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Single-crystalline CdTe nanowire field effect
transistors as nanowire-based photodetector†

Mehrdad Shaygan,a Keivan Davami,a Nazli Kheirabi,a Changi Ki Baek,b

Gianaurelio Cuniberti,c M. Meyyappand and Jeong-Soo Lee*a

The electronic and photoconductive characteristics of CdTe nanowire-based field effect transistors were

studied systematically. The electrical characterization of a single CdTe nanowire FET verifies p-type

behavior. The CdTe NW FETs respond to visible-near infrared (400–800 nm) incident light with a fast,

reversible and stable response characterized by a high responsivity (81 A W�1), photoconductive gain

(B2.5 � 104%) and reasonable response and decay times (0.7 s and 1 s, respectively). These results

substantiate the potential of CdTe nanowire-based photodetectors in optoelectronic applications.

1. Introduction

Interesting properties of inorganic nanowires (NWs), together
with controllable synthesis techniques, make them promising
candidates for applications in nanoscale electronics, thermo-
electric devices, optoelectronics, biosensors and other areas.1

Among various types of optoelectronic devices, photodetectors,
which convert optical input signals into electrical output signals,
have witnessed a great deal of interest in medical imaging
techniques, optical communication, intrachip optical interconnects
and optoelectronic circuits.2,3 The unique properties of nanowires
such as high sensitivity, high wavelength selectivity, fast response,
light polarization sensitivity, light absorption enhancement and
high photoconductive gain are ideal for photodetectors in the
above mentioned applications. The high sensitivity of nanowire-
based detectors is owed to the large surface-to-volume ratio and
reduced dimension of the detecting area. Deep surface trap states
as a result of large surface-to-volume area could prolong the
photocarrier lifetime and a short transit time could be obtained
by reduced active area.4

CdTe with a direct band gap of 1.44 eV and a high absorption
coefficient at room temperature has received attention for its
potential in solar energy conversion devices, sensors and
photonics,5,6 high-efficiency photovoltaic devices7,8 and light
emitting diodes.9,10 In contrast to the widely investigated

photovoltaic application of CdTe, there have been only a few
reports on photodetection, especially using nanowires.4 The
main challenge facing the photodetector application of CdTe
NWs involves availability of efficient synthesis techniques to
grow nanowires with high purity, good crystallinity and uniform
morphology together with a suitable control of their diameter and
length. CdTe nanowires have been grown by various methods
including the solution–liquid–solid (SLS) method,11,12 template-
directed electrodeposition,13 chemical vapor deposition14 and the
solvothermal method.15 Each of these routes has some drawbacks,
for example, the collapsing and aggregating of the nanowires after
template removal.11 In this regard, catalyzed vapor–liquid–solid
(VLS) growth has emerged as a desirable technique for growing
a variety of inorganic nanowires.1,4 Here, we have synthesized
single-crystalline CdTe nanowires via the VLS route and fabricated
field effect transistors (FETs). Evaluation of the photoresponse
characteristics of the FETs revealed that CdTe NW-based photo-
detectors show high responsivity, high photoconductive gain and
significant stability in response to a wide range of irradiating light
spectra.

2. Experimental procedure

The CdTe nanowires were synthesized via a vapor–liquid–solid
(VLS) technique on silicon substrates covered with a 1 nm gold
layer, as described in detail in the ESI.† The morphology of the
samples was characterized using a field emission scanning
electron microscope (SEM) (Philips XL 30S) operating at 5 kV,
and an energy-dispersive X-ray spectroscope (EDS) was used
to obtain their elemental composition. Following ultrasonic
dispersion of the nanowires in ethanol, drops of the solution
were deposited on a holly copper grid with a carbon film
for examination by a high resolution transmission electron
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microscope, (JEOL-2100F with Cs Corrected STEM) operating at
200 kV.

The structural characterization of the samples was carried
out using a X-ray diffractometer (D/Max-2500/PC from Rigaku Co.),
using Cu-Ka (l = 1.5418 Å) radiation at 100 mA, 40 keV. The XRD
patterns were recorded in the range of scanning angle 51–901 at a
scanning speed of 41 min�1. The joint committees of powder
diffraction standards (JCPDS) card file data were used to interpret
the pattern and identify the observed peaks. The standard
diffraction patterns of CdTe (JCPDS card no. 15-0770) and SiO2

(JCPDS card no. 79-1912) were assigned as references. Raman
spectroscopy was performed using a Senterra Raman spectro-
scope (Bruker Optics) using an excitation wavelength of 532 nm
from a YAG laser. The spot size of the laser was 500 nm in
diameter and an optical microscope was used to choose the
probing area. The laser power for all the samples was 10 mW,
selected to prevent damaging of the nanowires due to local
heating effects. The as-grown samples on silicon substrates were
used for Raman analysis without any special sample preparation.

To fabricate CdTe FETs, the nanowires were removed from
the substrate by sonicating in ethanol solution followed by
dispersing onto another Si substrate (a p-type substrate with a
300 nm oxide layer). The metal electrode pads were defined by a
photolithographic masking technique with an area of 80 mm2

and a 3–5 mm distance between neighboring pads. The electrodes
were formed by depositing chromium/gold (30 nm/180 nm) layers
via thermal evaporation, and ultimately a lift off process. Finally,
CdTe NW FETs were fabricated with two metal contacts as source
and drain electrodes and the Si substrate serving as a back gate.
The electrical characteristics of the devices were measured using an
Agilent 4156C semiconductor parameter analyzer with a probe
station. The photoresponse characteristics of the CdTe NW-
based photodetector were measured using a light source of a
500 W-tunable Hg(Xe) lamp and a monochromator (Cornerstone
130) to generate monochromatic light form 300 to 900 nm.

3. Results and discussion

Fig. 1 shows SEM images of CdTe nanowires grown by the VLS
technique, yielding a mat of high density nanowires 35–150 nm
in diameter and several microns long (panel a). An enlarged
view in Fig. 1b reveals the diameter to be 45.2 nm and the gold
particle at the tip of the NW confirms the VLS mechanism. The
HRTEM image of the CdTe nanowire in Fig. 1c shows a lattice
spacing of B0.36 nm corresponding to the (111) plane of CdTe
in zincblend structure. The well-defined diffraction spots in
selected area diffraction pattern (SAED) confirm the single
crystalline nature of the grown material. The EDAX spectrum
of the nanowire stem (not shown here) indicated the presence
of only Cd and Te in a near stoichiometric ratio (Cd/Te =
51.34 : 48.66 wt%), whereas EDAX recorded near the tip of the
nanowire revealed the presence of Au, Cd, and Te, confirming
the Cd–Te–Au alloy nature of the droplet (Fig. 1d). A detailed
parametric study of the growth characteristics, optimized con-
ditions and further characterization of the nanowires through

X-ray diffraction and Raman spectroscopy are provided in the
ESI.†

A top-view SEM image of a single CdTe NW field effect
transistor with the Au electrode pads is shown in Fig. 2. The
channel length (L) of this FET is 4.4 mm and the diameter of the
nanowire is 49 nm. The drain current (Ids) versus drain-source
voltage (Vds) was measured at gate voltages (Vg) varying from
�12.5 V to 12.5 V to assess the electrical characteristics
(Fig. 2c). The current is of the order of picoAmperes and the
I–V curves demonstrate a nonlinear behavior due to the
Schottky barrier formed on the metal semiconductor inter-
faces.16–18 Fig. 2d presents the drain current versus gate voltage
obtained at a constant Vds = 5 V where the conductance of the
nanowire increases as the gate voltage increases in negative
polarity. From the linear region of the curve, the threshold gate
voltage (Vth) and the transconductance (gm = dIds/dVg) can be
extrapolated as �11 V and 32.3 pS, respectively.

The carrier mobility (mh) in a typical cylindrical nanowire
with radius r can be expressed as:19,20

m ¼ dI

dVg
� lnð2h=rÞ

2peoer
� L

Vds
(1)

C ¼ 2peoerL
lnð2h=rÞ (2)

p ¼ CVth

epr2L
(3)

where Vg is the gate voltage, e is the electronic charge, eo is
the dielectric constant of vacuum, er is the relative dielectric
constant of gate insulator material (3.9 for SiO2), h is the
thickness of gate insulator film, L is the channel length and
C is the nanowire capacitance. The estimated values of C and mh

are 6.77 � 10�1 pF and 0.0042 cm2 V�1 s�1, respectively; the
mobility is close to the reported value for CdTe nanoribbons
(NRs) but relatively low compared to bulk CdTe crystals and

Fig. 1 (a) SEM image of a mat of CdTe nanowires grown by VLS. (b) High-
magnification SEM image of an individual CdTe nanowire. (c) HRTEM
image of a single crystalline CdTe nanowire; SAED pattern in the inset.
(d) EDAX analysis of CdTe nanowires taken near the tip of nanowires.
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thin films.18,21 The carrier mobility is affected by the inherent
characteristics of the nanostructure such as crystallinity, the
doping level and surface scattering22 and the nature of the
device itself such as top-gate/back-gate, channel length and
type of dielectric material.23 The observed low carrier mobility
here can be attributed to the surface scattering of the CdTe
nanowires, the low dielectric constant of the SiO2 layer and the
back gate structure of our FET devices which all could weaken
the gating effect and the FET carrier mobility.18,24 The hole
concentration (p) is estimated to be 2.5 � 1018 cm�3 which is
higher than that for CdTe nanoribbons but an order of magnitude
lower than that of CdTe NWs measured by Li et al.24

To study the performance of a CdTe nanowire device as a
photodetector, the device was illuminated with vertical mono-
chromatic light and the corresponding I–V curves were
recorded (Fig. 3a). Fig. 3b shows typical current versus voltage
relation under dark and illuminated conditions with the light
intensity kept constant at 550 mW cm�2. The nonlinear beha-
vior of the I–V curves is indicative of the Schottky contacts
between the NW and Cr/Au electrodes. The CdTe NW photo-
detector is sensitive to visible and near infrared (NIR) while the
photocurrent at an identical voltage decreases with the wave-
length. The enhanced absorption of high-energy photons at or
near the surface region of the semiconductor material could be
the main reason for the commonly observed drop in sensitivity.25

The generation of electron–hole pairs by photons with a higher
energy than the bandgap originates the photocurrent. The
conductivity of the photodetector can be modulated by these
photogenerated carriers revealing the important role of the

bandgap of the material in the determination of the dynamic
range of photodetectors.2 The bias voltage (Vds) for all the
measurements was set at 10 V. The I–V curves of the CdTe
NW photodetector under illumination with 400 nm light of
various intensities are shown in Fig. 3c. Clearly, the photocurrent
at an identical voltage increases with the enhancement of light
intensity. Under the light intensity of 78 mW cm�2, the photo-
conductance reaches about 0.134 pS while by increasing the
light intensity to 550 mW cm�2, the photoconductance raises to
2.54 pS, resulting in a photosensitivity of about 19. This rate of
photosensitivity is higher than that for CdTe nanorods and
nanoribbons as shown in Table 1.

The dependence of photocurrent on light intensity is often
described by the following equation as a power law:

I = APy (4)

where I is the photocurrent, A is a constant for a selected
wavelength, P is the light intensity and y is an empirical value.26

Generally, y values less than unity have been observed in
different nanostructure-based photodetectors such as ZnO
nanowires,26 CdS nanoribbons,25 and In2Ge2O7 nanobelts27

due to a complex electron–hole generation and a recombination
process within the semiconductor material.28 Here, the data
fitted to eqn (4) give 0.3 for y which is higher than the reported
values of other nanostructures of CdTe. As seen in Fig. 3d, the
photocurrent increases gradually with the illumination intensity
which could be due to the saturation of photoresponse at higher
intensities as a result of the reduced number of available hole-
traps at the surface of the semiconductor.3 The photocurrent has

Fig. 2 (a) SEM image of a single CdTe NW field effect transistor. (b) Magnification of the device shown in (a). (c) Ids–Vds measured at gate voltages (Vg)
varying from �12.5 V to 12.5 V, (d) drain current (log scale) versus gate voltage curves obtained at a constant Vds = 5 V.
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a sub-linear dependence on light intensity. At higher intensities,
the number of available hole-traps is significantly decreased
leading to the saturated photoresponse. In such a case, the
density of free carriers can be obtained by

N ¼ ZF
AL

T1ðFÞ (5)

T1ðFÞ ¼ T0
1

1

1þ F=F0ð Þn (6)

where Z is the carrier photogeneration quantum efficiency, F is
the photon absorption rate, A and L are the nanowire cross
section and length, and T1 is the carrier life time. By filling the
traps, the number of free holes raises which increases the

probability of electron–hole recombination. In the above equation,
T1(F) is a carrier life time which is dependent on the absorption
rate, T0

1 is the carrier lifetime at low excitation density, F0 is the
photon absorption rate after saturation of traps and n is a fitting
factor. The photocurrent (Iph) can be expressed as

Iph ¼ qNnA ¼ qZ
T0
1

T1

� �
1

1þ F=F0ð Þn (7)

where the carrier drift velocity is n = ZV/l and q is the elementary
charge.3

The key parameters determining the performance of photo-
detectors are responsivity (Rl) and external quantum efficiency
(EQE) or photoconductive gain (G) besides response time and
detectivity. A high photoconductive gain is important to have a

Fig. 3 (a) Schematic view of the fabricated CdTe NWFET photodetector under light illumination. (b) I–V relation of a CdTe nanowire photodetector in
dark and under illumination with various wavelengths of light. (c) I–V curves of CdTe NW photodetector under illumination with 400 nm light of various
intensities. (d) Dependence of photocurrent of CdTe NW on light intensity and the fitted curve according to the power law.

Table 1 A comparison of the CdTe NW photodetectors from this work with reports from the literature

Photodetector Rl (A W�1) G (%) Response, decay time Photosensitivity Dimension Ref.

ZnSe nanobelt 0.12 37.2 o0.3 s, o0.3 s na 5 mm (l) � 250 nm (w) 30
ZnSe nanowire 22 6810 na na 80 nm (dia.) � 4 mm (l) 29
CdS nanobelt na na 1 s, 3 s 1.5 � 103 200 nm (w) 36
CdS nanowire na na B15 ms, B15 ms 39 200 nm (dia.) array 38
CdSe nanowire na 5 20 ms, 30 ms 10–100 200 nm (w) � 60 nm (h) array 31
CdTe nanoribbon 7.8 � 102 2.4 � 105 1.1 s, 3.3 s 2 na 18
CdTe kinked NW 19.2 na na na 150 nm (dia.) � 2 (l) mm 34
CdTe nanorod na na na 11 na 39
This work 80.1 2.5 � 104 0.7 s, 1 s 19 49.1 nm (dia.) � 4.39 (l) mm
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high detectivity, while the dark current and noise have to be low
as well. Photoconductive gain is defined as the number of
charge carriers passing between the electrodes for each photon
absorbed per second and the responsivity of a photodetector
(Rl) is defined as the generated photocurrent per unit of light
power incident on the effective area of the detector. The Rl and
G can be expressed as follows:4,18

Rl = Iph/(PoptS) (8)

G = (Iph/q)/(PoptS/hn) = t/ttran

where Iph is the photocurrent, P is the incident light intensity, S
is the effective illuminated area, q is the electronic charge, h is
Planck’s constant, n is the frequency of incident light, t is the
carrier life time and ttran is the carrier transit time.

Fig. 4 shows the dependence of responsivity and photo-
conductive gain on light intensity for a wavelength of 400 nm.
At 78 mW cm�2, the responsivity and photoconductive gain of
the CdTe NW are 80.1 A W�1 and 2.5 � 104%, respectively,
while for the intensity of 550 mW cm�2 the corresponding
values decrease to 21.4 A W�1 and 6 � 103%, respectively. As
shown in Table 1, these values are higher than those reported
for photodetectors based on ZnSe nanowires (22 A W�1),29 ZnSe
nanobelts (Rl B 0.12 A W�1 and G B 37%),30 CdSe nanowires
(5%)31 but lower than those of ZnO nanowires (G B 2 � 108)3

and CdS nanobelts (Rl B7 � 104 A W�1, G B 1.9 � 107%).32

Interestingly, the performance here is higher than that of other

CdTe nanostructures such as quantum dots (Rl B 0.18 A W�1)33

and high-crystalline kinked nanowires (Rl B 19.2 A W�1)34 but
lower than for nanoribbons (Rl B 7.8 � 102 A W�1, G B 2.4 �
105%).18 The significant high responsivity and gain of CdTe NR
photodetectors are attributed to high-density traps induced by
the surface modification of NRs through adsorption of water and
oxygen molecules on the NR surface.18 Both G and Rl decrease
with an increase in light intensity which could be due to: (i) the
carrier-trap saturation at high light intensity which increases the
electron–hole recombination by reducing the carrier lifetime;3

(ii) generally, there is an energy barrier for recombination of
electron–hole pairs at the surface of the semiconductors due
to the band bending phenomenon as a result of Fermi-level
pinning. By increasing the intensity of incident light, the number of
hole carriers in the center of the wire increases, which lowers the
potential barrier confining the holes. This decreases the lifetime of
the hole carriers and consequently reduces the G and Rl of the
photodetector.18,35

The time-dependent photoresponse was measured to study
the rise and decay time upon switching the light on and off.
Fig. 5a shows the photocurrent response of a CdTe NW photo-
detector upon 400 nm illumination measured for a B50 s
on/off cycle at different light intensities. The ‘‘on’’ and ‘‘off’’
state currents for all five cycles remain the same, which shows
the reversibility and stability of the photodetector over the
whole period of measurement. Fig. 5 also shows the enlarged
portions in the 100–200 s and 250–350 s ranges corresponding
to the on–off and off–on transitions, respectively. By data
extraction and fitting with an exponential function, short rising
and decay times, 0.7 and 1 s, respectively, are calculated; these
metrics are faster than that reported for CdS nanobelts,36 RuO2/
TiO2 nanowires37 but slower than for CdSe nanowires,31 CdS
nanowires38 and ZnSe nanobelts.30 More importantly, our CdTe
NW photodetector shows a faster photoresponse compared to
CdTe nanorods39 and CdTe nanoribbons.18 The long response
and decay times of CdTe NWs (compared to the very fast
response photodetector) are attributed to the fact that the
trapping and untrapping rates are much slower than the rate
of the carrier recombination process. After the light resource is
cut off, the photocurrent still exists and the carriers do not
sweep out of the device for some time. These carriers, which are
immobile holes and yet to recombine, make the photocurrent
remain after the light source is off.40 There is a trade-off
between the response time and gain. Importantly, the existence
of traps could prolong the carrier lifetime by destroying the
electron–hole recombination and deterioration of time
response but on the other hand this could result in enhanced
responsivity and photoconductive gain in photodetectors.18

Table 1 summarizes the performance of the photodetectors
fabricated here in relation to previous reports in the literature.

4. Conclusion

We have fabricated FETs using a single CdTe nanowire
and evaluated their photoelectric performance. The electrical

Fig. 4 (a) Dependence of responsivity and photoconductive gain on light
intensity for a wavelength of 400 nm shown in (a) and (b), respectively.
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characterization of a single CdTe nanowire FET verifies p-type
behavior. The CdTe NW FETs respond to visible-NIR (400–
800 nm) incident light with a fast, reversible and stable
response depicting a high responsivity (80.1 A W�1), photo-
conductive gain (B 2.5 � 104%) and reasonable response (0.7 s
and 1 s for both response and decay time, respectively). The
photoresponse performance of the CdTe based FETs here is
superior to other telluride, sulfide and selenide based detectors
reported in the literature. Though photodetectors based on one
dimensional structures have continually improved, many chal-
lenges remain.4 Precise control of nanowire diameter and
quality including defects, traps and surface states is critical to
developing reliable devices. Technologies to achieve controlled
contact properties and large wafer fabrication are also needed
to commercialize nanowire based optoelectronic devices.
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