, 1:1.5, and 1:2 in wt%) were used as the
precursor source. The mixed ratio can predetermine the vapor
pressure of Sb and As under a specific source temperature.
Therefore, it would affect the final composition of the grown
ternary NWs. Here, the chemical compositions of all NWs were
determined by EDS point scan based on the random statistics of
more than 10 NW candidates for each sample group, where they
are found to be GaAsj;1Sbgge, GaAsgigSbggy, GaAsg,5Sbg s,
and GaAs;3,Sbyes for the powder mixing ratio of 2:1, 11,
1:1.5, and 1:2 in wt%, respectively. The detailed growth para-
meters and NW composition are also compiled in Table S1 and
Figure S6 (Supporting Information). It is evident that the lower
powder mixing ratio of GaSb: GaAs would yield the GaAs,Sby_,
NWs with the higher As content, which is anticipated to pos-
sess different controllable electronic and optoelectronic proper-
ties. The slight variation in the chemical composition indicates
the tight control over NW stoichiometry by the present CVD
technique, favoring to assess the NW composition-dependent
properties. Furthermore, as demonstrated in the SEM and TEM
images in Figures S7 and S8 (Supporting Information), all the
GaAs,Sby_, NWs with the different composition are reliably
achieved in high density, exhibiting the desired morphology
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with smooth surfaces and nontapered characteristics along the
NW length, which is very beneficial to the subsequent device
utilization and electronic performance enhancement. Based on
the TEM characterization, the diameter measurement results of
different GaAs,Sb,_, NWs (0 < x < 0.34) were summarized in
Figure S9a—e (Supporting Information). The 95% confidence
interval for the average diameter is also depicted by the error
bar for each composition. As extracted from the statistics of
more than 70 NWs for each sample group, the average diameter
of all NWs are found to be similar, ranging from 21 to 36 nm.
Obviously, there is not any significant impact made on the
NW morphology and diameter variation when the As concen-
tration is varied. Furthermore, as verified in the XRD patterns
and HRTEM images (Figures S9f and S10, Supporting Infor-
mation), the GaAsg;Sbggo, GaAsy1gSbogy, GaAsy,5Sbg7s, and
GaAs 34Sbg ¢s NWs preserve the pure ZB crystal structure and
growth direction of <111> without any obvious planar defects,
although the higher As concentration is alloyed. This could be
attributed to the small difference between the atomic radius of
As and Sb as well as the high compatibility of As atoms with
the ZB structure of GaSb. Regarding the XRD patterns, it is
noteworthy that there exists a peak shift tendency toward the

© 2021 Wiley-VCH GmbH
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Figure 5. a) Transfer characteristics of a representative NW FET configured with a single GaAsg gsSbg g5 NW channel. The inset shows the SEM image of
the back-gated NW FET with Ni contacts. b) Mobility calculation of the NW FET presented in panel a with double-sweep measurement under source—
drain bias of 0.1 V. ¢) Output characteristics of the NW FET device presented in panel a). d—f) Statistics of the field-effect peak hole mobility, on-off

current ratio and threshold voltage as a function of As concentration. In each sample group, more than 30 different NW FET devices are evaluated.

larger 20 value with the plots of increasing As concentration,
suggesting that no phase segregation occurs. This again high-
lights the advantages of the thiourea-assisted CVD method
for synthesizing high-quality and composition-tunable ternary
GaAsSb NWs in small diameters.

Once the highly-crystalline GaAs,Sb,_, NWs are successfully
grown by the thiourea-assisted CVD method, we can start to
systematically investigate their intrinsic properties and explore
their potential applications. In order to illustrate their elec-
tronic properties with varied chemical composition, the global
back-gated FET devices were fabricated with Ni contacts. The
device configuration is the same with that of the single GaSb
NW FET in Figure 3a inset. From the typical transfer charac-
teristics of GaAsgsSbyos NW FET, it is clear that the source—
drain current (Ij) decreases with the increasing gate voltage
(Vgs), indicating the p-type semiconducting behavior (Figure 5a).
As shown in the corresponding SEM image in Figure 5a inset,
this NW device has a channel length of =3 um. In spite of the
incorporation of a certain amount of As atoms in this ternary
material system, this p-type behavior is probably attributed
to the prevalence of Sb related point defects, such as antisite
defects and vacancies, acting as acceptors in the NWs.?4 The
inconspicuous hysteresis in the transfer characteristics is pos-
sibly induced by the movable ions in the dielectric and absor-
bents from ambient, etc. Next, by applying Equation (1) based
on the standard square-law model, the field-effect hole car-
rier mobility in the linear region can be extracted from the
double-sweep I3~V curves under source-drain bias of 0.1 V.
As seen in Figure 5b, the peak hole mobility of GaAss5Sbg.os
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NW FET is determined to be 92 cm? V! s7L. It is also con-
firmed that there is a negligible error raised by the hysteresis
associated with different sweep directions. More importantly,
the linear relationship of Ij—Vj, indicates the ohmic-like con-
tact between the GaAs,Sby_, NW channels and Ni electrodes
(Figure 5c and Figure S1lc—, Supporting Information). To fur-
ther assess the FET device properties of GaAs,Sb;_, NWs with
different As concentration, more than 30 NW devices were
measured for each As concentration, while the corresponding
statistics of the extracted mobility, Ioy—Iorr ratio and threshold
voltage values are compiled in Figure 5d—f. These results show
the clear stoichiometric dependence of FET device proper-
ties. With the increasing As composition, the field-effect hole
mobility values witness a monoclinic decreasing trend from
the average value of =180 to =20 cm? V7! s7}, whereas a con-
trary tendency is observed for the Ioy—Iopp ratio. This could
be related to the following three causes. First, since the p-type
semiconducting behavior of GaAsSb NWs mainly originates
from the Sb-related point defects, the hole concentration would
be reduced with the increasing As content introduced into the
GaSb materials, which favors to turn off the devices while dete-
riorates the hole mobility, leading to the dampening effect of
p-type characteristics. As depicted intuitively in Figure S1la,b
(Supporting Information), the GaAs3,Sbgss NW FET exhibits
the minimal on-state current and hole mobility, indicating that
Sb alloying at the higher content is beneficial to the enhanced
carrier concentration and the improved GaAsSb NW device
performance. Second, in light of the Drude model, the charge
carrier mobility (u) is determined by the carrier effective mass

(8 of 13) © 2021 Wiley-VCH GmbH
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(m*) and the momentum relaxation time (7), with the relation-
ship of u = er/m*.>’] Based on the Fréhlich coupling mecha-
nism in polar inorganic semiconductors, the electron-phonon
coupling would be enhanced in GaAs with respect to GaSb,
which is attributed to the higher ionicity of the Ga—As bond
(fractional ionic character: 0.36) as compared with that of the
Ga—Sb bond (fractional ionic character: 0.26).2°1 Hence, the
momentum relaxation time (7) is anticipated to decline with
a higher proportion of Ga—As bonds in the ternary GaAsSb
NWs. As a result, combining with the larger effective mass for
the heavy and light hole bands for GaAs than GaSb, the down-
ward trend of hole mobility would come into being with the
rise of As concentration.l”’] Finally, to a certain extent, GaAsSb
NWs still suffer from the increased alloy scattering with the
increasing As concentration despite of the similar electron
affinity between As and Sb. In addition, as the As content rises,
the declining trend of the threshold voltage is as well observed
in Figure 5f, corresponding to the transformation from deple-
tion mode to enhancement mode for the device operation of
NW FETs. These different Vy, values are usually associated
with the various amount of carrier concentration. As explained
above, the increase of As composition tends to reduce the hole
concentration in the NW channel. This way, the NW FETs can
be switched off more easily without applying a large positive
gate voltage. From the evaluation results of the FET perfor-
mance, the decrease of mobility corresponds to the reduction of
Vi and improvement of Ioy—Iopr ratio with the increasing As
concentration in GaAs,Sb;_, NWs (0 < x <0.34). These findings
could provide a design guideline in choosing the appropriate
chemical stoichiometry of ternary GaAsSb NWs, in which the
enhancement of Ioy—Iopr ratio and high energy-efficiency may
be attained at the cost of mobility degradation. Therefore, com-
prehensive considerations are required to achieve the optimal
device performance.

On top of the FETs, III-V semiconductors are also usually
employed as superior optoelectronic materials. Nevertheless,
up till now, the development of cost-effective NIR photodetec-
tors with high stability and photosensitivity is still a challenge
due to the lack of suitable active photosensing materials. Inter-
estingly, the thiourea-assisted grown GaAs,Sby_, NWs exhib-
ited efficient photoconductive characteristics toward the short-
wave infrared regime (i.e., optical communication region at
1550 nm). In specific, the FET-based photodetectors made of
individual NWs were fabricated and characterized under IR illu-
mination as shown with the device schematic in Figure 6a. The
typical output current-voltage characteristics of GaAsggSbgg,
NW photodetector were measured under various power densi-
ties (i.e., 0.019, 0.064, 0.127, 0.178, 0.271, and 0.350 mW mm™2)
of 1550 nm light irradiation as presented in Figure 6b. It is clear
that the illuminated output current increases accordingly with
the rise of light power density under a constant source—drain
bias (Vg = 2 V) and a zero gate bias (V, = 0 V), suggesting
the effective photoresponse of the NW device. This illuminated
current is generally known as the photocurrent (I), which
is defined as the current difference between the illuminated
state and the dark state (i.e., Ipn = ljgne — Idan)- Figure S12a
(Supporting Information) shows that the as-fabricated NIR
photodetector exhibits the excellent on/off switching behavior
under different light intensities. To further appraise the pho-
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toresponse characteristics of the device, the dependence of
measured photocurrent on varied light intensities is compiled
in Figure 6¢, in which the relationship can be fitted by the fol-
lowing power law equation

I,, = AP’ (3)

where A and 6 are the fitting parameters and P is the light
intensity. Through the fitting, the value of 6 is estimated to be
0.5. Evidently, there is a sublinear upward trend in the device
photocurrent with light intensity, which is typically observed
for the semiconductor materials. This phenomenon primarily
results from the complex electron-hole generation, trapping
and recombination during the photodetection process.”8] On
the other hand, photoresponsivity (R), detectivity (D*), and
external quantum efficiency (EQE) are other figure-of-merits to
quantify the device performance, which can be defined as

I

R=" (4)
PS
N S
D =R-
\ 2¢lan ©)
he
EQE=R— 6
QE=R2E ©

where S is the effective irradiated area of the NW channel, e is
the electronic charge, h is the Planck’s constant, ¢ is the velocity
of light, and 1 is the incident wavelength.?%l Here, the effec-
tive irradiated area (S) of the photodetector is calculated by the
expression of S=d x| (d and | are the NW diameter and channel
length, respectively). As given in Figure 6¢,d, both the respon-
sivity and detectivity are observed to increase dramatically with
light intensity. Under a low light intensity of 0.015 mW mm™2
and a source—drain bias of 2V, the R value is found to be as high
as 5.4 x 10* A W1, while the corresponding D* and EQE are
up to 2.5 x 10 Jones and 4.4 x 10°% (Figure S12b, Supporting
Information), respectively. These results illustrate the pro-
nounced sensitivity of the NW device for NIR photodetection.
Meanwhile, the photodetectors’ stability and response speed are
also crucial for their practical utilization. When illuminated at
an intensity of 16.0 mW mm™2, it is revealed that the as-fab-
ricated NIR photodetector yields excellent periodicity and sta-
bility by periodically modulating the 1550 nm laser at a chopped
frequency of 0.2 Hz (Figure 6e). The slight fluctuation of the
on/off-state current could be caused by the absorption/desorp-
tion of surface molecules. It is also noted that the GaAsSb NW
photodetectors show a slight persistent photocurrent when they
are switched off, which can be attributed to the surface states
and the Sb-related defects. The rise and decay times, defined
as the time interval between 10% and 90% of the peak value
of photocurrent, accordingly, can be extracted from the high-
resolution photoresponse measurement (Figure 6f). The rise
and decay times are determined to be 80 and 104 us, respec-
tively, indicating the very fast response of the device. This effi-
cient response is one of the fastest and very competitive among
all the III-V semiconductor NW NIR photodetectors reported

© 2021 Wiley-VCH GmbH
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Figure 6. Infrared photodetection of single thiourea-assisted grown GaAsg13Sbg g, nanowire device (1550 nm laser): a) Schematic of the single NW
photodetector device structure. b) Current-voltage curves under various illumination intensities. c) Photocurrent and responsivity as a function of the
incident illumination intensity. d) Dependence of detectivity on the light intensity. e) The reproducible on/off switching with the chopped frequency
of 0.2 Hz (16.0 mW mm™). f) A high-resolution photoresponse of the photodetector to indicate the rise and decay time constants. Comparison of
infrared photodetection performance of the single GaAs,Sb,_, nanowire devices under the illumination intensity of 0.35 m\W mm=2 (1550 nm laser).
g) Dark current, h) responsivity, and i) detectivity as a function of the As concentration. The source—drain bias is 2 V and gate bias is 0 V.

in the literature (Table 1), designating the rapid generation
and recombination process of the electron-hole pairs occurred
in the NWs when illuminated by the light. This extraordinary
photodetection performance with high R and D* values, as well
as the fast response speed, could be attributed to the relatively
high mobility, superior crystal quality, and few surface states of
the NWs, etc.

Since the highly-crystalline GaAs,Sby_, NWs with different
chemical stoichiometries have been readily achieved by the
thiourea-assisted CVD process, it is also important to explore
the relationship between the NW composition and the fab-
ricated NW photodetector properties. The photodetection
performance of other representative GaAs,Sb;_, NW devices
are displayed in Figures S13-S17 (Supporting Information).
The variation of dark current, responsivity and detectivity
of the NW photodetectors with different composition are
systematically investigated under the illumination intensity of
0.35 mW mm~™2 in Figure 6g—i and compiled in Table 2. It can
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be seen that there is a significant difference among their per-
formances. Explicitly, the dark current of NW devices drops
dramatically with the increasing As composition of NW chan-
nels. The reduced dark current corresponds to the less free
hole carrier concentration in the NW channel, which results
from the fewer amount of Sb-related point defects with more
As concentration incorporated in the NWs. This observa-
tion is in accordance with the FET properties that the higher
Ion—Iorr ratio and the reduced threshold voltage are yielded
due to the replacement of Sb atoms with As atoms. As the As
composition rises, the responsivity of GaAs,Sb;_, NW devices
is found to experience a moderate downward trend. Typically,
the device photocurrent is proportional to the carrier mobility
and carrier lifetime of the devices (i.e., I,y e #£7).”) On the one
hand, as shown in Figure 5d, the NW device’s carrier mobility
decreases with the increasing As content, which would result
in the decreasing photocurrent. Similarly, with the increasing
Sb content, the hole concentration of GaAs,Sb,_, NWs would

© 2021 Wiley-VCH GmbH
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Channel material Incident wavelength Source—drain bias Responsivity [A W] Detectivity [Jones] Rise/decay time Ref.
InGaAs 1550 nm@RT 0.5V 7.3 x10° 4.2 101 480/810 us [3b]
InGaAs 1600 nm@RT 0.5V 6.5x10° - 70/280 ms [30]
InGaAs 1550 nm@77 K v 5.75 - - 131]
InAsP 1700 nm@RT 0.5V 5417 - - [32]
GaAsSb 1550 nm@RT 0.15 1.44 6.55 x 10° - 133]
GaAsSb 1310 nm@RT 1V 1.7 x 10 - 60/250 ms [34]
GaSb/GalnSb 1550 nm@RT 1Y% 1.05 x 10 - 2/3.7 ms 35]
InGaSb 1550 nm@RT 2V 6 x10° 3.7x10° 38/53 us [3¢]
Graphene/InAs 1000 nm@RT 2V =0.5 - - [36]
InAs 632-1470 nm@RT 2V 5.3x10° - - [37]
GaAsSb/InP 1300 nm@RT 1.5V 325.1 4.7 10" - [38]
GaAsSb 1550 nm@RT 2V 5.4x10* 2.5% 10" 80/104 us this work
increase accordingly (Figure S18, Supporting Informa-  Additional future works can be focused on the implementa-

tion), which lead to the increase of surface recombination
velocity.*** Due to a certain amount of surface states, this
high surface recombination velocity would give the high non-
radiative recombination rate, degrading the internal quantum
efficiency of GaAs,Sb;_, NWs with the higher Sb content.[*!
This could also be reflected by the slightly enhanced response
speed of ternary GaAs,Sb,_, NW photodetector as com-
pared with that of the GaSb NW device (Table 2). Eventually,
the high Sb concentration would adversely affect the carrier
lifetime of GaAs,Sb;_, NW photodetector. In this case, it is
anticipated that the photoresponse of those NWs would not
witness a sharp fall with the increasing As content, although
their carrier mobilities are obviously different. Technically, the
detectivity of GaAs,Sb;_, NW photodetectors is impacted by
the integrated effect of responsivity and dark current. It can
be seen that the detectivity rises gradually, reaching a peak at
x = 0.18, then it continues to decline with the increasing As
content later. Evidently, the dramatic decrease of dark current
with the higher As content contributes to the enhancement
of device detectivity. Similar to the FET results, the character-
istic parameters of photodetection would also interplay with
each other. Thus, the ideal photodetector performance can be
attained by finely adjusting the composition of GaAs,Sb,_,
NWs. Anyway, the excellent photodetection performance of
GaAs,Sby_, NW devices demonstrates clearly the robustness
of the thiourea-assisted CVD method developed in this work.

tion of p—n junctions, metal-semiconductor Schottky junctions
and heterostructures to further refrain the detectivity degrada-
tion in the near-infrared waveband.

3. Conclusions

In conclusion, the Sb-rich GaAs,Sb,, nanowires with tun-
able stoichiometry have been successfully fabricated by the
thiourea-assisted CVD. The crystal structures, electronic and
optoelectronic properties of obtained nanowires were carefully
characterized. Due to the formation of Sb—S bonding on the
nanowire surface, large aspect-ratio GaAs,Sb,_, nanowires can
be readily grown on amorphous substrates with high yield and
excellent morphological homogeneity. As compared with the
GaSb NWs grown without thiourea, it is evident that the nano-
wire device properties can be substantially enhanced after uti-
lizing thiourea passivation. More importantly, the As content is
revealed to have a significant effect on the device performance
of GaAs,Sb,_, nanowires. Introducing the As composition into
the nanowires would decrease their carrier concentration and
mobility while favor lowering the devices’ off-state current. When
operated as near-infrared photodetectors, the dark current can be
dramatically reduced without sacrificing much on the respon-
sivity by controlling the As content. This outstanding device per-
formance, including the fast near-infrared photoresponse in tens

Table 2. Comparison of the photodetection performance among different GaAs,Sb,_, NW devices under the illumination intensity of 0.35 mW mm=2

The average data of each characteristic parameter are compiled in this table.

GaAs,Sb,_, Photodetector Responsivity [A W] Detectivity [Jones] EQE [%] Rise Time [us] Decay Time [us]
GaSb 12013 2.51%10° 9.63 x 10° 116 145
GaAsg0s5Sbg.gs 1714 2.58 x 10° 9.38x 10° 95 136
GaAso11Sbo.so 10 027 2.86 % 10° 8.04x 10° % 126
GaAsg13Sbo s, 8042 3.38 x 10° 6.45x 10° 82 115
GaAs,5Sbg 75 2995 1.57 x 10° 2.40% 10° 74 97
GaAsg 34Sbo g6 910 6.84 x 108 7.30 x 10* 92 114
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of microseconds, suggests the promising potency of GaAs,Sb,_,
NWs for advanced electronic and optoelectronic devices.

4. Experimental Section

Synthesis of GaAsSby, nanowires: The synthesis of GaAs,Sby,
nanowires was processed by a solid-source CVD method in a dual-zone
horizontal tube furnace, including the upstream and downstream zones.
At first, the Au catalyst films (=0.5 nm) were predeposited onto Si/SiO,
substrates (50 nm thick thermally grown oxide) by thermal evaporation
under a vacuum of less than 5 x 107 Torr. In order to obtain different
chemical stoichiometries of GaAs,Sby_, nanowires, GaSb (99.999%
purity), and GaAs (99.999% purity) were mixed with different mass
ratios (i.e., 20:1, 2:1, 1:1, 1:1.5 and 1:2 in wt%) as the solid source. Then,
the well-mixed GaAs/GaSb powders held within a boron nitride crucible
were placed in the center of the quartz tube of the upstream zone. The
thiourea placed in an Al,O; crucible and the Si/SiO, substrates with
predeposited Au films are positioned in the middle of the two zones and
the center of the quartz tube of the downstream zone, respectively. After
pumping down the system to 2 x 1073 Torr, the high-purity H, as a carrier
gas with a flow rate of 100 sccm is brought into the CVD system and
the pressure of the chamber is maintained at 1.8 Torr. Next, the growth
temperature at upstream and downstream zones were carefully adjusted
to obtain the high-quality NWs with different chemical stoichiometries.
With regard to the weight ratio of 20:1, for example, both upstream
and downstream zones were heated to 730 and 600 °C in 8 min,
respectively, which were subsequently kept for a duration of 12 min.
The location of the thiourea-containing crucible was controlled to have
a temperature of 500 °C. After the growth, the system is cooled to the
ambient temperature under the H, gas atmosphere. The detailed growth
parameters for all the components are listed in Table ST (Supporting
Information).

Materials Characterization: The surface morphologies of synthesized
GaAs,Sby_, NWs were characterized by a scanning electron microscope
(XL30, FEI/Philips ESEM-FEG) and a transmission electron microscope
(CM20, Philips). The corresponding crystal structures are examined by
analyzing the X-ray diffraction pattern and imaging with high-resolution
TEM (Tecnai G? F30, FEI). The elemental compositions were determined
by the EDS attached to the Philips CM20 and Tecnai F30 and also an
EELS attached to the JEM-200F. For TEM imaging, the NWs were first
suspended in anhydrous ethanol solution through ultrasonication and
transferred onto the grid by drop-casting. Also, the surface elemental
analysis was carried out by X-ray photoelectron spectroscopy (model
5802, ULVAC-PHI).

Device Fabrication and Measurement: The GaAs,Sb,_, NW FETs were
fabricated by drop-casting the NW suspension onto degenerately
boron-doped p-type Si substrates with a 50 nm thick thermally grown
gate oxide. The source and drain regions with a 2 um channel length
are first defined by utilizing photolithography, followed by the electron-
beam deposition of 60 nm thick Ni electrodes and lift-off process.
The electronic and optoelectronic performance of the fabricated back-
gated NW FETs were measured with a standard electrical probe station
and an Agilent 4155C semiconductor analyzer. For the photodetector
characterization, the 1550 nm laser was used as the light source,
whose power was calibrated and measured by a power meter (PM400,
Thorlabs). The irradiation power was tuned by a modulator (AFG 2005,
Good Will) connecting to the 1550 nm laser source. High-resolution
time response curves of the photodetector were recorded by a digital
oscilloscope (TBS 1102B-EDU, Tektronix) combined with a low-noise
current preamplifier (SR570, Stanford Research Systems).
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