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ABSTRACT: p-CuO thin films have been synthesized on Indium Tin Oxide (ITO)
coated glass substrates and on ZnO/ITO coated glass substrates using a new, simple,
cost-effective electrochemical technique (Galvanic deposition) at room-temperature.
X-ray Diffraction Technique (XRD) of the films show monoclinic phase of CuO and
UV-vis spectroscopy of the CuO/ITO film shows indirect band-gap energy of about
1.85 eV. The surface morphology of CuO thin film consists of a c-axis grown regular
macro porous network structure with deep cavities surrounded by thin solid walls,
suitable for gas trapping and sensing. Current-Voltage characteristics of the formed
p-CuO / n-ZnO film show good rectifying behavior. At 1 V reverse bias the leakage
current density was as low as 2 x 10° A compared to the current 1.2 x 107 A at the
same forward bias resulting in a forward-to reverse current ratio of about 60. The
ideality factor of the diode was obtained to be quite as high of about 9.5. The
frequency dependence of the small signal AC response in the both R, — C, and R, —
C; mode of the fabricated heterojunction were measured at a reverse bias of 1.5 V.
In the presence of 10000 ppm gas exposure for gases like CHy, H,S and CO,

frequency dependent changes in AC responses are different for different gases. The
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variation of the reactance of the fabricated device show different behaviour with
exposure to different types of gases. The minimum in reactance occurs at different

frequencies for different gases indicates the selectivity of the device for gas sensing.

KEYWORDS: Semiconductor, galvanic deposition, heterojunction, capacitive gas-

sensing

1. INTRODUCTION

CuO is a narrow indirect band gap (1.2 eV) p-type semiconducting material. Recently,
CuO nano materials have been recognized as an important material for versatile range of
applications, such as optoelectronics,' catalysis,” gas sensing,” field emission,” reflectance
measurements in the NIR region,” batteries’ and photoeletrochemical cell.” Several
reports are there on the fabrication of various CuO nano materials with various
morphologies like nanorods,8 nanoribbons,9 nanoﬂowers,10 nanosheets,11 nanorings,12
nanowires,” all having different optical, electrical and structural properties.
Nanostructured metal oxide based thin films are receiving a growing attention for its
utilization as gas sensor with enhanced accessible surface area. Among the variety of
metal oxides, ZnO, CuO thin films based sensors have realized interest for its stability
and cost-effectivity. An important area of recent research is the development of
heterojunction based sensor for high selectivity and sensitivity. Few works have been
done on the fabrication of both resistive type and capacitive type p-CuO/n-ZnO

heterojunctions based gas-sensor which are sensitive to their environment, including
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reducing gases and humidity.'*"

However, no p-CuO/n-ZnO heterojunction based
methane gas-sensor is reported so far to the best of our knowledge. Though, there are few
reports on other semiconducting materials based heterojunction as non-capacitive type

16,17
methane gas-sensors.

Thin film semiconducting materials generally have been made
by sputtering,'® spray pyrolysis,” electrochemical® and chemical bath deposition®!
methods.

Here, we report a new, simple and inexpensive electrochemical technique, called the
galvanic technique to deposit thin films of CuO, firstly on ITO coated glass and then over
ZnO thin films,” deposited on ITO coated glass. The utility of this process lies in its
simplicity and overall ease of operation. Galvanostat /potentiostat as the external energy
source is not required, as the overall cell potential acts as the driving force for the
reaction. Here, room temperature (25°C) is the operating temperature. The process for
thin-film deposition involves low setup cost and minimum energy consumption. This
technique has been successfully used previously to deposit various other thin-film

. 2224
semiconductors

in our laboratory. Current-voltage measurements were carried out to
study the rectifying behavior of the formed p-CuO / n-ZnO heterojunction and A.C.
measurements were carried out to study the suitability of p-CuO / n-ZnO heterojunction
for room temperature selective gas sensing using capacitive-mode.

2. EXPERIMENTAL DETAILS

2.1 Chemicals:

Cu(NOs3),.3H,0 and L(+)-Tartaric acid GR were purchased from MERCK, ZnSO,4.7H,0

from BDH and 30% W/V H,0, from Fisher Scientific. All the chemicals were used

without further purification. Millipore water was used in all experiments.



RSC Advances

2.2 Preparation of CuO thin film:

A. Preparation of solution:

To an aqueous 0.01 (M) Cu (NO3),.3H,0 solution, 2.5 ml of 0.01 (M) of GR L (+)-
Tartaric acid solution was added as a complexing agent. The solution was stirred for
about 5 mins. The resulting solution was made around 99 ml with DI water and finally 1
ml of 30% W/V H,0O, were added as an oxidizing agent. The pH of the working solution
was in the range 5-6. This was found to be optimum for producing good CuO films.

B. Cell set up:

At first, ITO coated glass substrates were cleaned with detergent and then dipped into
chromic acid solution for about 10 minutes and washed thoroughly with water. A Zn rod
(99.9% purity) and a cleaned ITO coated glass substrate were dipped into the working
solution and short-circuited externally through a Cu wire. Here, Zn rod (easily oxidisable)
acts as a self-decaying anode and the ITO coated glass substrate as cathode. The working
solution was stirred continuously using a magnetic stirrer. The same set up was used to
develop CuO thin film on ZnO coated ITO substrates. Thin films of ZnO were deposited
from a zinc sulfate bath on ITO surface following the previously reported work of our

laboratory. 2
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Fig. 1 Schematic representation of the "Galvanic Deposition’ set up.

2.3 Characterization:

The deposited films were characterized by their optical, structural, morphological and
electrical properties. Thicknesses of the films were determined gravimetrically using a
digital balance (Mettler). The UV-vis spectra of the thin films were taken by a ‘JASCO
V-530" UV-vis spectrophotometer. X-ray diffraction patterns were recorded by an X-ray
diffractometer (Seifert P3000, Cu Ko radiation A = 1.54 A). The morphology of the thin
films was studied using a field-emission scanning electron microscope (FESEM) (JEOL
JSM-6700F). Electrical characterizations were carried out using DC I-V and AC
measurements. Since, ITO (indium doped tin oxide) coated glass substrates on which
depositions were carried out is a highly conducting material, it was used as the bottom
contact for electrical measurements of the films. Top contacts were taken from the CuO
layer for both p-CuO thin films on ITO and p-CuO/n-ZnO heterojunction on ITO. Ag-Pd
is used as the top metal contact keeping the area of contacts (~0.20 sq.cm) and
thicknesses of both ZnO and CuO (0.30um for each layer) constant for all DC and AC
measurements. The DC voltage was applied along the thickness of the films using a
KITHLEY 4200 instrument. AC measurements were carried out using an AGILENT

4284A precision LCR meter.

3. RESULTS AND DISCUSSION
3.1 Deposition chemistry of CuO film:

Anode reaction: Zn —Zn*" +2¢” (E°=+0.762 V)
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Cathode reaction: Cu?* +2¢”— Cu ( E’=-0.337 V)

E’ represents oxidation potential.

Zn being easily oxidisable acts as anode. It is clear that Zn + Cu®*" — Cu + Zn*"is a
spontaneous reaction. To avoid deposition of metallic Cu at cathode, H,O, was added in
solution. In presence of light, H,O, decomposes as 2H,0, = 2H,0 + O,. Nascent oxygen
produced in situ oxidizes Cu and gets deposited as CuO, instead of metallic Cu, on ITO.
Also, the pH of the solution is important to avoid deposition of free Cu. A deposition rate
of ~ 3.34 A per second was achieved with a total thickness of around 5000 A within 25

minutes of deposition. Thicker deposition can be achieved with longer deposition time.

3.2 Structural characterization:

XRD analysis:

X-ray diffraction measurements of the films were carried out to ascertain the formation of
CuO and to determine the phase. XRD pattern of an as-deposited CuO thin film on ITO
coated glass by the galvanic technique has been presented in Figure 2a. Diffraction from
CuO thin film matches with the results of the JCPDS card no. 89-2531, showing a
monoclinic phase for CuO, with diffraction from (002), (111), (113) planes. Figure 2b
shows the XRD patterns for as-deposited CuO on galvanically deposited ZnO films

coated over ITO glass.
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Fig. 2 X-ray diffraction patterns of (a) as-deposited CuO film on ITO (b) as-deposited

CuO film on ZnO coated ITO. * represents peaks due to ITO.

3.3 Optical characterization:

The UV-vis spectra of the CuO thin films were taken by a ‘JASCO V-530" UV-vis
spectrophotometer. As-deposited CuO thin films show a sharp change in the absorption,
giving rise to a band-edge around 560 nm. However, on annealing in air at around 300°C,
a shift in the absorption edge towards longer wavelength occurs. CuO is known to be an

indirect band gap semiconductor. Hence, optical
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Fig. 3 UV-vis spectra of (a) as-deposited CuO film, deposited from aqueous Cu (NO3),
bath at 25 C (corresponding Tauc plot in inset showing band gap of 1.85 eV ) and (b)

same film annealed in air at 300 C (band gap 1.75 eV).

band gaps were calculated by plotting (¢hv)"? versus hv and extrapolating the linear

portion of the curves to (ohv)"?

= 0, where hv is the energy of photon and a is the
absorption coefficient.

CuO is a p-type semiconducting material with room temperature indirect band gap energy
of about 1.2 eV for the bulk systems. The UV-vis spectrum of the material shows
significant amount of blue-shift in the band gap energy, most likely due to quantum
confinement effect shown by the as-deposited CuO nano-crystals. As a result, energy gap

between the conduction band and valence band increases, resulting in a blue shift in the

band gap value for the as- deposited nano-crystals. However, on annealing, the band gap
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energy value decreases from 1.85 eV to 1.75 eV. The small crystallites of CuO fuse to
form larger grains on annealing. This results in a red shift in the absorption band edge,

and consequently, to a decrease in the energy bad gap value.

3.4 FESEM images:

Figure 4a represents the FESEM image of an as-deposited CuO thin film on ITO coated
glass. From the figure it can be observed that the surface morphology of CuO thin film
consists of a c-axis grown regular macroporous network structure with deep cavities
surrounded by thin solid walls. The pore diameters are around 150 — 350 nm.

Figure 4b represents the surface morphology of CuO thin film deposited on ZnO thin
film. The same feature is repeated, however, in this case, the macroporous structure
seems to be more densely packed and the average pore diameter decreases to 150 — 250
nm.

ITO has a higher conductivity in comparison to ITO-ZnO structure and the surface is
much smoother for ITO than ZnO, therefore deposition of CuO over ITO is much faster
than deposition of CuO over ZnO. Fast deposition leads to relatively less compact CuO
film while a slow and steady deposition of CuO over a rough and much resistive ZnO
layer leads to a much more compact CuO film. This is reflected in figures 4a and 4b
where the density of the deposited CuO is less (arising from larger pore diameter) over
ITO, compared to more densely deposited CuO over ZnO film (pore diameter being less).
Figures 4c represents the surface morphology of air annealed CuO film deposited over

ZnO film. It can be clearly observed that on annealing, a distinct change takes place for
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the CuO film. The thin vertical walls which formed the pores start breaking down, giving
rise to much shallow pores and also to a loss in the number of pores per unit area,
resulting in a flatter appearance of the surface morphology of CuO film, with pore

diameters decreasing to 75 -150 nm.

Fig. 4 FESEM images of (a) as-deposited CuO film on ITO ( b) as-deposited CuO film
on ZnO coated ITO ( ¢) annealed (300°C for 15 minutes) CuO film on ZnO coated ITO.
3.5 Electrical characterization:
3.5.1 Electrical characterization of CuO thin films on ITO:
DC I-V characteristics were measured for p-CuO thin films of thickness 0.2um coated on

ITO and the curves for both as grown and heat treated showed almost linear

Page 10 of 24



Page 11 of 24 RSC Advances

characteristics, indicating near ohmic behavior. The film resistivity was calculated to be

of the order of 2 x 10® Q-m. The high resistivity appears to be due to the porous structure

as can be seen from Figure 4.
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Fig. 5 Schematic of p-CuO on ITO for obtaining I-V characteristics.
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Fig. 6 Forward and reverse bias I-V graphs of CuO thin films on ITO (a) as-deposited (b)

heat treated (at 300 C) samples.

3.5.2 Electrical Characterization of p-CuO/n-ZnO heterojunction:

3.5.2.1 DC I-V Characteristics:
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[-V measurements were carried out at room temperature [Figure 7]. The samples were

kept in the dark during measurements.

'W
PCuO..
n-Zno

ITO
Glass

Fig. 7 Schematic of the p-CuO/n-ZnO structure for obtaining I-V characteristics.

The measured I-V characteristics of the p-CuO / n-ZnO heterojunction, before and after
annealing in air at 300°C for 15 minutes have been presented in Figures 8 (a) and 8 (b).
As can be seen from the figures, the rectifying behavior of the I-V of the heterojunction
diode is evident. At 1 V reverse bias the leakage current density was as low as 2 x 10”
A compared to the current 1.2 x 10”7 A at the same forward bias resulting in a forward-to
reverse current ratio of about 60.

Moreover, at high forward bias, the current varies slowly than that predicted from the
exponential behaviour and I-V curves become almost linear. This suggests that the
heterojunction diode behavior is controlled by the bulk resistances of the materials of
CuO and ZnO,” in addition to the junction properties. It is also found that the current
through the heterojunction increases on heat treatment implying a reduction in the bulk

resistance of the sample.
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Fig. 8 Forward and reverse bias I-V characteristics of CuO/ZnO heterojunction, (a) as-
deposited and (b) heat treated (at 300°C for 15 minutes) samples.
The relationship between the current and the applied voltage across the
heterojunction can be expressed as
qV=IR,)
I=I(e ™ =) e (1)
where, the pre-exponential factor Iy is the reverse saturation current, 1, is the diode
quality factor, V is the applied voltage across the sample and Ry, is the series resistance
included to account for the bulk resistance of the sample. An analysis of the linear I-V
data in the high forward bias region (1.5 V — 2.0 V) shows a series resistance of about
1.2- 1.4 MQ for the as-deposited samples which decreases by an order of magnitude on
heat treatment. From the curve fitting of the I-V data, the built in potential of the
heterojunction of the annealed sample was found to be about 1.5 V compared to 1.1 V for
25-26

as deposited samples which is fairly close to the value of 1.54 V reported by others.

The ideality factor was obtained to be quite as high of about 9.5 for both as-deposited and
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annealed samples. High ideality factor of about 7 was also observed by others for CuO-
ZnO heterojunctions.”® One plausible reason for such high value of the ideality factor is
that the current transport mechanism is dominated by both interface traps and space
charge at the heterojunction.

3.5.2.2 Frequency dependence of reactance of the heterojunction:

The frequency dependence of the small signal AC response in the both R, — C,
(resistance and capacitance in parallel) for samples in absence of gas and in presence of
CH4 gas and Ry — C; (resistance and capacitance in series) mode of the fabricated
heterojunction (as—deposited p-CuO /n-ZnO) for sample in absence of gas, and in
presence of CHy, CO and H,S gases are shown respectively in figures 9(a)-9(b) and

10(a)-10(b) at a reverse bias of 1.5 V.

50 700
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Fig. 9 The frequency dependence of the small signal AC response in the (a)R;, -(b) C,
mode of the fabricated as—deposited p-CuO / n-ZnO heterojunction both in absence(inset)

and presence of gas.
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Fig. 10 The frequency dependence of the small signal AC response in the (a)R -(b) C; of the
fabricated as—deposited p-CuO / n-ZnO heterojunction both in absence and presence of

different gases.

It is found from these figures that R, and C,, as well as R; and C; monotonically decrease
with increase in frequency and tend to become constant at high frequencies. These results
can be qualitatively interpreted in terms of an equivalent circuit’’ where the sample can
be modeled as a diode heterojunction having composed of a parallel combination of the
high resistance R; at reverse bias, depletion capacitance, Cp, and a combination of series

connected capacitance and resistance elements, C; and R due to the interface states.
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It appears that at higher frequencies, the interface states cannot follow the AC signal®™

and consequently cannot contribute much to the capacitance. It indicates that the interface
states are responsible for the observed frequency variation in C,.
A plot of the reactance (Xs = - 1/® Cs) of the device with frequency is shown in Figure

11. The reactance of the samples without gas exposure increases monotonically with

increase in frequency and becomes almost constant at higher frequencies [Fig. 11(a)].
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Fig. 11 Frequency dependence of reactance of the heterojunction in (a) absence of gas (b)

presence of CHy gas (c) CO gas (d) H,S gas (inset carries images with significant zone).
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However, the reactance behaviour of the samples are different for exposure to different
gases. While the reactance of the samples increases on exposure to CO, the reactance of
the samples decreases on exposure to other gases (CH4 and H,S).

In the presence of 10000 ppm methane gas exposure, R, decreases significantly at low
frequencies, while almost no change is observed at higher frequencies (300 kHz — 1
MHz). On the other hand, C, changes very little on gas exposure. Plots of reactance
(calculated from Rp and Cp) of the device with frequency are shown in Fig. S1. and Fig.
S2. Reactance value matches exactly with that calculated from Cs (shown in Fig. 11 (a)
& (b)).

In terms of Rp and Cp, the values of Rs and Cs are given by

R, 1
=2 and C, =C,(1+ 2
* 1+0’R,’C,} s =Gl 'R Zcz) (2)

P =P

Small decrease of Rg is observed, while Cg increases significantly at lower frequencies on
gas exposure. These changes can be explained on the basis of equation (2) and measured
Rp, by assuming a large increase of Rp on gas exposure.”’
The frequency dependence of reactance of the heterojunction on gas exposure to H,S and
methane [Figure 11 (b), (d)] shows a minimum instead of monotonic increase, though no
such minimum is observed for CO exposure. The minimum is extremely sharp for H,S
occurring at around 6 kHz, while for CHy, the minimum is almost a broadband in the
range of 6 - 30 kHz. This indicates the proof-of-concept for the suitability of the
fabricated device for gas sensing.

In analogy with the definition of sensitivity of conductivity mode gas sensing devices,
we can define the sensitivity of capacitive mode gas sensing at each frequency as the

fractional change in reactance on gas exposure with respect the reactance without gas
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exposure. Sensitivity as a function of frequency is shown in Fig. 12 for different

frequencies for different types of gas exposure.
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Fig. 12 Frequency dependence of sensitivity of the heterojunction in presence of CHy,

CO, H,S gas.

The density of interface states is dependent on the processing parameters of the

heterojunction®® and the frequency tunable sensing property of the minimum reactance

together with the sensitivity at this frequency may be utilized for selective gas detection

by CuO — ZnO gas sensors.

The detailed device characterization in respect to sensitivity for different ppm levels of

gas exposure, selectivity, the transient response to different gases are in progress.

4. CONCLUSION

p-CuO thin films have been successfully synthesized both on conducting and semi-
conducting substrates using a new, cost-effective galvanic technique. The morphology we
have obtained by this process is a c-axis grown regular macro porous network structure

with deep cavities surrounded by thin solid walls, very suitable for gas-traping and
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sensing. [-V characteristics of the p-CuO/n-ZnO heterojunction show good rectifying
behaviour with high ideality factor. The formed p-CuO (as—deposited) / n-ZnO
heterojunction have been found to behave differently in terms of reactance at different
frequencies for exposure to gases like methane, H,S and CO. The fabricated
heterojunction appears to be suitable frequency selective gas sensing device for different

types of gases.
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