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ABSTRACT In recent years, high-mobility GaSh nanowires have
received tremendous attention for high-performance p-type tran-
sistors; however, due to the difficulty in achieving thin and uniform
nanowires (NWs), there is limited report until now addressing their
diameter-dependent properties and their hole mobility limit in this O
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important one-dimensional material system, where all these are
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essential information for the deployment of GaSh NWs in various applications. Here, by employing the newly developed surfactant-assisted chemical vapor

deposition, high-quality and uniform GaSh NWs with controllable diameters, spanning from 16 to 70 nm, are successfully prepared, enabling the direct

assessment of their growth orientation and hole mobility as a function of diameter while elucidating the role of sulfur surfactant and the interplay between

surface and interface energies of NWs on their electrical properties. The sulfur passivation is found to efficiently stabilize the high-energy NW sidewalls of
(111) and (311) in order to yield the thin NWs (i.e., <40 nm in diameters) with the dominant growth orientations of (211) and (110), whereas the thick
NWs (i.e., >40 nm in diameters) would grow along the most energy-favorable close-packed planes with the orientation of (111), supported by the

approximate atomic models. Importantly, through the reliable control of sulfur passivation, growth orientation and surface roughness, GaSh NWs with the

3

peak hole mobility of ~400 cm?V s~ for the diameter of 48 nm, approaching the theoretical limit under the hole concentration of ~2.2 x 10"® cm 3, can

be achieved for the first time. All these indicate their promising potency for utilizations in different technological domains.

KEYWORDS: GaSb nanowires - surfactant-assisted chemical vapor deposition - diameter dependent - growth orientation -

hole mobility

physical properties, lllI—V semiconductor

nanowires (NWs) have attracted extensive
research interests and are recognized as
promising fundamental building blocks for
next-generation electronics, photonics, photo-
voltaics and so on.' ' In particular, as a
technologically important p-type semicon-
ductor, increasingly more attention has
been focused on GaSb NWs owing to their
intermediate band gap (~0.726 eV) and the
highest hole mobility (i1, ~ 1000 cm?V~'s™")
among all lll—V materials.'®'®~?2 For instance,
the InGaSb NWs fabricated via complicated
“top-down” techniques from single-crystalline
InGaSb wafers have been demonstrated
with the excellent hole mobility up to
370 cm? V' s ;% however, the typical GaSb
NWs grown by “bottom-up” methods (e.g., che-
mical vapor deposition, CVD) via the vapor—
liquid—solid (VLS) and vapor solid—solid

I n the past decades, because of the unique
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(VSS) growth mechanisms give relatively
low mobility (<30 cm? V™' s ), which can
be attributed to the poor crystal quality as
well as the nonstoichiometry induced by the
uncontrollable radial NW growth.>~2° This
uneven lateral overgrowth is often yielded
by the surface accumulation of Sb pre-
cursors coming from the Gibbs—Thomson
effect such that tapered and thick NWs are
easily obtained in the different vapor—solid
(VS) growth mechanism.?%%73° Even when
the thin InAs NW stems are employed as
the growing template, much thicker GaSb
NWs are epitaxially attained. It is therefore
challenging to achieve crystalline GaSb NWs
with controlled diameter and length.
Regardless, it is critical to have a good
control of these NW dimensions since the
growth orientation and their corresponding
physical properties are found highly depen-
dent on their diameters. Si and ZnSe NWs
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are observed to display the size-dependent growth
direction from (111) to (110) for the decreasing dia-
meter, which can be interpreted based on the interplay
between the surface and interface energies of the
NWs,3' =33 whereas the trend is opposite for the case
of GaAs NWs due to the varied Ga diffusion in different
Ga supersaturation in the catalytic alloy tips during the
NW growth.**3> At the same time, the carrier mobility
of InAs, GaN and InGaAs NWs would also get degraded
monotonically as the diameter is reduced, caused
by the serious surface scattering in the miniaturized
NWs with the higher surface-to-volume ratio.3%~38
In any case, owing to the difficulty in realizing the
thin and high-performance GaSb NWs down to a few
tens of nanometers, there is only limited report
until now addressing their diameter-dependent
growth orientation and physical properties, especially
the hole mobility limit in this one-dimensional material
system, in which all these are essential information
for the practical utilization of GaSb NWs in various
applications.

In our previous work, we have developed the use
of sulfur surfactant in CVD to accomplish very thin and
uniform GaSb NWs on amorphous substrates with the
diameters below 20 nm.?' The sulfur atoms are con-
tributed to form stable S—Sb bonds on the as-grown
NW surface in passivating the sidewalls and alleviating
the uncontrolled lateral NW growth. However, it is still
not explicitly clear about the passivating effect of these
surfactant on different NW surface crystal planes, NW
growth orientation, and their hole mobilities. Impor-
tantly, this surfactant-assisted technique can also allow
us to obtain high-quality GaSb NWs with the tailorable
dimension to evaluate their size-dependent properties
and performance limits. Here, we adopt and extend the
past work to attain crystalline GaSb NWs with varied
diameters ranging from 16 to 70 nm, therefore, en-
abling the direct assessment of their growth orienta-
tion and hole mobility as a function of the diameter
while elucidating the role of sulfur surfactant and the
interplay between the surface and interface energies
of NWs on their electrical properties. By exploiting the
appropriate surface passivation, when configured
into the field-effect transistor (FET), we find that the
GaSb NW exhibits a record high peak hole mobility of
~400 cm?V~" s for the diameter of 48 nm, approach-
ing the theoretical mobility limit under the hole
concentration of ~22 x 10'® cm™33%% All these
results would not only affirm the effectiveness of our
surfactant-assisted CVD technique but also provide
avaluable insight in achieving high-performance GaSb
NWs for technological applications.

RESULTS AND DISCUSSION

One typical method to effectively control the dia-
meter of as-grown NWs is to utilize metal catalytic films
with different thicknesses during the CVD growth 343541
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Figure 1. Morphology, diameter distribution, and crystal
structure of the as-prepared GaSb NWs. (a and b) SEM
images of GaSb NWs prepared by using the 0.1 and 1 nm
thick Au films as the catalyst (all scale bars are 1 um). (c)
Diameter distribution histogram and (d) XRD patterns of the
grown NWs.

In this work, employing the recently developed sulfur-
assisted solid-source CVD, we used Au films of 0.1 and
1 nm in thickness as the catalyst to achieve the growth
of GaSb NWs with different diameter distributions. We
note that the process condition, such as the amount
of sulfur hired, carrier gas flow rate, source, and substrate
temperatures, is maintained the same in all these
growth runs in order to yield a consistent comparison
for the subsequent studies. As shown in the SEM images
(Figure 1a,b), itis obvious that both types of as-prepared
GaSb NWs are straight, smooth, and dense with the
length larger than 10 um with varied diameters. On the
basis of the diameter statistics of more than 100 NWs
(Figure 1¢), the thin NWs with a narrow diameter dis-
tribution of 24 + 4 nm can be prepared by using the
0.1 nm thick Au catalytic film (red curve). While using
a thicker catalytic film of 1 nm (blue curve), the as-
prepared NWs become larger in the diameter along with
a wider distribution (42 £ 11 nm), which is attributable
to the bigger and more broadly dispersed Au catalytic
seeds formed at the beginning of the NW growth. This
phenomenon was also commonly observed in the
CVD synthesis of other llI-V NWs, including GaAs and
InAs NWs.*>*3 In any case, it is clearly confirmed that the
sulfur surfactant exploited here can effectively prohibit
the uncontrolled radial growth of GaSb NWs, and thus,
the obtained NWs are far thinner than those grown
without the surfactant.?>*>%® Furthermore, the phase
purity and crystal structures of the grown NWs are also
studied by XRD and all of them consist of the pure zinc-
blende crystal structure, having a = b = ¢ = 0.6095 nm
(JCPDS Card No. 07-0215) (Figure 1d). This high phase
purity indicates that there is no other impurity phases
present such as those of the hexagonal wurtzite phase of
GasSb or phases of Sb,0, and Ga,O,. At the same time, to
further assess the crystallinity and chemical stoichiome-
try of the as-grown NWs, high-resolution transmission
electron microscopy (HRTEM) and energy-dispersive
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Figure 2. Diameter-dependent growth orientations of the
as-prepared GaSb NWs. (a—c) TEM and SAED (inset) images
of the NWs with growth directions of (211),(110),and (111),
respectively (all scale bars are 200 nm). (d) Statistics of the
NW growth direction as a function of the NW diameter.

X-ray spectroscopy (EDS) are performed as illustrated
in Supporting Information Figure S1. In accordance
with our previous results,?’ the attained NWs are highly
crystalline following a classical vapor—liquid—solid
(VLS) or vapor—solid—solid (VSS) growth mode with
a balanced stoichiometry (Ga/Sb ~ 1:1) in the NW body.
More importantly, this controllable wide diameter range
of high-quality GaSb NWs, spanning from 16 to 70 nm,
would facilitate the direct evaluation of diameter-
dependent properties of GaSb NWs successively per-
formed.

To shed light in investigating the growth orienta-
tions of these NWs, selected area electron diffraction
(SAED) in combination with TEM were utilized to
characterize the NW growth direction as depicted in
Figure 2. Figure 2a—c gives the typical TEM images of
individual GaSb NWs with the diameter of 18, 38, and
67 nm with the growth directions of (211}, (110), and
(111), respectively. Figure 2d displays the statistics
of growth direction of more than 50 NWs and it is
evidently noticed the growth orientation of (211) is
highly preferred when the NW diameter is smaller than
20 nm. For the intermediate diameter between 20 and
40 nm, NWs grow mainly along the (110) direction,
while for the thick NWs above 40 nm in the diameter,
the (111) direction would become dominant. All these
findings are in a distinct contrast to the diameter-
dependent growth orientation of Si and ZnSe NWs,
in which the growth direction of <110>, < 211> and
<111> are dominant for the small, medium and thick
NWs there,>' 3 attributable to the interplay between
the surface and interface energies of the NWs. They are
also different to the case of GaAs NWs, where (111)
orientations are favored for the thin NWs and (110)
directions are preferred for the thick NWs, due to the
altered Ga diffusion in different supersaturated Au—Ga
alloy seeds with different dimensions.3* In this case
of GaSb NWs, since the Ga supersaturation observed
in the catalytic tip is similar to the ones in GaAs NWs

YANG ET AL.

@ Ga ¢Sb

10 ‘_‘\ S 10
e

(a)<ll1=
2/
1y m S g
/\ oV S O
I$' ge e W
100 e T W=
=% "=
e P |
\/ //\ ® /.\\‘:3‘(J
A
(b) <110=
R pan
P
s an N B
seeees
1 ' ISteTes =
| ey
N 5,7 X

(c)<211>

Figure 3. Schematics and approximate atomic models of
the cross-section of zinc-blende GaSb NWs with different
growth directions. (@) NWs grown in (111) directions have
the surface composed of six crystal planes of (110), (b) NWs
grown in (110) directions consisted of four crystal planes of
(111) and two crystal planes of (100), and (c) NWs grown in
(211) directions consisted of four crystal planes of (311) and
two crystal planes of (111).

(Figure S1), the sulfur surfactant employed here to
stabilize the NW sidewall during the CVD growth may
somehow modify the surface energy of NW crystal
planes, affecting the interplay between the surface and
interface energies of the NWs and yielding this unique
size-dependent growth orientation relation, with
further examination required.

In this regard, a semiquantitative model is proposed
in this work in order to evaluate the effect of sulfur
surfactant on the surface energy of GaSb NWs with dif-
ferent growth orientations and surface crystal planes.
Figure 3 gives the detailed schematics and approxi-
mate atomic models of the cross-section of NWs with
various growth directions and their corresponding
exposed surface planes. On the basis of our previous
findings, the sulfur surfactant mainly forms covalent
bonds of Sb—S for the NW surface passivation, while
the surface Ga atoms are often oxidized forming Ga—O
bonds.?" This way, we would only take into account the
possible configuration of dangling bonds (DBs) asso-
ciated with surface Sb atoms on each crystal plane,
which are preferable for the sulfur passivation. As
shown in Figure 3, considering the zinc-blende crystal
structure here, there are six equivalent nonpolar
surface planes of (110) along the (111) oriented NWs,
all separated by an angle of 120° and with only one Sb
DB connected to each surface Sb atom (also see details
in Supporting Information Figure S2b), contributing
to the lowest density of DBs among all surface planes.
This lowest DB density (i.e., the lowest surface energy)
would typically make the NW grown in (111) directions
as reported by others.?>?*4* Similarly, all the DB den-
sity can be calculated for each plane and compiled
in Table 1 (see details in Supporting Information
Figures S2 and S3). It is noted that the (110) and (211)
oriented NWs would all have polar surface planes with
the Sb termination due to the high V/Ill ratio required
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TABLE1. Summary of Sb Dangling Bonds (DBs) Existed on
the NW Surfaces with Different Growth Orientations

NW growth NW surface DB density required sulfur
orientation planes (/nm?) coordination number
m (110) x 6 1/0.26 = 3.8 1
110 (111)Sh x 2 1/0.16= 6.2 1
—(11)Sb x 2 3/0.16 = 18.6 3
(100)Sh x 2 2/0.19 = 10.5 2
M (111)Sh x 1 1/0.16 = 6.2 1
—(M1)Sb x 1 3/0.16 = 18.6 3
(311)Sh x 2 2/0.31= 6.4 2
—(311)sb x 2 3/0.31 = 9.6 2

for the CVD growth.?”?® In particular, there are four
surface planes of (111)Sb and two surface planes of
(100)Sb along the {110) oriented NWs, and four surface
planes of (311)Sb and two surface planes of (111)Sb
along the (211) oriented NWs, yielding the relatively
higher DB density there. These higher surface energies
would result in the NWs that are hardly grown in the
direction of (110) and (211). However, when passivated
by the sulfur surfactant, these Sb-terminated polar
surface planes with the high DB density would become
thermodynamically stable and especially favorable for
the growth of thin NWs owing to the large surface-to-
volume ratio. Because of the required valence coordi-
nation, the surface passivation with sulfur on the (211)
oriented NWs would be more effective as compared to
the (110) oriented counterparts (Supporting Informa-
tion Figure S2). In any case, all these illustrate that the
sulfur passivation can efficiently modulate the interplay
between the surface and interface energies of the GaSb
NWs by stabilizing the high-energy surface planes of
(111), (311) and such to give the surface-stabilized thin
NWs with the dominant growth orientation of (211) as
well as the medium-sized NWs grown in the direction of
(110) (i.e., “surface effect” dominated). As the surface
effect is not that prominent for the thick NWs, they
would still be grown along the most energy-favorable
close-packed planes with the orientation of (111) (i.e.,
“bulk effect” dominated).

To validate this proposed model, X-ray photoelec-
tron spectroscopy (XPS) is employed to study the
surface bonding environment of the GaSb NWs. All
the XPS spectra of the as-prepared NWs are calibrated
with the reference peak of C 1s (285 eV). The relatively
small shifting of the spectra can be attributed to the
size effect as reported in the literatures,*>*® which is
not emphasized herein. As shown in Figure 4, the red
and blue curves give the spectra of S 2s, Ga 3d, and Sb
4d of the thin and thick GaSb NWs prepared by using
the 0.1 and 1 nm thick Au film as the catalyst, respec-
tively. It is obvious that the S atoms are bounded on the
surface of both thin and thick NWs in accordance with
our previous study (Figure 4a).>' The Gauss—Lorentz
fitted spectra of Ga 3d and Sb 4d can also be found
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Figure 4. Surface elemental analysis of the as-prepared
GaSb NWs. Red curves designate the S 2s, Ga 3d, and Sb
4d bonding regions of NWs prepared by using the 0.1 nm
thick Au film as the catalyst, while the blue curves signify the
S 2s, Ga 3d, and Sb 4d bonding regions of NWs prepared by
using the 1 nm thick Au film as the catalyst. (a—c) XPS
spectra of S 2s, Ga 3d, and Sb 4d of the NWs, respectively.

in Supporting Information Figure S4. Interestingly,
the chemical binding nature of the surface Ga and Sb
atoms are distinguishingly different between these
two types of GaSb NWs (Figure 4b,c). The thin NWs
possess the surface Ga atoms forming covalent bonds
of Ga—Sb more dominantly than the ones of Ga—0,
while the residual surface Sb atoms as well contribute
a significant amount of the Sb—S and Sb—O bonds.
In contrast, the thick NWs are observed to have more
surface Ga—O bonds and an insignificant amount
of the Sb—S and Sb—O bonds is resolved. All these
indicate that the Sb—S bonds are more stable and
noticeable on the thin GaSb NWs in passivating the
exposed surfaces as compared to the ones of thick
NWs, supporting the above proposed model in achiev-
ing the thin GaSb NWs via the surface stabilization
with sulfur surfactant during the CVD growth while
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Figure 5. Electrical characterization of GaSb NWFETs with different NW dimensions. (a) Log scale /ps—Vgs characteristics of
two representative back-gated GaSb NWFETs with NW diameters of 18 and 48 nm, respectively (Vps = 0.1 V). The insets give
the corresponding SEM image of the device as well as the device schematic with Ni metal contacts. (b) Field-effect hole
mobility assessment for the same set of NWFETs presented in the panel (a) with Vps = 0.1 V. (c) Three-dimensional AFM
topography images for the diameter determination of NWs (i.e., 18 and 48 nm in the diameter). (d) Peak field-effect hole
mobility as a function of NW diameter, with the diameters ranging from 18 to 65 nm. (e) An atomic model illustrating the
exposed sidewalls of (111) and (211) orientated NWs, where the intrinsically rough (311) surface is clearly shown for the thin
(211) NWs, in a distinct contrast to the naturally smooth (110) surface of the thicker (111) NWs.

attaining the thick NWs grown along the close-packed
direction.

Apart from affecting the NW growth orientation,
the sulfur passivation is also expected to significantly
influence the electrical properties of NWs with different
diameters and growth directions. Here, global back-gate
NWFETs with different NW dimensions are fabricated
and thoroughly characterized. Long channel devices
with the length >1 um are utilized to ensure that the
diffusive transport of carriers, rather than the ballistic
or quasi-ballistic transport, are assessed, in which the
intrinsic transport properties such as the carrier mobility
can be deduced. As depicted in the transfer character-
istics of two representative NWFET devices with the NW
diameters of 18 and 48 nm (Figure 5a), the typical p-type
conduction is exhibited and the ON current density
is observed to be higher for the thick NWs along with
a high ON/OFF current ratio up to 10°. At the same time,
the output characteristics of these NW devices are also
given in Supporting Information Figure S5, confirming

YANG ET AL.

the ohmic contact formation with Ni source/drain
electrodes. Meanwhile, the corresponding field-effect
mobility can be calculated by a well-accepted method
based on the square law model.>® When we use the low-
bias (i.e., Vps = 0.1 V) transconductance extracted from
the transfer characteristics, g, = (dlps)/(dVes)|Vps, and
the analytical expression, = gm(L*/Cox)(1/Vps), where
Cox is the gate capacitance obtained from the finite
element analysis software COMSOL with respect to
different NW diameters,>>*° the field-effect mobility of
individual NWs can be obtained reliably once the NW
channel length and diameter are known (see details
in Supporting Information). As shown in Figure 5b,c,
the peak hole mobility of the thin NW (i.e., 18 nm in
the diameter) is found only ~40 cm? V" s™", while it is
promoted to ~400 cm? V~' s7' for the thick NW
(e, 48 nm in the diameter), approaching the theo-
retical mobility limit of GaSb under the estimated
hole concentration of n, ~ 22 x 10'® cm 33940
The hole concentration can be assessed by the equation,
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TABLE 2. Comparison of Mobility and Other Physical Properties of Different p-type Sb-Based Nanowire FETs

materials growth method diameter (nm) surface morphology peak mobility (cm?(V s)) concentration (cm ) reference
GaSh Metalorganic CVD 91 Tapering 23
Gash D 130 142 22 x 10" 25
GaSh D 179 Tapering 30 9.7 x 10" 2
Carbon-doped InSh D 55 No tapering 140 ~15 x 10" 3
GaSh Surfactant-assisted CVD 32 No tapering ~200 31 % 10" 2
Gash Surfactant-assisted CVD 48 No tapering ~400 22 x 10" This work

nh = Q/qrrl) = (CoxVin/(gmr’L), where r is the NW
radius and Vy, is the threshold voltage. It is worth
pointing out that this hole mobility value produces
another record for the bottom-up prepared GaSb NWs
in the literature (Table 2), and is even higher than those
of top-down etched InGaSb NWs fabricated from the
single-crystalline wafers.?® Notably, the similar high
mobility values are also found for several other NWs in
the diameter range of 40—65 nm as demonstrated in
the hole mobility statistics (Figure 5d). Although there is
a small wire-to-wire variety, the function of hole mobility
versus NW diameter (d spanning from 18 to 65 nm)
clearly indicates an increase of mobility as the NWs grow
thicker; however, it is interesting to find that there is an
inflection point at the NW diameter of around 40 nm.
That is, NWs with the diameter smaller than 40 nm would
have their increasing trend of mobility more profound
than the ones with diameter larger than 40 nm. Surpris-
ingly, all these observations match well with the size-
dependent growth orientation of GaSb NWs discussed
above, which suggests that this mobility inflection
may be correlated to the changes of NW orientation
between the bulk-effect dominated (111) direction and
the surface-effect dominated (211) direction. In other
words, the surface-stabilized thin NWs grown in the
(211) orientation (i.e., with NW diameters <40 nm)
would have the mobility more sensitive to the change
in diameter as compared to their thick counterparts,
and this larger sensitivity in these thin NWs is believed
to be due to the enhanced surface scattering effect in
the miniaturized NW geometry with the larger surface-
to-volume ratio.*®*” It is also noted that the surface
roughness is another important factor disturbing the
carrier mobility of NWs.*” As demonstrated in Figure 5e,
the thin GaSb NWs predominantly grown in the (211)
direction would have the intrinsically rougher surface
planes exposed as compared to the ones of thicker
(111) oriented NWs, which is perfectly consistent to the
experimental results obtained for the NW roughness
determination in Figure 5c. One could expect that the

MATERIALS AND METHODS

Nanowire Synthesis. GaSb NWs studied here are grown by
employing a sulfur surfactant-assisted solid-source CVD method
reported in our previous work.?! In short, the solid powders of
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mobility of thin NWs can be further enhanced here by
controlling their growth orientations with less surface
roughness. Anyway, utilizing the surfactant-assisted
CVD in this diameter-dependent growth orientation
and mobility study of GaSb NWs, a further insight
among the effect of growth orientation, surface passi-
vation and roughness on the NW carrier mobility can
be readily obtained. By controlling all these important
factors discussed above, the high-performance GaSb
NW with the peak hole mobility of ~400 cm? V"5 ",
approaching the theoretical limit for the diameter
of 48 nm, can be achieved for the first time, which
highly illustrate their promising potency for different
technological applications.

CONCLUSIONS

In conclusion, when we employ the different thick-
ness of Au catalyst films, high-quality and uniform
GaSb NWs with controllable diameters spanning from
16 to 70 nm can be successfully prepared by the
surfactant-assisted CVD. The sulfur surfactant is found
to play an important role in regulating the NW growth
orientation due to the altered surface passivation
effect on different exposed NW surface crystal planes
with varied dangling bond density and atomic config-
uration. All these modified interplay between the sur-
face and interface energies would yield the thin NWs
(i.e., ~20 nm in diameters) preferentially grown along
the (211) direction, medium sized NWs (i.e., diameters
between 20 and 40 nm) adopted in the {110) orienta-
tion and thick NWs (i.e., >40 nm in diameters) taken
along the (111) direction. Importantly, through the
effective surface passivation by sulfur as well as con-
trolling the NW growth orientation and surface rough-
ness, GaSb NWs with the peak hole mobility up to
400 cm? V' s, approaching the theoretical limit
under the estimated hole concentration of ~2.2 x
10" cm™3, can be readily achieved. All these have
demonstrated their promising prospect for next-
generation high-mobility nanoelectronics.

GaSb (99.999% purity) and sulfur (99.99% purity) are used as the
source materials. A dual-zone horizontal tube furnace, one zone
for the solid source (upstream) and one zone for the growth
substrate (downstream), is used as the reactor for the synthesis
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of GaSb NWs. Specifically, Au films with 0.1 and 1 nm thickness
are utilized as catalysts for GaSb NW growth. At first, the Au
thin films are predeposited on Si/SiO, substrates (50 nm thick
thermally grown) and then the substrates are placed in the
middle of the downstream zone. The solid sources, GaSb and
sulfur powders, are placed within two separate boron nitride
crucibles, with distances of 15 and 9 cm away from the sample,
respectively. It is worth pointing out that the sulfur powder is
placed in the middle of the two zones. During the growth, the
source and substrate are heated to 750 and 545 °C, accordingly.
Hydrogen (99.9995% purity) with a flow rate of 200 sccm is used
as the carrier gas to transport the thermally vaporized precursors
to the downstream. Prior to heating, the pressure of the quartz
tube is pumped to 3 x 1072 Torr and then purged with H, for
0.5 h. After the growth, the source and substrate heater are
stopped together and cooled to room temperature under the
hydrogen flow.

Material Characterization. Surface morphologies of the grown
NWs are examined with a scanning electron microscope (SEM,
FEI Company, OR/Philips XL30, Philips Electronics, Amsterdam,
The Netherlands) and a transmission electron microscope (TEM,
Philips CM-20). Crystal structures are determined by collecting
XRD patterns on a Philips powder diffractometer using Cu Ka
radiation (1 = 1.5406 A) and imaging with a high resolution TEM
(HRTEM, JEOL 2100F, JEOL Co., Ltd., Tokyo, Japan). Elemental
mappings are performed using an energy dispersive X-ray (EDS)
detector attached to the JEOL 2100F to measure the chemical
composition of the grown NWs. The chemical state of the as-
prepared GaSb NWs is examined by X-ray photoelectron spec-
troscopy (XPS, ULVAC-PHI, Inc., model 5802, Kanagawa, Japan).
For the TEM and elemental mappings, the NWs are first suspended
in the ethanol solution by ultrasonication and drop-casted onto
the grid for the corresponding characterization.

Nanowire FET Fabrication and Measurements. NWFETs are fabri-
cated by drop-casting the NW suspension onto highly doped
p-type Si substrates with a 50 nm thick thermally grown gate
oxide. Photolithography is utilized to define the source and drain
regions and 60 nm thick Ni film is thermally deposited as the
contact electrodes followed by a lift-off process. The electrical
performance of the fabricated back-gated FETs is then character-
ized with a standard electrical probe station and an Agilent 4155C
semiconductor analyzer (Agilent Technologies, Santa Clara, CA).

Atomic Model. All atomic models are established by Materials
Studio 5.0.
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configurations of Sb dangling bonds (DBs) existed on the
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