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p-channel field-effect-transistors†
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Due to the unique physical properties, small bandgap III–V semiconductor nanowires such as InAs and InSb

have been extensively studied for the next-generation high-speed and high-frequency electronics.

However, further CMOS applications are still limited by the lack of efficient p-doping in these nanowire

materials for high-performance p-channel devices. Here, we demonstrate a simple and effective in situ

doping technique in the solid-source chemical vapor deposition of InSb nanowires on amorphous

substrates employing carbon dopants. The grown nanowires exhibit excellent crystallinity and uniform

stoichiometric composition along the entire length of the nanowires. More importantly, the versatility of

this doping scheme is illustrated by the fabrication of high-performance p-channel nanowire field-

effect-transistors. High electrically active carbon concentrations of �7.5 � 1017 cm�3 and field-effect

hole mobility of �140 cm2 V�1 s�1 are achieved which are essential for compensating the electron-rich

surface layers of InSb to enable heavily p-doped and high-performance device structures. All these

further indicate the technological potency of this in situ doping technique as well as p-InSb nanowires

for the fabrication of future CMOS electronics.
Introduction

In recent years, due to the unique physical properties, one-
dimensional (1-D) semiconductor nanowires (NWs) have
attracted extensive research attention as fundamental building
blocks for next-generation electronic, optoelectronic and
photovoltaic devices.1–7 In particular, high mobility III–V NWs
have been demonstrated with extraordinary device perfor-
mances when congured as n-channel eld-effect-transistors
(FETs).8–10 For instance, impressive electron mobilities up to
10 000 and 35 000 cm2 V�1 s�1 have been achieved for InAs and
InSb NWFETs contributing to one of the highest electron
mobility values reported for the NW devices.11,12 However, in
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addition to these n-type devices, p-channel FETs are also
required for the practical design and implementation of NW
based CMOS electronic circuits2 while little work has been
focused on the p-type InAs and InSb NWFETs till now. One
challenge is related to the electron-rich surface layer existing in
the intrinsic NW materials pinning the surface Fermi level in
the conduction band which makes the p-type doping prob-
lematic and the realization of such high-performance p-channel
devices difficult. Although techniques such as in situ as well as
post-growth patterned doping have been studied for InAs
NWs,13–15 very few are performed on the equally important InSb
NWs. In order to address this need, here, we present a simple
synthesis technique and an effective approach of in situ
p-doping of InSb NWs employing carbon dopants in the solid-
source catalytic chemical vapor deposition. These grown NWs
are stoichiometric, single-crystalline with a smooth surface and
low defect densities. The versatility of this doping approach is
also illustrated by conguring the doped NWs into p-MOSFETs
while exhibiting high electrically active carbon concentration
and eld-effect hole mobility.
Experimental section
NW synthesis

InSb NWs studied in this work were grown by utilizing the solid-
source chemical vapor deposition (CVD) in a tube furnace and
the schematic illustration of the NW growth setup can be seen
in ESI Fig. S1.† Briey, a boron nitride crucible loaded with
Nanoscale, 2013, 5, 9671–9676 | 9671
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source materials was placed at the center of the quartz tube
while growth substrates (Si wafer pieces with a 50 nm thick
thermally grown oxide and a 2.5 nm thick Au catalyst lm) were
located in the downstream. Here, 1.00 g of InSb powders
(99.999% purity) and 0.12 g of carbon powders (99.95% purity)
were used for the p-InSb NW growth, detailed in the following
sections, while 1.00 g of InSb powders (99.999% purity) and
0.30 g of In powders (purity 99.99%) were employed for growing
the intrinsically undoped n-InSb NWs (see ESI Fig. S2†).
Hydrogen (99.999% purity; 100 sccm) was used as the carrier
gas to transport the thermally vaporized solid source down-
stream and the pressure was maintained at �1 Torr for the
entire duration. Prior to heating, the quartz tube was purged
with H2 for 0.5 h. Aer 2 h at a furnace temperature of 800 �C
(the substrate temperature is measured �400–475 �C by the
k-type thermocouple), the grown substrates were then taken out
of the furnace aer reaching the ambient conditions.
NW characterization

Surface morphologies of the grown NWs were examined with a
scanning electron microscope (SEM, FEI Company, Oregon,
USA/Philips XL30, Philips Electronics, Amsterdam, Nether-
lands) and a transmission electron microscope (TEM, Philips
CM-20). Crystal structures were determined by collecting X-ray
diffraction (XRD) patterns on a Philips powder diffractometer
using Cu Ka radiation (l ¼ 1.5406 Å), imaging with a high
resolution TEM (HRTEM, JEOL 2100F, JEOL Co., Ltd., Tokyo,
Japan) attached with the electron energy loss spectroscope
(EELS, Gatan, Tridiem), energy dispersive X-ray spectroscopy
(EDS) detectors and selected area electron diffraction (SAED)
analysis. The chemical state of carbon dopants was also exam-
ined by X-ray photoelectron spectroscopy (XPS, ULVAC-PHI Inc.,
model 5802, Kanagawa, Japan). For the TEM, EELS and EDS
studies, the NWs were rst suspended in the anhydrous ethanol
solution by ultrasonication and dropcast onto the Cu grid for
the corresponding characterization.
FET fabrication and characterization

NWFETs were fabricated by drop-casting the NW suspension
onto highly doped p-type Si substrates with a 50 nm thick
thermally grown gate oxide. Photolithography was utilized to
dene the source and drain regions while a 50 nm thick Ni lm
was thermally deposited as the contact electrode followed by a
li-off process. The electrical performance of the fabricated
back-gated FET was then characterized with a standard elec-
trical probe station and an Agilent 4155C semiconductor
analyzer (Agilent Technologies, California, USA).
Fig. 1 (a) SEM; (b) TEM and SAED images of p-InSb NWs grownwith the optimal
process condition; (c) diameter statistics of 100 NWs observed in the corre-
sponding TEM images. The grown NW has a smooth surface and a narrow
diameter distribution; (d) XRD spectrum of the as-grown InSb NWs. (Optimal
growth conditions: growth temperature at 800 �C, pressure at 1 Torr, gas flow
rate at 100 sccm and duration of 2 h.)
Results and discussion

In general, it is well-known that tapering and surface coating are
commonly observed in III–V NWs which are caused by the
imbalance of the V/III precursor ratio supplied during the
growth;16 however, for this simple solid-source and in situ
doping technique, the V/III ratio cannot be directly and inde-
pendently controlled but can rather be tailored by adjusting the
9672 | Nanoscale, 2013, 5, 9671–9676
growth time and carrier gas ow together.16,17 As depicted in the
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images in Fig. 1a and b, very dense, long
(>5 mm) and straight InSb NWs are successfully obtained with
the optimized growth parameters on amorphous substrates
(Si with a 50 nm thick thermally grown oxide), instead of the
commonly used crystalline III–V substrates. Importantly, the
NW diameters are uniform along the entire length of NWs and
no tapering is observed, conrming the optimal control of
processing parameters here. This well-controlled surface
morphology is essential for the efficient gate coupling of
subsequently fabricated p-type NW devices. From the statistics
of 100 individual NWs from TEM images, the average diameter
is determined to be 63 � 18 nm in Fig. 1c and this narrow
diameter distribution is remarkably good considering the
simplicity of this growth scheme as compared to the sophisti-
cated MBE and MOCVD system10,12 and the variation of
commercially available colloidal Au nanoclusters as catalysts for
growing NWs. Smaller diameter NWs have been investigated
with the use of thinner Au catalyst lms as well; however,
signicant over-coating is observed which may be due to the
Gibbs–Thomson effect (ESI Fig. S3†);16,18 further studies on the
thinner NWs via the manipulation of catalytic supersaturation19

with different metal catalysts are currently in the process. At the
same time, the crystal quality of as-grown NWs is also studied by
X-ray diffraction (XRD) as presented in Fig. 1d. Based on the
typical XRD spectrum, the observed peaks are identical to those
of the zinc-blende crystal structure of InSb, having a ¼ b ¼ c ¼
0.6782 nm (JCPDS Card, no. 06-0208), which is consistent with
the selected area electron diffraction (SAED) result. Notably,
most NWs studied by TEM are grown along the h111i directions
while the phase purity is high such that no other phases (i.e.
In2O3, In, C, Sb, etc.) are present in our NWs as indicated by
This journal is ª The Royal Society of Chemistry 2013
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XRD. All these further conrm the single-crystalline nature of p-
doped InSb NWs obtained in this study.

In order to investigate the NW growth mechanism here,
high-resolution TEM and energy-dispersive X-ray spectroscopy
(EDS) analyses are performed in the as-grown NW catalyst/body
region. As shown in Fig. 2, spherical and crystalline catalytic
seeds can be clearly observed at the tips of all NWs while the
body has a native oxide layer of �5 nm. This is a distinct
characteristic of vapor–liquid–solid (VLS) or vapor–solid–solid
(VSS) growth mode. EDS line scan is then performed along the
NW axial direction across from the tip to body. It is found that
the catalyst mainly contains In and Au atoms (atomic ratio ¼
2 : 1) while the Au content drops drastically once passing the
catalyst/NW interface. This observation suggests that no
detectable Au diffusion occurs in the NW body which may
damage the crystallinity and electrical properties. At the same
time, the NW body consists of In and Sb elements in the atomic
ratio of 1 : 1, suggesting that the stoichiometric InSb NWs are
catalyzed by AuIn2 alloy tips. Also, based on the plane spacing
determination in the HRTEM imaging and corresponding
reciprocal lattice spots extracted by fast Fourier transform
(FFT), the NW has a catalyst/NW interface orientation rela-
tionship of cubic AuIn2{111}|cubic InSb{111} which again
conrms the dominant growth axis of h111i in the NW body
without any signicant amount of crystal defects observed in
HRTEM, such as stacking faults and inversion domains, etc. The
NWs are preferentially grown along the h111i direction as this
growth direction involves the lowest free energy crystal planes
and thus it is more thermodynamically favorable.20,21 At the
same time, the lattice mismatch between AuIn2{111} and InSb
{111} is insignicant as compared to other AuIn2 orientations,
such as {110} and {100} presented in ESI Fig. S4;† as a result,
InSb NWs are preferable to grow epitaxially in h111i directions
from AuIn2{111} oriented catalysts.22 Notably, although carbon
atoms are employed as p-type dopants in this work, they are
expected not to involve in the NW nucleation here since carbon
has an insignicant solid solubility in the Au catalysts.23–26 Also,
as reported by Salehzadeh et al., carbon can incorporate
through the triple boundary at the Au/NW interface;27 as a
result, Sb and carbon atoms are believed to react with In
constituents (i.e. from the supersaturation of Au seeds) at the
catalyst/NW interface for the formation and doping of NWs.
Fig. 2 (a) EDS line scan (measured from the position 1 to 6, as indicated by the
white arrow in the inset) of a representative as-grown p-InSb NW tip region; (b)
HRTEM image of the same NWand the inset shows the corresponding FFT images
of the NW tip and body. (Tip: cubic AuIn2 phase with JCPDS Card no. 03-0939;
Body: cubic InSb phase with JCPDS Card no. 06-0208.)

This journal is ª The Royal Society of Chemistry 2013
More importantly, the presence of these carbon dopants is
shown not to introduce any additional structural and stoichio-
metric defects affecting the NW crystal quality during the
growth. The detailed growth mechanism is also summarized in
ESI Fig. S5.†

Moreover, since the carbon dopants are small in their atomic
size and cannot be characterized accurately by EDS, X-ray
photoelectron spectroscopy (XPS) is utilized instead to conrm
the existence of these carbon atoms as well as to assess their
chemical states within the NWs. Fig. 3a gives the carbon 1s peak
spectra for the InSb NWs grown on Si/SiO2 compared to the
signals from a bare substrate (without NWs). In the NW sample,
the carbon 1s binding energy region exhibits predominately the
non-oxidized carbon peaks at 283.1, 284.3 eV and an oxidized
peak at 285.4 eV, corresponding to the C–In, C–C and C–O
bonds, respectively, as reported in the literature (Fig. 3b).28 The
C–C and C–O bonds are believed to originate from the
measuring atmosphere. In contrast, the bare substrate only
shows similar peak locations for the C–C and C–O bonds except
for the C–In bonds at 283.1 eV (Fig. 3c), indicating that carbon
atoms are indeed introduced into the InSb crystal lattice,
Fig. 3 (a) XPS spectra of the carbon 1s core region for the as-prepared carbon-
doped InSb NWs grown on Si/SiO2 and the bare substrate without NWs; (b) and
(c) XPS peak fit for the NW samples and the bare substrate, respectively.

Nanoscale, 2013, 5, 9671–9676 | 9673



Fig. 5 (a) SEM image and (inset) schematic of a back-gated InSb NWFET with Ni
metal contacts; (b–c) transfer and output characteristics of the representative
NWFET with d � 55 nm and L � 1.8 mm; (d) mobility assessment under VDS ¼
0.05 V of the device in panel (a).
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residing in the Sb sites and chemically bonded to the In atoms
for this in situ p-doping scheme.

On the other hand, one of the challenges in synthesizing
high-performance III–V nanowires is to control the NW stoi-
chiometry uniformly and precisely to enable various device
fabrications. Any dopant clustering or segregation would
signicantly degrade the electrical properties of NWs for high-
performance device applications. In this regard, in addition to
the surface sensitive technique of XPS, electron energy loss
spectroscopy (EELS) is also employed to characterize the NW
stoichiometric uniformity. As depicted in Fig. 4, the EELS
elemental mapping of a representative NW demonstrates the
homogeneous distribution of In, Sb and C atoms along the NW
body axially. Although some fraction of C atoms may get
deposited during the EELS measurement, combining with the
high-resolution XRD studies (ESI Fig. S6†), the lattice mismatch
between the undoped and C-doped NWs indicates the presence
of substitutional carbon (�1.0 � 1019 cm�3) within the NWs.
Notably, due to their small atomic size, carbon atoms are easily
clustered or segregated during the doping process, affecting the
resulting doping efficiency and crystal quality;25,29–32 in any case,
the uniform distribution of all constituents here illustrates the
remarkably good control of the NW stoichiometry in the axial
direction, consistent with the results obtained in the TEM
analysis (Fig. 2). It should also be noted that more studies are in
progress to further evaluate the carbon occupation in the NW
radial direction in order to assess the surface versus bulk
distribution of dopants and their effect on the corresponding
NW electrical properties.

To shed light to investigate the electrically active content of
carbon dopants as well as the electrical properties of doped
NWs, common back-gated NWFETs are then fabricated and
electrically characterized (Fig. 5a). The electrical performance
of a representative FET consisting of an individual carbon-
doped InSb NW as the channel material with the diameter of
Fig. 4 (a) STEM image of a representative carbon-doped InSb NW. The inset
shows the beam scanning area (red color circle) without any carbon film support
on the TEM grid; (b–d) EELS elemental mapping of the NW in panel (a) for C, In
and Sb atoms.
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d � 55 nm and a channel length of L � 1.8 mm is shown in
Fig. 5b and c. As expected from the p-type doping of carbon, the
NWFET exhibits p-channel characteristics and at VDS¼ 0.05 V, it
achieves 0.2 mA ON current under VGS ¼ �10 V and a 5 nA OFF
current under VGS ¼ 4 V, in contrast to the intrinsically undoped
n-type NWs and FETs as shown in ESI Fig. S2.† This ON/OFF
current ratio (�50) is already one of the best reported values
among most p-channel III–V NWFETs.15 Also, the linear IDS–VDS
behavior further conrms that the contacts to the p-InSb are
near Ohmic here. This is primarily due to the thinning of the
Schottky barriers at the contacts to the valence band of NWs
arising from the heavy carbon doping. Moreover, the corre-
sponding eld-effect mobility is calculated as a function of VGS
(Fig. 5d). Specically, the transconductance (gm ¼ (dlDS)/(dVGS)|
VDS) at low bias VDS ¼ 0.05 V is assessed and the mobility is
yielded by the standard square lawmodel m¼ gm(L

2/COX)(1/VDS),
where COX is the gate capacitance obtained from the nite
element analysis soware COMSOL with respect to the different
diameter of the nanowire. The calculated peak hole mobility is
�140 cm2 V�1 s�1, and based on a statistic of 20 devices, the
average peak mobility is found to be 127 � 21 cm2 V�1 s�1. This
eld-effect mobility is respectable and reasonable given that the
hole Hall mobility of bulk InSb substrates for a doping
concentration of �1 � 1018 cm�3 acceptors is �400 cm2 V�1 s�1

at room temperature33 while the measured Hall mobility is
always larger than the extracted eld-effect mobility.34

At the same time, the effective hole concentration, nh, or the
electrically active carbon content can also be extracted from the
NW device characteristics. Using the conductance G � 2.2 �
10�6 S and d� 55 nm, the resistivity, r� 0.06U cm, is estimated
for the doped NW. From both r and m determined at the same
VDS and VGS values of 0.05 V and �2 V, respectively, the elec-
trically active carbon concentration is found to be �7.5 �
1017 cm�3. This relatively high carbon concentration corre-
sponds to the heavy doping, with the Fermi level EF located
close to the valence band edge Ev and this electrically active
This journal is ª The Royal Society of Chemistry 2013
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carbon concentration is consistent with those reported for
carbon dopants in bulk InSb lms.35,36 All these have illustrated
the excellent p-channel device performance accomplished with
this simple in situ carbon doping scheme. Notably, it would be
fundamentally interesting to enhance the doping concentration
and study their corresponding electrical properties while more
investigation is currently in process.
Conclusions

In conclusion, a simple synthesis technique and an effective
approach of in situ carbon-doping of InSb NWs on amorphous
substrates is presented and conrmed by the comparison with
the intrinsically undoped n-type NWs. The grown p-InSb
nanowires have remarkable single crystallinity as well as
uniformly distributed stoichiometric composition of their
constituents and dopants axially. By fabricating back-gated
p-channel eld-effect transistors, the respectable ON/OFF
current ratio (�50), high hole mobility (�140 cm2 V�1 s�1) and
electrically active dopant concentration (�7.5 � 1017 cm�3) are
obtained, demonstrating the success of incorporating and
activating carbon dopants in the NW channel with this doping
scheme. All these indicate the technological potency of our
p-InSb NWs for the future fabrication of high-speed and low
power complementary metal–oxide–semiconductor eld-effect-
transistors based on III–V nanowires.
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