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Aspect ratio controlled synthesis of tellurium
nanowires for photovoltaic applications
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Randy J. Ellingson *

Here, we report an aspect ratio-controlled synthesis of tellurium (Te) nanowires (NWs) utilizing a hot-

injection colloidal method. The synthetic method uses low cost materials – specifically, tellurium oxide

(TeO2) as the tellurium source, environmentally benign ethylene glycol as a solvent, and ascorbic acid as

a reducing agent. Analysis of scanning electron micrographs confirms that the NWs show narrow distributions

for length, diameter, and therefore also aspect ratio. For example, we have prepared Te NWs exhibiting aspect

ratios of 28.0 and 55.4. X-ray diffraction studies confirm a hexagonal crystal structure for the synthesized Te

NWs. Based on Raman spectroscopy, Stokes lines were observed at 117.0 and 136.1 cm�1 for A1 and E2 modes

of vibration. Fabrication of Te NW thin films demonstrated their suitability as a hole transport layer at the back

contact of cadmium sulfide/cadmium telluride (CdS/CdTe) solar cells, yielding enhanced open-circuit voltage

(Voc = 0.846 V) and fill factor (FF = 77.8%), and an efficiency of 14.6%; the control device has an efficiency of

13.1% (Voc = 0.825 mV, FF 74.0%).

Introduction

Nanomaterials offer significant value for opto-electronic appli-
cations because of their unique optical and electronic properties
compared to their bulk counterparts.1–3 Properly prepared one-
dimensional semiconductors, such as nanowires (NWs), possess
superior axial transport properties (thermal and electrical con-
ductivity) which make them applicable in opto-electronics
including nano photonics and energy related applications.4,5

Tellurium (Te) is a rare earth element with narrow band gap
energy (B0.35 eV) and p-type conductivity.6 Te NWs often
exhibit low defect density, enhanced thermoelectric perfor-
mance, and photoconductivity.7–10 Here, we report on success
in preparing controlled aspect ratio Te NWs, and demonstrate
their use as a buffer layer for the back contact of cadmium
telluride (CdTe) photovoltaic (PV) devices.

Although Te nanostructures such as nanowires, nanorods
and nanobelts can be prepared using solution-based and
vacuum based approaches, these methods typically yield product
with a wide size polydispersity, particularly in length. Solution-
based techniques include solvothermal and hydrothermal
approaches11–17 whereas for vacuum based technology include
vapor deposition of Te such as thermal evaporation.18,19 Mohanty
et al. have used thermal evaporation to produce Te NWs of several
micron length with diameters of 100–300 nm.19 The solution-

based approaches include the use of hydrazine as a reducing
agent14,15,20 which is extremely hazardous and highly flammable.
Thus, less hazardous and safer chemicals are desired for the
synthesis of Te NWs. The solution-based synthesis gives a
freedom for the solution-processing of the material for the
fabrication of devices. Silva et al. yield the Te NWs with diameter
less than 30 nm and lengths varying from 600 nm to 5 mm using
hypophosphorous acid.21 Liu et al. have reported the rapid
microwave assisted method to produce Te NWs with 20 nm
diameter and length of tens of microns.8 In the synthesis of
nanorods and nanowires, ascorbic acid is used as a reducing
agent which is relatively less hazardous.11,22–24 Yang et al.
reported the synthesis of Te NWs using ascorbic acid as a
reducing agent and ethylene glycol as the solvent with average
diameter of 9.7 � 2.7 nm.24 Based on the literature, all these Te
NWs have relatively uniform diameters but wide distribution of
lengths. Uniform and controlled length of these Te NWs would
provide an opportunity to improve the transport properties
along the length. Thus, our novel strategy focuses on the
synthesis of Te NWs with controlled aspect ratio, for application
at the back-contact in CdTe solar cells.

Cadmium telluride is one of the leading cost-effective PV
technologies for thin film solar cells with direct band gap
energy of 1.5 eV and absorption coefficient 4105 cm�1.25 In
CdTe solar cells, the back contact interface layer plays a vital
role in carrier transport, and the development of high-quality
back contact is essential to improve the device performance.26

Due to its deep work function, preparation of low resistance and
stable ohmic contact presents a major technology challenge for
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CdTe PV devices.27 To make a good contact and reduce the
contact barrier and contact resistance on CdTe, several techniques
have been employed such as back surface modification or insertion
of a hole transport layer (HTL) between the CdTe and a metallic
contact. The CdTe back surface can be modified by doping with Cu
or etching the CdTe surface to create a Te-rich layer.28–30 The
etching procedure generally consists of exposing the polycrystalline
CdTe surface to an acidic alcoholic solution of bromine or
iodine that selectively reacts with Cd atoms and leaves Te on the
surface.31,32 Other (HTL) materials applied between CdTe and a
metallic contact include iron pyrite, carbon nanotubes, copper
doped ZnTe, nanocomposite (CuS)x(ZnS)1�x, and copper NWs
with graphene.33–40 The formation or the deposition of Te layer
is essential for the preparation of highly efficient CdTe photo-
voltaics. For example, the deposition of elemental Te by thermal
evaporation has also improved the device performance.41 The
use of length controlled Te NWs offers the important potential
to develop point contacts at the back contact of p-type poly-
crystalline CdTe, in such a way as to allow for efficient hole
extraction through an otherwise passivated interface.

Here, we report the synthesis and characterization of Te
NWs with uniform length and diameter distributions using a
colloidal hot injection method. During synthesis, tellurium
oxide (TeO2) is the source of Te, L-ascorbic acid is used as a reducing
agent, ethylene glycol as a solvent, and polyvinylpyrrolidone (PVP)
serves as a surfactant. The synthesized Te NWs have hexagonal
crystal structure with active vibrational modes at 117.0 and
136.1 cm�1 corresponding to A1 and E2 modes. Implementing
these Te NWs to fabricate CdTe solar cell back contacts yield
significantly improved open-circuit voltage (Voc) and fill factor
(FF) compared to standard devices. The best cell using Te NWs
has an efficiency of 14.6% (Voc 846 mV, FF 77.8%), an 11%
improvement over the control device which converts at an
efficiency of 13.1% (Voc 825 mV, FF 74.0%). These results are
quite good for a film stack with CdS as the window layer, which
limits the current density to about 75% of what can be obtained
using a CdSe or MgZnOx front window layer.42

Experimental methods
Materials

Tellurium oxide (TeO2 Z 99%) was obtained from Alfa Aesar,
polyvinylpyrrolidone (PVP, Molecular wt. B40 000), L-ascorbic
acid (Z99%) and ethylene glycol were obtained from Fisher
Scientific, and potassium hydroxide (KOH Z 99%) was obtained
from Sigma Aldrich are of analytical grade and used without
further purification.

Synthesis procedure

The synthesis of Te NWs is based on a slightly modified version
of the procedure reported by Yang et al. previously.24 In a
typical synthesis of Te NWs, 1.05 mmol (0.167 gm) of tellurium
oxide (TeO2), 2.98 mmol (0.167 gm) of potassium hydroxide
(KOH) and 0.1 gm of polyvinylpyrrolidone (PVP) were dissolved
in 15 mL ethylene glycol (EG) under vigorous magnetic stirring

to form a milky white solution. The temperature of the flask
was set to 120 1C at which the solution becomes transparent
yellow. In the meantime, 1.42 mmol (0.2496 gm) of ascorbic
acid was dissolved in 0.75 mL of deionized water at 80 1C to
form an aqueous ascorbic acid solution. When the reaction
temperature reached to 120 1C, the ascorbic acid solution was
rapidly injected resulting the change in color of the reactants to
opaque black. The reaction was continued for 21 h at 120 1C in
a dinitrogen (N2) environment to complete the synthesis of
high quality Te NWs. The heating mantle was removed, and the
flask temperature was lowered to room temperature using a
cold-water bath. The product was centrifuged and cleaned with
deionized water three to five times. The obtained NW product
was dried and stored as a powder in a glove box in N2

environment for characterization and application.

Tellurium NWs as a back-contact interface layer

To test Te NWs as a back contact to CdTe solar cells, we used
CdS/CdTe film stacks deposited by Willard and Kelsey Solar
Group, via vapor transport deposition (VTD) onto TECTM-15M
(Pilkington N.A.) glass substrates. The CdTe devices were
activated by CdCl2 treatment at 390 1C for 30 min in dry air
environment to advance grain growth, release interfacial strain
and facilitate intermixing at CdS/CdTe interface.43 The standard
back contact was prepared using thermally evaporated copper
(3 nm) and gold (40 nm) followed by annealing at 150 1C for
35 min. Similarly, a solution-based copper treatment was carried
out using a procedure reported previously.44,45 To prepare devices
using Te NWs as the HTL, 40 mL solution of Te NWs (10 mg mL�1)
was dropped and spun onto the Cu-doped CdTe at 1000 and
3500 rpm for 10 and 50 s respectively. Devices were then
annealed at 150 1C for 1 min, and Au (40 nm) was thermally
evaporated to complete the back contact. The completed CdTe
device was scribed using a 532 nm laser to produce approxi-
mately 24 cells of area 0.06 cm2.46

Results and discussion
Synthesis and characterization of Te NWs

Fig. 1 displays the SEM images of Te NWs prepared with varying
amounts of PVP and ascorbic acid. PVP acts as a structural
directing agent and stabilizing agent,47 and therefore plays a
vital role in the formation of Te NWs with uniform morphology.
Along with PVP, the alkaline condition aids the growth of Te
NWs. Fig. 1(a) and (b) shows the SEM images of Te NWs prepared
using 0.1 gm of PVP and 0.75 mL of ascorbic acid solution.
The synthesized Te NWs are uniform in length and diameter.
Fig. 2(a) and (b) shows the diameter and length distribution of Te
NWs with 0.1 gm of PVP and 0.75 mL of ascorbic acid.

From SEM image Fig. 1(a) and statistical analysis Fig. 2(a)
and (b), the average length and diameter of the nanowires are
1.15 � 0.03 mm and 41.0 � 3.0 nm respectively. The Te NWs
have very narrow size distribution with standard deviation
�0.03 mm in length and �3.0 nm in diameter. In this case,
the aspect ratio of Te NW is 28.0 � 2.7. Upon increasing the
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amount of PVP to 0.2 g and ascorbic acid to 1.5 mL, Te NWs of
uniform length and diameter were again obtained, however
with decreased NW diameter and increased NW length. The
SEM images are shown in Fig. 1(c) and (d). The average length
and diameter of Te NWs are 1.54 � 0.07 mm and 27.8 � 3.7 nm
respectively. The aspect ratio of Te NWs for this case is 55.4 �
1.1. Fig. 2(c) and (d) shows the diameter and length distribution
of Te NWs with 0.2 gm of PVP and 1.5 mL of ascorbic acid.
Further, we calculated the aspect ratio of the individual NWs,
and plotted the graphs for aspect ratios for two synthesis
conditions as shown in Fig. 2(e) and (f). In case of the NWs
synthesized by using 0.1 g PVP and 0.75 mL ascorbic acid,
B56% of NWs have aspect ratio in the range of 26–30 while for
0.2 g PVP and 1.5 mL ascorbic acid, B40% of the NWs have
aspect ratio in the range of 56–65 and B36% are in the range of
46–55. The increased in aspect ratio is due to the role of these

PVP and ascorbic acid as directing agent and reducing agent.11

Fig. 1(e) and (f) shows the scanning transmission electron
microscope (STEM) images of Te NWs formed with 0.1 gm
PVP and 0.75 mL ascorbic acid. It reveals that NWs are highly
crystalline with uniform length and diameter. The unusual
anisotropic crystal structure of Te consists of 1D helical chain
of covalently bound atoms parallel to the c-axis.48 Previously,
Zhong et al. used a solvothermal technique to synthesize Te
NWs with diameter 30 � 2 nm and length 10 � 1 mm using
ethylene glycol as a solvent.11 Qian et al. reported the synthesis
of Te NWs with diameter 4–9 nm and lengths up to hundreds of
mm and Wang et al. reported Te NWs with diameter 40 nm with
lengths in several microns using hydrazine through hydro-
thermal method.14,15 In our case, we demonstrated the success-
ful control of the aspect ratio of Te NWs, from 28.0 to 55.4, by
varying the amount of ascorbic acid and PVP. The amount of

Fig. 1 SEM images of Te NWs obtained from TeO2 with ethylene glycol at 120 1C (a) and (b) 0.1 gm PVP and 0.75 mL ascorbic acid (c) and (d) 0.2 gm PVP
and 1.5 mL ascorbic acid and (e) and (f) STEM images of Te NWs obtained from 0.1 gm PVP and 0.75 mL ascorbic acid.

Fig. 2 Diameter, length and aspect ratio distribuiton of Te NWs at 120 1C for 21 h. (a), (b) and (e) 0.1 g PVP and 0.75 mL ascorbic acid (c), (d) and (f) 0.2 g
PVP and 1.5 mL ascorbic acid.
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surfactant and reducing agent are the key parameters to pre-
pare the desired nanowires during synthesis. Potassium hydro-
xide to control alkalinity helps PVP to act fully as a surfactant
for the synthesis of Te NWs. Here, we developed the Te NWs
with uniform length and diameter using hot injection colloidal
method with small deviation in length with standard deviations
of 0.03 mm and 0.07 mm respectively for two cases.

Fig. 3(a) displays the typical XRD pattern of synthesized Te
NWs performed in the ‘2y’ range of 20–701. The diffraction
peaks obtained from MDI JADE closely match with the diffraction
peaks measured for our as-synthesized Te NWs. Based on the
standard powder diffraction file, synthesized Te NWs are in
hexagonal phase with lattice constants a = b = 0.4454 nm and
c = 0.5924 nm. The high intensity obtained in the diffraction
pattern signifies the purity of the material. Similarly, Fig. 3(b)
shows the Raman spectrum of Te NWs using a 632.8 nm He–Ne
laser source with bands at 117.0, 136.1 and 265.9 cm�1. The
mode with a vibration 117.0 cm�1 corresponds to A1 mode,
136.1 cm�1 corresponds to E2 mode and the bands at

265.9 cm�1 assigned to the second-order spectra of the Te
NWs which agrees closely with previous reports.49,50

Next, we investigated and analyzed the effect of Te NWs as a
HTL on CdTe PV devices. Tellurium manifests as a p-type semi-
conductor, and has been reported with a majority carrier concen-
tration of 2.65� 1018 cm�3, Hall mobility of 8.99 cm2 V�1 S�1, and
resistivity of 0.26 O cm.51 The insertion of a Te layer as a HTL on
CdTe surface is to make a p/p+ interface with the CdTe absorber
layer. The formation of Te on the back surface reduces the
potential barrier height for hole transport between the CdTe
and the back metal electrode.32 Fig. 4 displays SEM images of
the CdTe surface after CdCl2 treatment, (a) without and (b) with
Te NWs applied. Fig. 4(b) clearly shows a CdTe surface covered
with Te NWs. Fig. 4(c) shows the cross-sectional SEM image of
CdS/CdTe solar cells with the Te NWs HTL and thickness of Te
NWs layer is approximately 100 nm, and Fig. 4(d) shows the
schematic diagram of the device structure.

Fig. 5 shows the J–V characteristics and external quantum
efficiencies (EQEs) of CdS/CdTe solar cells prepared with
standard back contacts and prepared using Te NWs as an
interface layer in between the Cu and Au. The back-contact
designs tested here involved Cu/Au (evaporated metallic Cu),
Cu/TeNWs/Au, CuCl2/Au (solution CuCl2), and CuCl2/TeNWs/Au.
The solid and dashed lines correspond to light and dark measure-
ments respectively. In the case of the Cu/Au back contact, the
best device has an efficiency (Z) of 13.1% with Voc 825 mV, Jsc

21.6 mA cm�2, and FF of 74.0%. When a Te NW film was used as
the HTL (Cu/TeNWs/Au), the best device efficiency was 14.0% with
a Voc of 837 mV, Jsc of 21.6 mA cm�2 and FF of 77.7%. For
Cu/TeNWs/Au back contact devices, the average device efficiency
was increased by about 7% as compared to Cu/Au back contacts
with significant improvement on FF. Similarly, with solution-
based copper (CuCl2/Au), the back contact, best cell has an
efficiency (Z) of 14.0% with Voc 841 mV, Jsc 22.1 mA cm�2, and
FF of 75.4%. With Te NWs (CuCl2/TeNWs/Au), the best device
efficiency was 14.6% with Voc of 846 mV, Jsc of 22.3 mA cm�2

Fig. 3 (a) X-ray diffraction pattern of synthesized Te NWs obtained from
TeO2, possess hexagonal crystal structure and the sharp intensity peaks of
the pattern indicate pure-phase crystalline material. The reference lines
(PDF #97-004-0042) was obtained from MDI JADE software, and (b)
Raman spectroscopy measurement of Te NWs using a 632.8 nm excitation
from a He–Ne laser with 0.1 gm PVP and 0.75 mL ascorbic acid.

Fig. 4 SEM images of CdCl2 treated CdTe (a) top surface w/o Te NWs and
(b) top surface with Te NWs (c) cross-sectional image with Te NWs as HTL
and (d) schematic diagram of the device structure.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
9.

01
.2

6 
07

:5
3:

34
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00394h


This journal is©The Royal Society of Chemistry 2020 Mater. Adv., 2020, 1, 2721--2728 | 2725

and FF of 77.8%. We have observed that managing the Cu
concentration and diffusion plays a critical role in performance, and
we therefore believe that the use of CuCl2 solution to introduce the
Cu enables better control than the thermal evaporation of a thin Cu
layer.45 The average device efficiency was increased by about 4% as
compared to the CuCl2/Au back contact. The average device
parameters from twenty cells of each type of back contact are
shown in Table 1. By introducing Te NWs as an interface layer,
an improvement of open circuit voltage and fill factor was
observed. The Jsc obtained from EQE measurement matches
closely with Jsc obtained from J–V measurement.

Tellurium as a buffer layer between CdTe and a metal
contact has been shown to reduce the downward band bending

and mitigate a Schottky barrier formed at the back contact.52

A Te buffer layer on CdTe can also be deposited by evaporation.
Watthage et al. reported the best cell efficiency of 13.8%
(Voc = 839 mV, and FF = 75.6%) and average efficiency of
13.3% with 80 nm thermally evaporated Te followed by 3 nm
Cu and 40 nm Au.31 Previously, Liang et al. have also applied
the Cu NWs with graphene as a back contact interface layer to
CdTe photovoltaics, and they reported the device efficiency to
be 12.1% while the control was 9.1% with Cu thin film.40

Similarly, Major et al. have used ZnO NWs instead of conventional
ZnO thin film as a front contact material for CdTe solar cells. They
reported photoconversion efficiency of 9.53% when using ZnO
NWs, whereas use of a planar ZnO buffer layer had a device
efficiency of 9.99%.53 Compared to these results, we observed
411% increase in device efficiency by using Te NWs compared to
Cu/Au back contacts. Thus, a thin layer of Te NWs seems to be
more effective to enhance the device efficiency which we attribute
to the lowering of contact resistance and barrier height.

The J–V behavior of solar cells can be described by using
single exponential diode equation as,

J ¼ J0 exp
q

AkBT
V � JRsð Þ þ GshV � JL

� �
(1)

where J0 is the reverse saturation current, q is an electronic
charge, A is an ideality factor, kB is Boltzmann’s constant, T is
absolute temperature, Rs is series resistance, Gsh is shunt
conductance and JL is the load current density which is equal
to short circuit current density ( Jsc). To analyze the solar cell
parameters using dark current, we take JL = Jsc = 0. By utilizing
the experimental dark J–V curves and above diode equation, we
calculated and compared the solar cell parameters like ideality
factor, series resistance, and dark saturation current for CdS/
CdTe device with back contacts Cu/Au, Cu/TeNWs/Au, CuCl2/Au
and CuCl2/TeNWs/Au respectively.

Fig. 6(a) displays dark J–V curves on a linear scale for various
back contacts. In case of a Cu/Au back contact, we can see
higher back barrier which explains the low fill factor of these
cells compared to other back contacts. As evidenced from the
dark J–V curves with Te NWs, we can see the improvement in
the J–V behavior qualitatively. Fig. 6(b) shows the plot of dJ/dV
versus bias voltage (V), and it indicates negligible shunt con-
ductance (close to zero) in the devices under dark conditions.
Thus, the term Gsh and JL were taken to be zero for these dark
J–V curves. Similarly, Fig. 6(c) shows the plot of dV/dJ vs. J�1

from which we estimated the values of Rs and A. The values of
the Rs and A were obtained from the y-intercept and slope of the
linear fit as shown in the Fig. 6(c). Similarly, using these values

Fig. 5 (a) J–V characteristics and (b) external quantum efficiency (EQE) of
CdTe solar cells with Cu/Au, Cu/TeNWs/Au, CuCl2/Au and CuCl2/TeNWs/
Au back contacts respectively. The solid and dotted lines in Fig. 5(a)
represent J–V curves under illumination and dark conditions respectively.

Table 1 Summary of the J–V characteristics of 20 cells with various back contacts. Numbers shown here represent the average values, and the � value
represents the standard deviation (SD) of the measured device parameters

Back-contacts Voc (mV) Jsc (mA cm�2) FF (%) Z (%) Rs (ohms cm2) Rshunt (ohms cm2)

Cu/Au 818 � 5 21.6 � 0.3 72.8 � 0.8 12.9 � 0.2 3.5 � 1.2 1737 � 228
Cu/TeNWs/Au 835 � 1 21.5 � 0.1 77.3 � 0.2 13.9 � 0.1 3.8 � 0.1 3504 � 228
CuCl2/Au 838 � 2 22.0 � 0.1 74.8 � 0.9 13.8 � 0.2 4.3 � 0.1 2983 � 466
CuCl2/TeNWs/Au 844 � 1 22.0 � 0.2 77.2 � 0.2 14.3 � 0.1 4.0 � 0.3 3781 � 225
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of Rs, we plotted ln[ J] versus [V–Rs J] as shown in Fig. 6(d) to
estimate reverse saturation current density and ideality factor.
The values of Rs, A and J0 for all back contacts obtained from
Fig. 6 are presented in Table 2.

The value of A with Cu/Au back contact is about 1.54 while
with Te NWs, its value is lowered to 1.48. Also, the reverse
saturation current density ( J0) is 3.5 � 10�8 mA cm�2 for Cu/Au
and with Te NWs its value is 3.6 � 10�10 mA cm�2. The values
of ideality factor and reverse saturation current are in close
agreement with a previous report for CdS/CdTe device with
standard back contact (Cu/Au).54 Similarly, the ideality factor and
J0 are improved for CuCl2 treated devices with Te NWs. Thus, the
interfacial layer helped to lower the value of the reverse saturation
current density indicating better diode behavior of these CdS/
CdTe solar cells. In a device, A and J0 depend one each other
while the value of J0 influences the open-circuit voltage of the
device. In case of CuCl2/TeNWs/Au, it has the lowest value of the
J0 and highest value of Voc, and lower value of the J0 indicates
the reduced recombination at the back interface.

Here, Te NWs are used as a back-buffer layer to CdS/CdTe
devices which reduces the contact barrier and improves the
transport of holes towards the back electrode. In CdS/CdTe
devices, Jsc is low due to the parasitic absorption of blue photons
by CdS layer compared to CdSe/CdTe or MZO/CdTe devices.
However, the device efficiency that we have obtained here are
comparable to previously published reports for CdS/CdTe
devices.55 In ref. 55, the authors have used very thin (50 nm) CdS
layer than in our case (120 nm) yielding higher Jsc (25.1 mA cm�2)
while they have lower FF (74.5%) compared to our results (Table 1).
Here, our ultimate goal is to utilize orientation- and contact-
controlled Te NWs as current conduits to channel holes through
an insulated and passivated CdTe back contact interface and
enhance the FF and Voc of the device.

Conclusions

We have succesfully synthesized 1-D Te NWs of uniform lengths
and diameters via hot injection collodial method. The lengths

Fig. 6 Analysis of dark J–V curves with back contacts Cu/Au, Cu/TeNWs/Au, CuCl2/Au and CuCl2/TeNWs/Au (a) dark J–V curve (b) shunt
characterization (c) plot of dV/dJ versus l/J for calculation of A and Rs (d) plot of ln(J) versus V–RsJ for calculation of n and J0. The solid lines represent
the corresponding fitted lines in (c) and (d).

Table 2 Device parameters (ideality factor, series resistance, and dark saturation current) obtained by analyzing dark J–V curves (Fig. 2) based on Fig. 6

Device parameters Cu/Au Cu/TeNWs/Au CuCl2/Au CuCl2/TeNWs/Au

A (dV/dJ vs. J�1) 1.54 1.48 1.56 1.36
Rs (dV/dJ vs. J�1) (O cm2) 1.83 1.21 0.76 0.48
A (ln J vs. V–RsJ) 1.60 1.35 1.44 1.3
J0 (ln J vs. V–RsJ) (mA cm�2) 3.5 � 10�8 3.6 � 10�10 1.2 � 10�9 1.2 � 10�10
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and diameters of the Te NWs can be controlled using the
amount of ascorbic acid and PVP. A typical length and diameter
of Te NWs with 0.1 gm PVP and 0.75 mL ascorbic acid were
1.15 � 0.10 mm and 41.0 � 3.0 nm respectively. The synthesized
Te NWs have hexagonal crystal sturcutre with active modes of
vibrations at 117.0 cm�1 and 136.1 cm�1 for A1 and E2 modes.
Te NWs thin films were utilized as a hole transport layer to CdS/
CdTe solar cells to enhance the open-circuit voltage, fill factor,
and power conversion efficiency. On using these Te NWs as an
interface layer, average device efficiency of more than 20 cells
was increased by B11.0% (absolute 1.4%) compared to standard
Cu/Au back contact.
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