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Abstract
A conducting polymer, namely poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has been employed 
as an alternative metal counter electrode to study steady state charge conduction through a spin-coated 5.2 µm thick ZnO 
film in a sandwich structure on a fluorine doped tin oxide coated glass substrate. The room temperature current–voltage 
characteristics exhibit rectifying behaviour without hysteresis as the bias voltage is cycled between ± 10V for varying 
voltage sweep rate from 100 to 1000 mV/s. Thermionic emission is believed to be the dominant conduction mechanism at 
forward bias voltage V ≤ 2.5 V whereas the space charge limited current conduction becomes effective in a higher voltage 
region V > 2.5 V. The barrier height (φb), ideality factor (n) and series resistance  (Rs) are found to be strongly temperature 
dependent parameters showing the increase of �

b
 and simultaneous decreases of n and  Rs within the range of 218–298 K. 

The behaviour of the temperature dependent charge carrier mobility in the higher voltage region has also been discussed. 
The use of PEDOT:PSS is quite promising as an alternative to metal electrodes in semiconductor devices.

1 Introduction

The optical, electrical/electronic properties and stability of 
intrinsic conducting polymers are now considered to be suf-
ficiently good for their use as alternatives to costly metal 
electrodes in the low cost production of high volume, large 
area, and flexible transparent electronic devices [1]. The 
p-type conducting polymer, polypyrrole has beeen used to 
fabricate a Schottky contact of high quality on n-type inor-
ganic compound semiconductors devices such as indium 
phosphide (InP) [2]. In recent years, the conducting poly-
mer poly (3,4-ethylenedioxythiophene):poly(styrenesulfon
ate) (PEDOT:PSS), which has HOMO and LUMO level at 
5.2 and 3.5 eV respectively, is being increasingly employed 

as a hole injecting electrode in organic devices because of its 
high electrical conductivity which can be as large as 4380 S/
cm, high optical transparency of nearly 90% and low cost 
large volume solution processability [3–5]. 200 nm thick 
spin coated PEDOT:PSS films are found to exhibit elec-
trochromically fast response within 5 s for colour switch-
ing under the voltage cycling between ± 3.5 V [6]. Unlike 
indium tin oxide (ITO) electrodes, PEDOT:PSS electrode 
is environmentally friendly and the peak power efficiency 
of organic light emitting devices using multi-layered 
PEDOT:PSS electrode are reported to be 44% greater than 
those with ITO anodes without any outcoupling-enhancing 
structures [7]. The average field effect hole mobility is esti-
mated to be 0.157 cm2 V−1 s−1 for bottom gate organic thin 
film transistors using pentacene film as the main channel and 
electrohydrodynamic-printed PEDOT:PSS drain and source. 
This value is three orders of magnitude higher than the one 
obtained from similar pentacene transistors with vacuum 
deposited gold (Au) source and drain electrodes. Addition-
ally, the resistances at PEDOT:PSS contacts is reported to be 
smaller than at Au contacts [8]. Semi-transparent, all plas-
tic non-fullerene organic cells using film-transfer laminated 
PEDOT:PSS as the top electrode, are reported to exhibit 
50% average visible transparency, meeting the requirement 
of the requirement of electricity generating windows and the 
power conversion efficiency is better than fullerene-based 
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cells with similar thickness and transparency [9]. Highly 
flexible, stable, transparent supercapacitors have been fabri-
cated using aerosol-jet sprayed sulfuric acid–polyvinyl alco-
hol  (H2SO4/PVA) gel electrolytes as the binder and separa-
tor, sandwiched between two PEDOT:PSS electrodes. The 
devices with capacitance/areas of 0.84  mFcm−2 were found 
to be optically 80% transparent and able to endure 10,000 
galvanostatic charge/discharge cycles at 20 A/m2 [10].

Efforts have been made to produce good electrical con-
tacts, Ohmic and Schottky, on zinc oxide (ZnO), a low toxic-
ity, n-type oxide semiconductor having direct wide band gap 
of 3.37 eV and large electron affinity of 4.1–4.5 eV, for real-
ising its many potential applications in flexible, transparent 
electronics [11]. 50 nm thick spin-coated PEDOT:PSS films 
on a single crystal ZnO (0001) is reported to have produced 
excellent Schottky junctions with a high rectifying ratio of 
 1010 at ± 2 V, low leakage current of 10 pA up to − 10 V 
and an ideality factor of 1.2. These results are comparable 
to those obtained for Schottky junctions with platinum and 
gold electrodes [12]. This type of Schottky diode can be 
employed as a highly sensitive ultraviolet detector with unity 
quantum efficiency. Values of 3.6 × 1014 cmHz1/2W−1 and 
 103 have been estimated for normalised detectivity at 370 nm 
and the rejection ratio at zero bias condition, respectively 
[13]. The problem associated with the chemical activity 
between PEDOT:PSS electrodes and epitaxial grown ZnO 
films with O-polar surfaces can also be overcome by simply 
treating film surfaces with a silane-coupling agent of 3-ami-
nopropyltriethoxysilane [14].

Low cost, room temperature printing techniques for 
depositing ZnO thin films on fluorine-doped tin oxide 
(FTO) substrate have been developed by us using commer-
cially available zinc oxide (ZnO) nanoparticles. The perfor-
mance of two terminal FTO/ZnO/Au memresistors devices 
depends upon the voltage sweep rate, showing on–off ratios 
as large as  104 for 100 mV/s [15]. Multiple hopping between 
trap sites within the grain and grain boundary regions are 
believed to be responsible for charge transport through the 
FTO/ZnO/Au sandwich structure [16].

In this study, charge transport mechanisms of FTO/ZnO/
PEDOT:PSS device have been determined through careful 
analysis of current–voltage (I–V) characteristics measured 
over a temperature range between 220 and 300 K when the 
bias voltage V was cycled between ± 10 V at three different 
rates of 100, 500 and 1000 mV/s. Comparison with FTO/
ZnO/Au devices is made to evaluate the significance of using 
PEDOT:PSS as a metal alternative electrode material. Elec-
trical parameters on Schottky diode using RF sputtered ZnO 
film on the ITO substrate and PEDOT:PSS have recently 
been reported over the limited bias voltage range of ± 1 V 
at higher temperatures varying between 302 and 373 K [17].

2  Experimental

Ultrasonically cleaned glass slides coated in fluorine-doped 
tin oxide (FTO) with a nominal surface resistivity of ~ 12 
Ω/sq (supplied by VisionTek Systems, UK) were used for 
this investigation. The relatively less expensive FTO-coated 
substrates were chosen as the substrates for the ZnO film 
deposition because of their high conductivity, of the order 
of 2.3 Sm−1, excellent chemical stability and 80% optical 
transparency within the visible region [18]. Thin films of 
ZnO were deposited on FTO-coated substrates by spinning 
a small volume of a 40 wt% dispersion of ZnO nanoparticles 
(< 130 nm) in ethanol (obtained from Sigma-Aldrich) at 250 
and 2000 rpm sequentially for 15 and 60 s respectively. The 
solvent was then completely removed by oven drying the 
films in air at 120 °C for 15 min. The samples were annealed 
at 500 °C in air for 2 h through 30 min long temperature 
ramping from room temperature and back. The choice of 
the substrates depends upon the type of the measurement 
undertaken.

X-ray diffraction (XRD) patterns were acquired for the 
ZnO film on FTO substrates using a Bruker D8 Advance 
sweeping in the 2θ range of 5°–100°, with a step size of 
0.02°/s using CuKα radiation of wavelength 0.15406 nm. 
Photoluminescence excitation and emission spectra of ZnO 
film on quartz substrates were measured at room tempera-
ture in the range from 250 to 800 nm by Horiba Jobin Yvon 
Fluorolog-3 spectrofluorometer with a pulsed 450 W Xenon 
lamp. Fourier transform infrared spectroscopy (FTIR) of the 
same film was recorded in the range of 400–4000 cm−1 at a 
resolution of 4 cm−1 by using Perkin Elmer Spectrum One 
FTIR spectrometer at room temperature.

For electrical characterisation, PEDOT:PSS polymer 
(Orgacon 3400, Agfa Speciality Products) was used as 
the top electrode of the 5.2 µm thick ZnO film in a sand-
wich configuration with FTO as the bottom electrode. 
PEDOT:PSS was spin-coated at 1000  rpm for 60  s on 
annealed ZnO films. The solution processing method of 
depositing the PEDOT:PSS electrode was chosen in order 
to avoid the possible formation of interfacial trap states. A 
Keithley 617 electrometer and an Oxford Instruments con-
stant temperature liquid nitrogen cryostat were used in a 
microprocessor controlled measuring system to record 
steady state current–voltage characteristics for ZnO sand-
wich devices in vacuum of  10−4 mbar over the temperature 
range of 218–298 K. The voltage was applied to the sample 
through the PEDOT:PSS electrode from − 10 to + 10 V with 
scan rate 500 mV/s keeping the FTO electrode grounded.
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3  Results and discussion

Figure 1 shows the XRD pattern of the annealed ZnO spun 
film on FTO substrates. The peaks at 31.81°, 34.41°, 36.24°, 
47.51°, 56.62°, 62.86°, 66.40°, 69.10° and 72.55° are iden-
tified with diffraction at (100), (002), (101), (102), (110), 
(103), (200) (112) and (004) planes because of their agree-
ment with the reference values of JCPDS (36-1451). The 
intensity ratio I(002)/I(101) is estimated to be nearly 0.5 which 
is close to the typical value of 0.44 for the bulk hexagonal 
wurtzite structure. A plot in the inset of Fig. 1 of βcosθ as a 
function of sinθ is found to be linear showing the validity of 
the Williamson–Hall equation in the form [19]: 

where β is the angular line width of half maximum inten-
sity at the Bragg angle θ and λ = 0.1540 nm. Values of 
28.36 nm and 0.01 are found for the average crystallite size 
D and the strain � from the intercept and the slope of the 
linear plot. These XRD results indicate the formation of an 
improved structure of ZnO films over ones recently reported 
for chemical bath deposited ZnO films [20]. The intensity 
ratio I(002)/I(101) of 0.70 is considerably higher while a value 
of 22 nm for the average crystallite size D is smaller than 
the respective values obtained in the present investigation.

Figure 2 presents the mid-infrared regime FTIR spectrum 
for the annealed ZnO film between 1000 and 4000 cm−1. 
The broad peak around 3365 cm−1 corresponds to the OH 
stretching vibration, implying the possible presence of resid-
ual hydroxyl ions in the ZnO film. The occurrence of this 
peak at a similar position has been reported for the ZnO 
film, newly synthesised by a wet chemical method using 

(1)� cos � = � sin � +
�

D

triethanolamine as a mild base [21]. The presence of two 
peaks at 1631 and 1406 cm−1 may be attributed to asym-
metric and symmetric C–O stretching. The peaks at 881 and 
695 cm−1 are due to Zn–O stretching [22].

The room temperature photoluminescence (PL) emission 
and excitation spectra of annealed ZnO film are shown in 
Fig. 3. The observation of a strong luminescence peak at 
395 nm corresponding to 3.14 eV in the UV region of the 
emission spectra may be identified with near band energy 
emission and is in agreement with the value reported for 
ultrasonic spray pyrolysis deposited ZnO films on an FTO 
substrate [23]. The origin of this peak is usually attributed to 
the recombination of free excitons through exciton–exciton 

Fig. 1  a XRD pattern of annealed ZnO film on FTO coated glass 
slide. b Plot of William-Hull line for the sample
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Fig. 2  FTIR spectra of annealed ZnO film on FTO coated glass slide

364 392 420 448 476

E
m

is
si

on
 In

te
ns

ity

Wavelength (nm)

250 300 350 400

Ex
ci

ta
tio

n 
In

te
ns

ity

Wavelength (nm)

Fig. 3  Photoluminescence spectra of annealed ZnO film: emission 
(solid line). Excitation spectra (broken line). Arrows show the rel-
evant axes



2800 Journal of Materials Science: Materials in Electronics (2018) 29:2797–2805

1 3

collision process associated with the transition over the wide 
direct band gap of ZnO from the ground state to the con-
tinuum state [24]. No pronounced peak was found to have 
occurred in the visible range of the emission spectrum. This 
absence implies the formation of high crystal quality of ZnO 
films without the significant presence of oxygen vacancies 
[25]. The PL excitation spectrum is also recorded at the 
emission wavelength of 395 nm. The occurrence of the sharp 
band edge peak at 351 nm of the excitation spectrum may be 
considered as evidence of good crystalline and high purity 
synthesized ZnO nanoparticles. The presence of this strong 
absorption peak at 351 nm is considered to be blue-shifted 
relative to the peak at 373 nm for the bulk ZnO correspond-
ing to a small increase of the band gap to 3.53 eV from the 
bulk value of 3.32 eV [26].

Figure 4a presents a set of reproducible room temperature 
current–voltage (I–V) curves of a FTO/ZnO/PEDOT:PSS 
structure as depicted in the top inset for one complete cycle 
between ± 10 V, as bias voltage V was swept in both forward 
and reverse directions through 0 V at three different sweep 
rates namely 100, 500 and 1000 mV/s respectively. The 

magnitude of current in both bias directions is three orders 
higher than one reported for the similarly fabricated FTO/
ZnO/Au device which showed multi-level conducting states 
in their (I–V) with large on–off ratios [15]. This implies that 
the PEDOT:PSS is more efficient in charge injection into the 
ZnO film than the Au electrode. The semi-logarithmic plot 
of I–V characteristics in Fig. 4b clearly indicates the absence 
of hysteresis for the measured sweep rates. The self-healing 
breakdown which is regarded as being responsible for exist-
ence of multi-level resistance states in the I(V) character-
istics for the structure with an Au counter electrode seems 
not occur in FTO/ZnO/PEDOT:PSS device [27]. Further, 
the current I is found to have increased linearly at bias volt-
age V ≤ 1 V for all three sweep rates. However, the depend-
ence of I on V becomes non-linear for V > 1 V. The volt-
age-dependent rectification ratio is found to lie within two 
orders of magnitude for different voltage sweep rates for the 
device. For the voltage region higher than 2.5 V, m is found 
to vary between 1.5 and 2, indicating that space-charge lim-
ited current (SCLC) conduction is occurring, where traps 
play a major role in controlling performance [28]. Values 
of m do not show significant variation with the sweep rates. 
The dependence of current on applied bias and its rectifying 
nature demonstrate that the PEDOT:PSS layer is behaving 
as a non-interacting conductive electrode for this device.

Electrical parameters such as barrier height (�b), ideality 
factor (n), series resistance (Rs) for Schottky contact between 
ZnO/PEDOT:PSS may be evaluated by applying thermionic 
emission theory in lower voltage region I (0–2.5 V). There-
fore, for the applied voltage V > 3kT/q, the forward bias cur-
rent at temperature T can be expressed as [29]: 

where Is, Rs, q, k and n are reverse saturation current, series 
resistance, elementary charge, Boltzmann constant and ide-
ality factor, respectively. The reverse saturation current Is is 
written in following form: 

where A is the active contact area (110 × 10−6  m2), A* is 
the Richardson constant, which has a theoretical value of 
32 A cm−2 K−2 for ZnO [30] and �bis the Schottky barrier 
height. The value of Is is obtained from the extrapolated 
intercept of ln I versus V plot (Fig. 5) with the current axis 
for V = 0 V. The calculated barrier heights �b at zero bias 
for different temperatures (298–218 K) are obtained within 
the range of 0.29–0.19 eV. The expected barrier height at a 
ZnO/PEDOT:PSS junction is 0.7 eV as the HOMO level of 

(2)I = Is

[

exp

(

q
(

V − IRs

)

nkT

)

− 1

]
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(
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Fig. 4  a One complete cycle of I–V measurement of FTO/ZnO/
PEDOT:PSS at different voltage sweep rates. Insets showing the 
device sandwich structure. b Plot of I–V on a logarithm–linear scale 
for the same device
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PEDOT:PSS is at 5.2 eV which is within the band gap of 
ZnO forming a Schottky junction at this interface.

The ideality factor (n) and series resistance (Rs) of 
Schottky contacts can be obtained from following equations 
using the Cheung method [31]: 

Figure 6 shows variation of dV/d(lnI) versus I at differ-
ent temperatures from which the value of n can be obtained 
from the intercept at the zero current axis equating to (nkT/q) 
in a linear fit of lower voltage region I. The value of n is 
observed from the inset of Fig. 6 to decrease from 6.6 at 
218 K to 2.2 at 298 K. A similar pattern of variation of n 
from 7.55 to 1.77 is observed for Pd/ZnO Schottky barrier 
diodes as T is varied from 60 to 300 K [32]. These values 
are higher than the ideal value of n = 1–2 for homogenous 
ZnO p-n junctions [33, 34]. Two different possible mecha-
nisms are believed to be responsible depending upon the 
temperature: (i) generation recombination for T ≤ 260 K and 
(ii) thermionic emission from 260 K < T ≤ 300 K. However 
other factors that may contribute to the deviation of n from 
unity are current leakage effects, a lack of free-carrier con-
centration at low temperatures, parasitic rectifying junctions 
within the device and Schottky barrier inhomogeneity in the 
junction area [35]. Parameter H (I) can be calculated using 
‘n’ in Eq. 5. Figure 7 shows variation of H(I) with current 
(I) at three temperatures and the values of �b and Rs have 

(4)
dV

d(lnI)
=

nKT

q
+ IRs

(5)H(I) = V −

(

nkT

q

)

ln
(

I

AA ∗ T2

)

(6)H(I) = n�b + IRs

been estimated from the slope and intercept of the linear fit, 
respectively.

Figure 8 shows the variation of Rs and �b with tempera-
ture T for FTO/ZnO/PEDOT:PSS Schottky junctions. Rs, the 
important parameters of electrical characterization plays a 
crucial role of non-ideal behaviour of forward bias current 
due to the presence of an interface layer between ZnO and 
the polymer. The decrease in Rs with an increase in tem-
perature may be due to barrier modification under the influ-
ence of temperature. This may be one of the reasons for the 
increase in n at low temperature as shown in inset of Fig. 6. 
The magnitude of barrier height φb of the device is 0.78 at 
room temperature. If we establish forward bias conditions 
by applying a positive voltage to the n-type material, the 
majority carrier, electrons, will be attracted to the interface, 

Fig. 5  Semi logarithm plots of I–V curves of FTO/ZnO/PEDOT:PSS 
device at different temperatures (218–298  K) between ± 10  V at 
500 mV/s voltage sweep rate. Inset show I–V curves in lower voltage 
region (0–2.5 V)

Fig. 6  Variation of dV/dln(I) with I for FTO/ZnO/PEDOT:PSS device 
at different temperatures in forward bias. Inset shows variation of n 
with temperature

Fig. 7  Variation of H(I) with I for FTO/ZnO/PEDOT:PSS device at 
different temperatures in forward bias
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reducing the depletion width to near zero. For p-type mate-
rials, a negative voltage is required to accumulate major-
ity carrier holes. To delineate carrier type behaviour, the 
FTO/ZnO/PEDOT:PSS device structure was fabricated 
with both n-type ZnO and p-type PEDOT:PSS materials. 
Without applying any bias, φb for electrons and holes are 
1.1 and 5.7 eV respectively as shown in band diagram of 
the device in the inset of Fig. 8b. The experimental data 
suggest that the majority carriers in this case are electrons, 
which accumulate near the ZnO/PEDOT:PSS Schottky junc-
tion at room temperature. The decrease in �b with lowering 
the temperature may be due to an inhomogeneous barrier 
interface between ZnO and PEDOT:PSS. Charge carriers at 
low temperature are able to cross low barriers and current 
transport across the interface would be caused by current 
flowing through patches of lower Schottky barrier height 
[36]. The number of charge carriers with sufficient energy to 
overcome the barriers would be expected to increase with an 
increase in temperature. Therefore, current transport through 
lower Schottky barrier height areas and a larger ideality fac-
tor would tend to dominate device characteristics.

The presence of a possible space charge limited current 
(SCLC) transport mechanism in the device has also been 
explored. The high value of n, presence of large series resist-
ance and a low zero-bias barrier height indicate that thermi-
onic emission is not the only current transport mechanism 
operational at higher voltages (region II). In this region, the 

behaviour of the forward bias current is typical of a SCLC 
transport mechanism, controlled by trap levels. The relation 
for the current I in this case is given by following equation 
[37]: 

where V is the applied voltage, µ is the carrier mobility, ε = 9 
is the dielectric constant of ZnO, a is the active area and d 
is the distance between the electrodes (5169 nm). When the 
applied voltage is low, the current appears to be controlled 
by thermally generated carriers, rather than injected carriers. 
However, once the bias voltage is exceeded the turn-on volt-
age, injected carriers dominate over the thermally generated 
carriers. Further increases in applied voltage results in the 
formation of a space charge region formed from injected 
carriers in the bulk of wide band gap semiconductor. Further 
carrier injection is then inhibited by the presence of injected 
space charge by increasing applied voltage (V > 3 V), giving 
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Fig. 8  a Variation of Rs (left axis) and barrier height (φb) (right axis) 
with temperature for FTO/ZnO/PEDOT:PSS device in forward bias 
obtained from H(I) function versus I plot. b Shows band diagram and 
charge transport directions inside the device
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rise to I ~ Vm limited conduction. Charge carrier mobility 
µ can be estimated from Eq. 7 for the device, accounting 
its geometry, for all temperatures. Figure 9 shows a plot of 
the variation of log I with log V at different temperatures, 
for the higher voltage region II of the device, following 
Eq. 7. The maximum µ obtained, from the intercept of lin-
ear plot between log I versus 2log V at room temperature, is 
0.0426 cm2/Vs. Similar SCLC has been reported for 330 nm 
thick ZnO film with 10% polymethyl vinyl etheralt-maleic 
anhydride stabilisers on glass substrates at room temperature 
under atmospheric condition [38]. The inset of Fig. 9 shows 
the magnitude of µ decreases with an increase in tempera-
ture, which may for example be caused by changes in surface 
states of polymer related to specific surface groups.

I–V curves in reverse bias, as shown in Fig. 4, show a 
lack of saturation of the current with voltage which indicates 
that the Schottky barrier height may be bias dependence. 
There are many reasons for this dependence on image force, 

Fig. 10  Variation of log (I) with  V1/4 for FTO/ZnO/PEDOT:PSS 
device in reverse bias at different temperatures
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interfacial layers and barrier inhomogeneities [39]. The bar-
rier height lowering (Δ�b) due to image force effect alone 
could be checked by plotting a graph between log I versus 
reverse bias voltage Vr

1/4 as shown in Fig. 10. The straight 
line nature of this plot confirms the effect of image force on 
Schottky barrier height which is also supported by studies 
published in the literature [40]. Further measurements have 
been performed at room temperature to examine the effect 
of the scan rate on the Schottky barrier height �b, ideality 
factor n and series resistance Rs. The dependences of these 
Schottky diode parameters on the voltage sweep rate are 
shown in Fig. 11 as the bias voltage was swept from + 10 to 
0 V with the rate varying from 100 to 1000 mV/s. It can be 
seen that the diode behaviour is nearly ideal at 1000 mV/s 
in relative to lower scan rates. The accuracies ΔRs in values 
of Rs are found to be significantly improved when Eq. (6) 
is used instead of Eq. (4) and ΔRs is estimated to be small 
as ± 8 Ω.

4  Conclusions

In this work, FTO/ZnO/PEDOT:PSS devices have been pre-
pared by a simple spin-coating method. The morphological, 
spectroscopic and optical properties of the ZnO annealed 
film has been investigated with XRD, FTIR, and Photolumi-
nescence measurements respectively. The electrical proper-
ties of this Schottky device have also been studied in depth 
with the help of DC I–V measurements in the temperature 
range of 218–298 K. Voltage sweep rate independent, hys-
teresis-free I–V plot shows the rectifying nature of the device 
which may result from the electrical nature of the compo-
nents rather than from interface or contact related phenom-
ena. The parameters such as φb, n, Rs of this structure have 
been calculated from the forward bias I–V characteristics as 
a function of device temperature following Cheung’s method 
in the lower voltage region I. The value of φb was found to 
increase with increases in temperature whereas the values 
of n and Rs decrease with temperature. In the higher voltage 
region II, the SCLC conduction mechanism is applicable for 
the device and temperature dependent mobility values have 
been calculated. In summary, it has been shown that the 
properties of FTO/ZnO/PEDOT:PSS structures, prepared by 
a simple spin-coating method, are suitable for use as high-
performance Schottky diode devices. Hence PEDOT:PSS 
could be successfully used as an alternative to expensive 
metal electrodes in ZnO-based inorganic semiconductor 
devices.
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