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ABSTRACT

1. INTRODUCTION
Recently, semiconductor nanostructures with high aspect
ratio, such as nanowires (NWs), nanoribbons (NRs), nanotubes (NTs), and multi-branched structures, have attracted
considerable attention because of the novel physical and
chemical properties that appeared in nanoscale.1–7 Among
the semiconductor nanostructures, II–VI group nanomaterials have gained special interest due to their unique
electronic and optoelectronic properties.8 9 Cadmium telluride (CdTe) is an important II–VI semiconductor with
a direct band-gap of 1.5 eV at room temperature. The
appropriate band-gap of CdTe allows the efﬁcient absorption of the sun light so that it has been widely used in
solar cells.10 CdTe also shows the potential as high-performance photoelectric detectors and sensors.11 12 So
far, various growth techniques, including vapor phase
evapo-ration,13 solution-based chemical synthesis,14 15
self-assembly from CdTe nanoparticles,16 and templatedirected electrodeposition,17–20 have been developed to
obtain one-dimensional (1D) CdTe nanostructures. In spite
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of these progresses, the methods to tune the electrical
transport properties of the CdTe nanostructures are seldom
studied and their applications in electronic and optoelectronic devices need to be further exploited.
Owing to the outstanding mechanical properties of 1D
nanostructures, such as high strength, and extraordinary
ﬂexibility and resilience, they show the great potential in
the ﬁelds of ﬂexible and transparent electronics.17 A host
of semiconductor nanostructures, such as carbon NTs,21–27
ZnO NWs,28 and In2 O3 NWs,29 have been utilized to
construct ﬂexible and transparent nanodevices for nextgeneration displays and integrated devices. However, there
are few reports concerned about the applications of CdTe
nanostructures in this ﬁeld.
Herein, we report the fabrication of CdTe NWs with
controlled p-type doping by using the V group element of Sb as the dopant. The conductivities of the
CdTe NWs were greatly enhanced upon Sb doping and
could be tuned in a wide range of 4 orders of magnitude by adjusting the doping level. Nano-Schottky barrier
diodes (NanoSBDs) based on Al/p-CdTe NWs junctions
exhibited excellent device performances. Also, by displacing the hard substrate with PET substrate, the CdTe:Sb
NWs showed rigid promising application in ﬂexible
nanoelectronics.
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p-type CdTe nanowires (NWs) were successfully synthesized by employing Sb as the dopant via a simple therDelivered
by Ingenta
to: structure with [211] growth orientation.
mal evaporation method. CdTe:Sb NWs had
single crystal
zinc blende
University
andenhancement
Technologyon the NW conductivity after
Electrical measurements on Huazhong
the single NW
revealedof
a Science
substantial
IP :range
166.111.120.71
doping, which could be further tuned in a wide
of 4 orders of magnitude by adjusting the doping level.
Fri,
01 Jun
06:40:53
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based
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Al/CdTe:Sb
NW junctions showed excellent diode characteristics with low turn on voltage of ∼ + 1 V, high rectiﬁcation ratio of >107 , small ideality factor of ∼1.67,
and large breakdown voltage of −17.5 V. By replacing the hard SiO2 /Si substrates with PET substrates, ﬂexible
nanoSBDs were constructed, which kept the high device performance while also showed the good stability
under strains. It is expected that the CdTe NWs with controlled transport properties will have important applications in the future nanoelectronics.
KEYWORDS: CdTe Nanowires, Sb Doping, Schottky Barrier Diodes, Flexible Devices.
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ESCALAB250), and high-resolution transmission electron
microscope (HRTEM, JEOL JEM-2010).
2.2. Device Construction and Analysis

Synthesis of the p-type CdTe NWs was conducted in a horTo assess the electrical properties of the CdTe:Sb NWs,
izontal tube furnace by using Sb as the dopant via a thermal
back-gate ﬁeld-effect transistors (FETs) based on single
co-evaporation method, as shown in Figure 1. CdTe powder
NW were constructed. First, the as-synthesized CdTe:Sb
(99.99%) and Sb powder (99.999%) were loaded into two
NWs were dispersed on SiO2 (300 nm)/p+-Si substrate,
separated alumina boats, respectively, and transferred to the
and then photolithography and subsequently lift-off procenter region of the tube furnace. Sb source was placed
cess were utilized to deﬁne Cu (4 nm)/Au (50 nm)
next to the CdTe source at the upstream direction. Si subsource and drain double-layer electrodes on the NWs.
strates, which were ultrasonically cleaned in acetone and
The degenerately doped Si substrate acted as the global
alcohol, respectively, and coated with 10 nm Au catalyst,
back gate in the nanoFETs. To construct the nanoSBDs,
were placed at the downstream position with a distance of
Al (60 nm) Schottky contacts were fabricated by addi∼10 cm away from the CdTe source. After that, the systional photolithography and lift-off processes. Flexible
tem was evacuated to a base pressure of 5 × 10−3 Pa, and
nanoSBDs were constructed by the same processes except
then backﬁlled with a constant H2 (5% in Ar) gas ﬂow of
PET substrates instead of the rigid SiO2 /Si substrates were
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and a layer of black wool-like product was observed on
3. RESULTS AND DISCUSSION
their surface. In this work, three samples with varied doping level were synthesized and marked as sample 1, sample
3.1. Characterizations of the p-Type CdTe:Sb NWs
2, and sample 3, corresponding to the different CdTe:Sb
Figure 2(a) shows the typical FESEM image of the asweight ratio of 10:1, 4:1, and 1:1, respectively, in the evapsynthesized CdTe:Sb NWs. It is seen that the CdTe:Sb NWs
oration sources. Intrinsic CdTe NWs were also synthesized
grow from the underlying large CdTe crystals, which might
under the same conditions expect the Sb was not used for
be formed at relative low temperature during the heating
comparison.
process. The NWs have a uniform geometry with diameter
The morphologies, structures, and compositions of the
in the range of 500–800 nm and length of several tens of
CdTe:Sb NWs were characterized by ﬁeld-emission scanmicrometers. From the EDX spectrum (inset in Fig. 2(a)),
ning electron microscope (FESEM, SIRION 200 FEG),
the atomic ratio of Cd:Te is estimated to be about 51:49,
X-ray diffraction (XRD, Rigaku D/Max-rB), energywhich is very close to the stoichiometric ratio of CdTe.
dispersive X-ray spectroscopy (EDX, attached on the
Figure 2(c) displays the XRD pattern of the CdTe:Sb NWs.
SEM), X-ray photoelectron spectroscopy (XPS, Thermo
All the peaks could be properly assigned to CdTe with zinc
blende structure (JCPDS 89-3053) and no obvious peak
shift is observed, indicating the high phase purity of the
product. XPS was used to further detect the compositions
of the CdTe:Sb NWs, as shown in Figure 2(c). In addition
to the peaks coming from Cd and Te, two Sb 3d peaks
with binding energy of 530.5 eV and 540 eV, respectively,
have appeared in the XPS spectrum. Considering that the
CdTe:Sb NWs are uniform and clean with very few impurities and particles, the Sb peaks are most likely coming from
the Sb element that incorporated into the NWs. From the
typical HRTEM image and the corresponding fast Fourier
transform (FFT) pattern of the CdTe:Sb NWs (Fig. 2(d)),
it is found that the NWs have single crystal zinc blende
structure with [211] growth orientation.
3.2. Electrical Transport Properties of the
CdTe:Sb NWs
Fig. 1. Schematic illustration of the VLS growth process of the p-type
CdTe:Sb NWs.
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In order to determine the inﬂuence of Sb doping on
the electrical transport properties of the CdTe:Sb NWs,
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Zhu et al.

Synthesis of Sb-Doped p-Type CdTe Nanowires and Their Application as High-Performance Nano-Schottky Barrier Diodes

Fig. 2. (a) A typical FESEM image of the CdTe:Sb NWs. Inset shows the corresponding EDX spectrum. (b) XRD pattern of the CdTe:Sb NWs
(sample 3). (c) XPS spectrum of the CdTe:Sb NWs (sample 3). Inset shows the enlarged Sb 3d5/2 and Sb 3d3/2 peaks. (d) HRTEM image of the
CdTe:Sb NW. Inset shows the corresponding FFT pattern.

back-gate nanoFETs were constructed based on individual NWs (Figs. 3(a, b)). Figure 3(c) depicts the typical
I–V curves of the CdTe NWs with different doping level.
The ideal linearity of the I–V curves indicates the good
ohmic contact between the CdTe NWs and the Cu/Au electrodes. It is noted that the intrinsic CdTe NW shows very
low conduction current with a conductivity value as low
as 1.5 × 10−5 S cm−1 . In contrast, the conduction current
of the CdTe:Sb NWs has been signiﬁcantly enhanced and
the conductivities for sample 1, sample 2, and sample 3
are 2.4 × 10−3 , 1.3 × 10−2 and 0.33 S cm−1 , respectively.
This result implies that the conductivity of the CdTe NWs
could be tuned in a wide range of 4 orders of magnitude
by adjusting the doping level. By applying the gate voltage
(Vg ) on the degenerately doped Si substrate beneath the
SiO2 dielectric layer in a bottom gate conﬁguration, gate
dependent source–drain current (Ids ) versus source–drain
voltage (Vds ) curves of the CdTe NWs with different doping level were measured, as shown in Figures 3(d–f). For
all the samples, the conductance of the NW monotonously
increases (decreases) with the decreasing (increasing) of
Vg , which is in good agreement with the typical behavior of a p-channel FET, revealing the p-type nature of
the Sb-doped CdTe NWs. The p-type characteristic of the
intrinsic CdTe NWs may originate from the native acceptor defects, such as Cd2+ vacancies and Te2− at interstitial
sites. However, the enhanced p-type conductivity for the
CdTe:Sb NWs should be attributed to the substitutional
doping of Sb3− ions via replacing Te2− ions. Our results
unambiguously demonstrate that p-type doping has been
J. Nanoeng. Nanomanuf., 2, 191–196, 2012

successfully achieved in the CdTe NWs and Sb could sever
as an efﬁcient dopant to tune the tansport properties of the
CdTe NWs.
The hole mobility (h ) of the CdTe NWs can be
deduced from the transconductance (gm  of the nanoFETs.
Intercepting the linear part of the transfer characteristic
curves, gm can be calculated as follows:
dIds
dVg

(1)

dIds ln4h/dL
dVg 20 SiO2 Vds

(2)

gm =
h is thus given by:
h =

where L is the channel length (15 m), d is NW diameter
(800 nm), SiO2 is the dielectric constant of the gate SiO2
(∼3.9), h is the thickness of SiO2 (h = 300 nm). Based on
the above equations, gm for undoped NW, sample 1, sample 2 are calculated to be 0.01, 0.1, and 0.36 nS, respectively, at Vds = −1 V. Correspondingly, h are estimated
to be 2.8 × 10−3 , 2.8 × 10−2 , and 0.1 cm2 V−1 s−1 , respectively. The enhanced hole mobility for NW with higher
doping level is likely attributed to the improved electrode
contact. On the other hand, we can obtain the hole carrier
concentration (nh  in the NWs to be 3.3 × 1016 , 5.3 × 1017 ,
and 8.1 × 1017 cm−3 for undoped NW, sample 1, and sample 2, respectively, according to the following relationship:

(3)
n=
qh
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Fig. 3. (a) Schematic illustration of the back-gate nanoFET based on a single CdTe:Sb NW. (b) A representative FESEM image of the device.
(c) Typical I–V curves of both the undoped and Sb-doped CdTe NWs. (d–f) are electrical transfer characteristics of undoped NW, sample 1, and
sample 2, respectively. Insets show the Ids –Vg curves measured at Vds = −1 V.

where  is the conductivity of the NW, and q is the elementary charge.
3.3. NanoSBDs Based on the CdTe:Sb NWs
In order to further exploit the potential applications of the
CdTe:Sb NWs in the nanoelectronics, nanoSBDs based
on individual NWs were constructed. Figure 4(a) shows
the schematic illustration of the nanoSBDs, in which the
Al electrode and Cu/Au electrode server as the Schottky
contact and the ohmic contact, respectively. Figure 4(b)
displays the device characteristics of the nanoSBDs. Signiﬁcantly, all the devices show a pronounced rectifying
behavior. Further analysis indicates a low turn-on voltage
of ∼ + 1 V and a high rectiﬁcation ratio of 107 –108 for the
devices. Measurements on three different nanoSBDs give
the similar device characteristics (Fig. 4(b)), indicating the
excellent reproducibility of the nanoSBDs. At room temperature, the thermionic emission will be the dominated
194

mechanism for the current transport in a Schottky diode.
So, the I–V characteristic of the nanoSBD in the forward bias regime could be described by the following
relationship:



 

qV
qV
I = I0 exp
− 1 ≈ I0 exp
(4)
nkT
nkT


q
I0 = AA∗ T 2 exp − b
(5)
kT
where I0 is the reverse saturation current, n the ideality
factor, A the area of Schottky contact, A∗ the effective
Richardson constant, and b the Schottky barrier height.
The ideality factor n can be obtained according to the
formula n = q/kT  (dV /d ln I) based on Eq. (4). From
the semi-log I–V plots in the inset of Figure 4(b), n is
estimated to be 1.60∼1.67 for the nanoSBDs. And q b
is deduced to be ∼0.82 eV from Eq. (5). This result is
consistent with previous report, in which the contact barrier between Al and intrinsic CdTe was determined to be
J. Nanoeng. Nanomanuf., 2, 191–196, 2012
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Fig. 4. (a) Schematic illustration of the Al/CdTe:Sb NW nanoSBD. (b) Rectifying characteristics of three different nanoSBDs, which are marked
with SBD 1, SBD 2, and SBD 3. Inset shows the semi-log plots of the rectifying curves. (c) Avalanche breakdown curve of the nanoSBD at large
reverse bias. Inset shows the typical SEM image of the nanoSBD based on an individual CdTe:Sb NW. (d) Energy band diagram of the Al/CdTe:Sb
NW nanoSBD at zero bias, where WAl represents the work function of Al ﬁlms, CdTe the electron afﬁnity of CdTe, ECdTe the band-gap of CdTe NW.

∼0.76 eV.30 On the other hand, at the reverse bias regime,
the tunneling current is very low until a large reverse
voltage (> −17 5 V) is applied, where a steep increase
of the reverse current is observed. This phenomenon is
associated with the avalanche breakdown mechanism at
large reverse bias.30 The large breakdown voltage for the
device is a manifestation of the high performance of the
devices. Figure 4(d) shows the energy band diagram of
the Al/CdTe:Sb NW SBD. It is seen the energy bands of the
p-type CdTe NW at the interface tend to bend upwards due
to the difference in the work function with Al, thus leading
to the formation of the contact barrier for holes transfer.
Besides the nanoSBDs on the SiO2 /Si substrates, ﬂexible nanoSBDs were fabricated based on the CdTe:Sb
NWs by adopting the PET ﬂexible substrates. The device
image is shown in Figure 5(a). It is seen that the device
could be readily bent under the external force. Interestingly, the ﬂexible nanoSBDs show similar device characteristics with the counterparts on the SiO2 /Si substrates
and no evident degeneration in the device performance is
observed. The turn-on voltage and switching ratio of the
ﬂexible nanoSBDs are deduced to be ∼ + 1 V and 107 ,
respectively. Moreover, the devices exhibit good resistance
to the strains that were applied to the devices by bending the PET substrate with different curvatures. Measurements conducted under different strains of 0%, 0.1%, and
0.2% give the similar results (Fig. 5(b)), indicating that the
J. Nanoeng. Nanomanuf., 2, 191–196, 2012

(a)

(b)

Fig. 5. (a) NanoSBDs fabricated on the ﬂexible PET substrate. (b) Rectifying characteristics of the nanoSBDs on PET under different strains.
Inset shows the semi-log plots of the rectifying curves.
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