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Research Title: Preparation of CuO Thin Films by Thermal Oxidation of Sputtered Cu Films

for Solar Cell Application

ABSTRACT

,

In this research, CuO thin films were obtained through thermal oxidation of dc magnetron
sputtered metallic Cu films on glass substrate. Thermal oxidation process was performed in air at
temperature ranging 300-500°C. From XRD patterns, CuO single phase of monoclinic structure was
formed at annealing temperature beyond 450°C whereas amorphous phase with very small grain was
obtained at annealing temperature lower than 450°C. The positive sign of the Hall coefficient
confirmed the p-type conductivity in the films with CuO phase. From transmission spectra, direct band
gap value is varied between 2.17 and 2.83 V. From the transient photoconductivity measurements,
persistent photoconductivity behavior was observed. The decay current data are better fitted with the
multiple exponential functions resulting into the several slow decay times. Density of trap states was

also evaluated from the decay current.

Keywords : CuO thin films, electrical properties, photoconductivity
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MNAN 2.6 unumwdaussszuuUsIaslizney CuO

2.4 ﬂﬁﬁ"%maaﬂ%m%’m’imanu%au (thermal oxidation) (Bugarinovic, 2011; §§1TEJ, 2556)
nanwyRuSvesasszney Cu,0 @wisanaldnnilfisaeendiaduusslans cu lag
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Cu,0 o CuO + Cu (2.1)
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I = Io[l - exp(—%r)] (2.60)
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2 a [ R-d @ o @
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Ip = Io.ex;{‘%d) (2.61)

PPC decay fitted by:
Light off | 140~ AJoxpl-)']

PPC buildup fitted by:
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374 Dark Level AL, G N -
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tadvesmsatlaneie = ozaouivgaseasinduih / Tessunswth (2.84)
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M3 2.4 uaasimasnudaGuiaz Adaavesariing e

Elements Threshold Ar energy (eV)
(eV) 60 100 200 300 600
Ag 15 0.22 0.63 1.58 2.20 3.40
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Annealing Résistivity Hall Hole Hall Mobility
Temperature (Q .cm) Constant Concentration (cm’/(V.s))

o) R;) (cm”)

300 5.00x10” 2.88x10° 2.74x10" 6.09
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ABSTRACT

In this paper, copper thin films were deposited on glass substrates using thermal evaporation in
vacuum and then thermally oxidized in air at temperature ranging 100-500°C. XRD pattemns show the
formation of fine grain Cu,O phase at 300°C and CuO phase at 400°C, respectively. Crystallinity and
grain size were found to improve with increasing oxidation temperature. The energy gap of the samples
evaluated from absorption measurements was. found to be in between 2.10 and 2.23 eV. Important
electrical parameters such as resistivity, carrier concentfation and mobility of CuO thin films obtained
from oxidation temperature 500°C are 8.53x1l03 Q-cm, 7.60x10" cm” and 6.22 cm’/V -s, respectively.
Impedance spectroscopy of Ag/CuO/ITO structure was performed at different temperatures in the
range 25-90°C. Impedance spectra are well modeled ‘in term of electrical equivalent circuit with a grain
resiétance (Rg) and constant phase element impedance (Z,). The conductance data of the
Ag/CuO/ITO structure, corresponding to the universal Jonscher’s power law, are well explained by

hopping process occurs between neighboring sites with activation energy equals to 0.114 eV.

Keywords:. CuO Films, XRD, SEM, Optical Properties, Impedance Spectroscopy
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Introduction

Copper oxides are semiconducting materials that have a natural abundance of starting material Cu.
They have been extensively studied because of their potential applications as solar cells, gas sensors,
electrochemical sensors and batteries [1,2]. Copper oxides are reported to be composted of two oxide
phases, namely, cupric oxide (CuO) and cuprous oxide (Cu,0) with p-type conductivity. The former
-+ has a narrow- band gap of 1.21-1.51 eV absorbing throughout the visible spectrum with a monoclinic
structure while the latter has a direct optical band gap range from 2.10-2.60 eV with a cubic structure

[3]. A meta-stable copper oxide, Cu403, which is an intermediate compound between the previous

two, has also reported [1]. Numerous methods such as reactive sputtering, chemical vapor deposition,
sol-gel, electro-deposition and thermal oxidation have been used to grow copper oxide thin films. In
this work, we investigated the effect of temperature of oxidation on the properties of copper oxide thin
films prepared by oxidation of thermal vacuum evaporated Cu thin films. Structural, optical and
electrical properties of the films Were studied in order to find the possibility to use them in p-n junction
low cost thin film solar cells. Moreover, impedance spectroscopy of Ag/CuQ/ITO structure, which
CuO obtained from Cu films oxidized at 500°C, were also investigated at various temperatures in the
range 25-90°C with the aim of understanding the conduction mechanism.
Experimental Details |

Copper thin films were grown on glass substrates by thermal evaporation in vacuum better than
5x10° mbar. Prior to deposition, the glass substrates were cleaned in acetone, ethanol and de-ionized
water, respectively. The starting material was metallic Cu pellets (99.99% purity). The film thickness
about 200 nm was monitored by a quartz crystal thickness monitor (Edward type FTM 6). The thermal -
oxidation of Cu films was carried out in a muffle furnace at difference terperatures ranging 100-500°C
for 60 min. The heating rate was maintained at 100°C/h. After oxidation, the samples were cooled
down to room temperature naturally. The crystal structure of these films was checked by X-ray
diffraction technique with a Brucker D 8 diffractometer using CuK, radiation. Surface morphology
was examined by JEOL model JSM-6400 scanning electron microscope. Optical absorption
measurements were performed with UV-VIS double beam spectrophotometer in the wavelength range

of 220-1,000 nm. The band gap (Eg) of the transparent films was determined by using the equation

((th)2 = A'(hV-Eg) where Ol is the absorption coefficient, A is a constant and hV is the photon
energy. Electrical properties of the films were evaluated by Hall effect and resistivity measurements in

the van der Pauw configuration at room temperature. Impedance spectroscopy was carried out by
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with an increase in oxidation temperature up to 300°C and then increases with an increase in oxidation
temperature. The mobility is gradually decreased from 31.28 to 6.22 cm’/V's when the oxidation
temperature increases from 100 to 500°C.

Fig. 4 shows the absorbance (A) as a function of wavelength for the films 'oxidized at different
temperatures. As seen, the absorbance value decreases as the wavelength increases. The absorption
coefficient (() can be calculated by using the relation; OL = 2.303A/d, where A is the absorbance and d
is the thickness of the sample. From optical absorbance measurements the ((th)2 data was obtained
and, following the method reported by Tauc, were plotted as a function of photon energy (hV) to
estimated the energy gap (Eg). Fig. 5 displays the plot for Tauc’s method to calculate the energy gap of
the films oxidized at 300 °C. Variation of energy gap as a function of oxidation temperature is shown in
Fig. 6. The E_value initially increases up to the maximun value 2.23 eV at oxidation temperature 300°C

and then decrease to the minimum value 2.10 eV at oxidation temperature 500°C.
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oxidized at 300°C.
Frequency dependence of the conductance for Ag/CuQ/ITO structure at different temperature are
shown in Fig. 7. Each curve in the figure displays a low frequency region, plateau region, which
corresponds to the dc conductance of the sample and dispersive region at high frequency which

corresponds to the ac conductance. The conductance shows dispersion that shifts to higher frequency
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with an increase in temperature. This behavior suggests that the electrical conduction in the material
takes place via hopping mechanism governed by Jonscher’s universal power law and expressed by

following equation:

G,

tot

=G, +AQ" (1)

where ‘n’ is the frequency exponent in the range 0<n<l. Both G, and ‘A’ are thermally activated
quantities.

Fig. 8 shows the variation of Z' as a function of frequency at 25-90°C for Ag/CuO/ITO structure. It is
observed that the magnitude of Z' decreases on increasing temperature (i.e., negative temperature
coefficient of resistance behavior). The plateau region observed in the graph indicates the presence of
relaxation process in the material. Fig. 9 shows the variation of Z" as a function of frequency (usually
called as loss spectrum) at higher temperature (25-90°C). This plot is suitable for evaluation of the
relaxation frequency of the most resistive component. The loss spectrum has some important features:
(a) the appearance of the peak, (b) typical peak broadening, and (c) the value of Z”max decreases and
shifts to higher frequency side on increasing temperature. It is seen that the peak maxima shifts towards
the high freqhency side on the increasing temperature and the relaxation process occurs over several
decades of frequency. The broadening of the peak (due to increase in temperature) suggests the
presence of temperature dependence of relaxation processes in the material. The relaxation process m
the material may possibly be immobile electrons at low temperature and defects at higher temperature.
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The Cole-Cole plots of the real and imaginary parts of comple;{ impedance (' and Z" ) are shown in
Fig. 10 over the studied frequency range 10 kHz to 2 MHz for the temperature range 25-90°C. The
curves have non-zero intersection with real axis in the high frequency region and also, there is a
decrease in the size of the plots with rise of temperature. The observed behavior can be explained in
accordance with an equivalent circuit model shown in Fig. 11. This model consists of a parallel
resistance Rp and constant phase element (CPE) in series with another resistance Rg. The CPE

impedance is described by:

I )
P(jo)"

zZ CPE

where @ is angular frequency, P and ‘n’ are the constant parameters and 0<n<1. The C, value can be

calculated by using the following relation:

1/n
c, =TRe) " 3)
RP
and 7= R,C, 4

The analysis of the results of the impedance measurements consisted in the determination of the
parameters of the equivalent circuit elements on the basis of the simulation curves fitting to the
experimental results. The fitting was performed using the non-linear least squares method. The
components were calculated with LEVMW software [4].

A single semicircular arc is an indicative of single RP-CPE element, here the small resistance of value
R, is attributed to the core of CuO grains while R, and C, are attributed to the grain boundary effect.

The measured capacitance of such circuit is given by [5]

w°CpR;

Fig. 12 shows the variation of the capacitance (C) with frequency at different temperatures. The

capacitance is found to decrease with increasing frequency for all temperatures. Similar behavior is
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also observed for the variation of dielectric loss (tan8) with frequency (Fig. 13). This type of behavoir
suggests a distribution of relaxation times in CuO films. The simple or complex defects that may be
present in the films such as microcracks, microvoids, imperfections, defect centers, etc., at sufficciently
high concentration give rise t-o defect states [5].

The real and imaginary components of this simple equivalent circuit are as follows;

Z'=R, +¢_ 6)
110 RiC?
oo _TOR;C, %)
1+ 0’ RAC?

These equations predict that the values of Z' and Z" should decrease with increase in temperature

which causes shrinking of Cole-Cole plots, as has been observed in Fig.10:
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The relaxation frequency is related to the thermal emission depth E, of the defect and can be expressed

by following equation:

0y = 22fy =Ny vu 0, , exp(— E, [kT)=2&,T exp(- E, [KT) ®)
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where N¢y is the effective Qensiw of states in the conduction or valence band, vl;] is the thermal
velocity and O, is the electron/hole capture cross section. On the right hand side of Eq. (8), a thermal
emission prefactor (’;0 is introduced, which comprises all temperature independent terms of the thermal
velocity v, and the effective density of states Ncy- The bulk trap level of Eq. (8) can be obtained from
the slope of Arrhenius plot of In(()y/T %) versus 1/T as the activation energy E, (Fig. 14). The calculated
values of E,, (’;0 and O are 0.114 eV, 2.36x10° s 'K and 1.94x10 ™" cm”, respectively.
Conclusions

Copper oxide thin films were successfully obtained through thermal oxidation process of Cu thin
films, prepared by thermal evaporation in vacuum, at temperature beyond 200°C. From XRD pattemns,
a weak diffraction peak corresponding to (111) plane of Cu,0 phase was observed in the films oxidized
at 300°C. For the films oxidized at 500°C, the well-resolved two diffraction peaks attributed to (-111)
and (111) planes of CuO phase were appeared. From SEM micrbgraphs, the surface particle size and
surface roughness increase with the increase of thermal oxidation temperature. The dc electrical
properties of thé films were evaluated by Hall effect and resistivity measurements in the van der Pauw
configuration at room temperature. The ac impedances of Ag/CuO/ITO structure were studied at
different temperatures ranging 25-90°C. Impedance spectra are well modeled in term .o.f electrical
equivalent circuit consisting of a parallel resistance R, and constant phase (CPE) in series with another
resistance Rg. The conductance data of the Ag/CuO/TO structure are well explained by hopping .

process occurs between neighboring sites with activation energy equals to 0.114 eV.
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6.2 FounanuisshiodsznINMIAUHUN1T “Preparation of CuO Thin Films by Thermally Oxidized
9
Metallic Cu Films for CdS/CuQ Heterojunction Diode” aaliseazdoanall

ABSTRACT

Copper thin films were deposited on glass substrates using thermal evaporation in vacuum and
then thermally oxidized in air at temperature ranging 100-500°C. XRD patterns show the formation of
fine grain Cu20 phase at 300°C and CuO phase at 400°C, respectively. Crystallinity and grain size were
found to improve with increasing oxidation temperature. The energy gap of the samples evaluated from
absorption measurements was found to be in between 2.10 and 2.23 eV. Important electrical
parameters such as resistivity, carrier concentration and mobility of CuO thin films obtained from
oxidation temperature 500°C are 8.53x10° -cm, 7.60x10" cm™ and 6.22 cm’/V's, respectively. The
prototype of CdS/CuO thin film heterojunction diode was successfully prepared by: thenﬁal evaporation
of CdS thin films on CuQ thin films substrate in vacuum. The obtained device exhibits a good
rectifying behavior from I-V characteristics. Various junction parameters such as barrier height,
ideality factqr and series resistance were calculated using I-V data and observed to be 5.190 eV, 0.520
and 3.87 Q, respectively. Impedance spectroscopy of the device was investigated at temperature of
25-60°C. The real and imaginary parts of the complex impedance are changed with the temperature and
frequency. The experimental results suggest that the device could be possibly used a good candidate for
photovoltaic devices with low thermal budget and low product cost.

Keywords: CuO thin films, thermal oxidation, CdS/CuQ heterojunction, impedance spectroscopy

INTRODUCTION

Copper oxides are semiconducting materials that have a natural abundance of starting material Cu.
They have been extensively studied because of their potential applications as solar cells, gas sensors,
electrochemical sensors and batteries( Ooi et al. 2013; Valladares, 2012). Copper oxides are reported to
be composed of two oxide phases, namely, cupric oxide (CuO) and cuprous oxide (Cu,0) with p-type
conductivity. The former has a narrow band gap of 1.21-1.51 ¢V absorbing throughout the visible
spectrum with a monoclinic structure while the latter has a direct optical band gap range from 2.10-

2.60 eV with a cubic structure (Cho et al., 2013). A meta-stable copper oxide, CuygO3, which is an
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intermediate compound between the previous two, has also reported (Ooi et al., 2013). Numerous
methods such as reactive sputtering, chemical vapor deposition, sol-gel, electro-deposition and thermal
oxidation have been used to grow copper oxide thin films. In this work, we investigated the effect of
temperature of oxidation on the properties of copper oxide thin films prepared by oxidation of thermal
vacuum evaporated Cu thin films. Structural, optical and electrical properties of the films were studied
in order to find the possibility to use them in p-n junction. The formation of CdS/CuQ heterojunction
was elaborated by thermal evaporaling CdS thin films on CuO thin films coated on ITO glass substrate.
We investigated I-V and C-V characteristics of CdS/CuO heterojunction for evaluating some important
parameters such as junction barrier heiéht,. idealfty . -fzictor and series resistance values by using
thermionic emission theory and Cheung’s method. Moreover, impedance spectroscopy of the device

was investigated at temperature range 25-60°C.

MATERIAL AND METHODS

Copper thin films were grown on glass substrates by thermal evaporation in vacuum better than
5x10” mbar. Prior to deposition, the glass substrates were cleaned m acetone, ethanol and de-ionized
water, respectively. The starting material was metallic Cu pellets (99.99% purity). The film thickness
about 200 nm was monitored by a quartz crystal thickness monitor (Edward type FTM 6). The thermal
oxidation of Cu films was carric;d out in a muffle furace at difference temperatures ranging 100-500°C
for 60 min. The heating rate was maintained at 100°C/h. After oxidation, the samples were cooled
down to room temperature naturally. The crystal structure of these films was checked by X-ray
diffraction technique with a Brucker D 8 diffractometer using CuKyy radiation. Surface morphology
was examined by JEOL model JSM-6400 scanning electron microscope. Optical absorption
measurements were performed with UV-VIS double beam spectrophotometer in the wavelength range

of 220-800 nm. The band gap (Eg) of the transparent films was determined'by using the equation

((XhV)2 = A'(hV-Eg) where QL is the absorption coefficient, A’ is a constant and hV is the photon
energy. Electrical properties of the films were evaluated by Hall effect and resistivity measurements in
the van der Pauw configuration at room temperature. In order to fabricate CdS/CuO thin film
heterojunction, Cu thin films deposited on ITO coated glass substrate and oxidized at 500°C for 60 min.
CdS thin films were subsequently evaporated onto CuO films. Finally, ohmic contact was made of
silver paste on the surface of CdS and on the surface of ITO. The I-V characteristic curves were

measured by using a computer interfaced Keithley 236 current/voltage source at room temperature.
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Impedance spectroscopy was carried out by Agilent E4980A Precision LCR Meter with frequency

range 10 kHz- 2 MHz and temperature range 25-60°C.

RESULTS AND DISCUSSION
Cu-O films characteristics

The XRD patterns of the as-grown and thermally oxidized Cu films at different temperatures
ranging 100-500°C were shown in Figure 1. The as-grown Cu sample reveals a diffraction peak at 20
equal to 43.50° corresponding to (111) diffraction plane of metallic Cu. Oxidation of Cu thin films at
100 énd 200°C still shows purely (111) diffraction plane of metallic Cu phase with reduction in peak
intensity. For the sample Cu films oxidized at 300°C, there is a weak diffraction peak at 36.46° which
corresponds to the (111) plane of Cu,0 in agréement with the literature reported (Valladares et al.,
2012). However, oxidation temperature at 400°C the (-111) diffraction plane of monoclinic CuO phase
was occurred. For the films oxidized at 500°C the well- resolved two diffraction peaks at 20 of 35.40°
and 38.35° were observed. These peaks correspond to diffraction of (-111) and (111) planes of standard
JCPDS data of CuO (JCPDS No. 80-1268). Figure 2 shows the SEM micrograph of Cu films oxidized
at 500°C. The surface of the as-deposited Cu films is mostly smooth and uniform, while mé surface

particle size and surface roughness increase with the increase of thermal oxidation temperature.
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Figure 1. XRD patterns of Cu-O films.
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Device characteristics

In the literature reviews, CdS compound has a higher resistivity than CuO and carrier
concentration of CdS (<1014cm'3) is lower than CuQO (>1016 cm's) about 3 order. Therefore, in the view
of large different carrier concentration between CdS and CuO, it may be assumed that this
‘heterojunction act as nearly a step junction. Therefore, it may assumed that the current through a diode
at a forward bias V, based on the thermionic emission (TE) mechanism, is given by the relation

{Rhoderick and Willam, 1988)
I= 1,{exp(-‘1£/—)[1'— exp(—qV /kT)]} ()
nkT

and I, = AA'T? exp(— q gy / KT) 2

where I is the saturation current derived from the straight line intercept of the semi-logarithmic I-V
plot at V=0, V is forward bias voltage, T is the absolute temperature, q is the electronic charge, k is
Boltzmann constant, A is the effective area, 4" =4mm_ k*[h’ is the effective Richardson constant of
20 A-em™K for n-CdS, where m*=0.165m, is the effective mass of the electrons, g,, is the apparent
barrier height at zero bias voltage and n is the ideality factor. From Egq. (1), the ideality factor n which

is given by

~(la) ¥

The measured I-V plot of CdS/CuO diode at room temperature is shown in Figure 7. We have

performed a least square fit of Eq. (1) to the linear part of the measured semi-logarithmic I-V plots
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(Figure 8) within bias voltage about 0.1-0.4 V. Once I is known, the zero bias barrier height (¢Bo) can
also be computed with the help of Eq. (2). Using Egs. (2) and (3), the experimental values of the
ideality factor and the barrier height having 5.190 and 0.520 eV were determined. The observed high
ideality factor suggests that the transport properties of the device could not be well defined by
thermionic emission model. To better understand the mechanism that controls the transport propertids
of this heterojunction, InI-InV plot is presented in Figure 9. It is evident from Inl-InV plot that forward
bias characteristics show three regions. The first region (V<0.1V) -V characteristics comply with the
linear ohmic behavior (I~V), which is mainly caused by thermally generated charge carriers (Tyaki et
al., 2015). In the region II (0.1SV< 0.4V) the current increases exponentially with bias voltage (I
~expOlV). This is mainly to the recombination- tunneling mechanism (Aksoy and Cagar, 2012). At
higher bias voltage (region III, V>0.4V) the I-V characteristics follow a power law relation (I~V?). The
current flow through the junction is due to space- charge limited current (SCLC) conduction,
dominated by a single energy trap level (Zeyada et al., 2015). This SCLC mechanism is a normal

phenomenon in the wide band gap semiconductor (Tyaki, 2015).
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Figure 7. I-V plot of CdS/CuO diode.
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Figure 8. InI-V plot of CdS/CuO diode.
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The series resistance Ry is an important -parameter in the electrical characteristics of diode. This
parameter is significant in the downward curvature (non-linear region) of the forward bias I-V
characteristics, but the other two parameters (n and ¢BO) are significant in both the linear and non-
linear regions of the I-V characteristics. An efficient technique to determine Ry, n and ¢Bo has been

proposed by Cheung (Aksoy and Cagar, 2014). From Eq. (1) the following functions can be written as

av = n_kz + IRS (4)
d(nl)y ¢
Vo o\ L (5)
HI)=V n( ; ]m(AA,Tz)
and H(I) is given as follows;
H()=ng,, + IR, (6)

where @, is the barier height obtained from data of downward curvature region in the forward bias I-
V characteristics. Eq. (4) should give a straight line for the data of downward curvature region in the
forward bias I-V chafacteristics. Thus, a plot of dV/d(In)-I will give Ry as the slope and nkT/q as the y-
axis intercept as éhown in Figure 10. The values of n and R, have been calculated as 5.322 and 3.48 Q,
respectively. This n value is slightly different obtaining from the forward bias InI-V plot. This
difference may be caused by the presence of series resistance and interface states (Barsoukov and
Macdonald, 2005). Using the n value determined from Eq. (4) and the data of the downward curvature
region in the forward bias I-V characteristics in Eq. (5), a plot of H(I)-I will also lead to a straight line
with the y-axis intercept equal to n¢Bo_ The slope of this plot also determines Rg, which can used to
check the consistency of this approach. From the Figure 11, the barrier height and series resistance of
the device are calculated as 0.542 and 3.87 Q, respectively. Furthermore, the values of R obtained
from dV/d(InI)-I and H(I)-I plots are in good agreement with each other. This case shows the

consistency of Cheung’s approach.
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Figure 12 shows the variation of tl'le real part of complex impedance (Z') with frequency at
different temperatures. With increasing temperature, the curves display monotonous decrease in value
of Z' with frequency. The magnitude of Z' decreases whereas temperature increases. It may indicate
the increase in the a.c. conductivity. The Z' values merge above 100 kHz at all temperatures. Figure 13
shows the varnation of the mmaginary part of complex impedance (Z") with frequency at different
temperatures. The peak frequency of the Z" shifts to higher frequencies with increasiné temperature.
This may indicate that decreasing relaxation in the system. The relaxation frequency ((,) was

calculated from the peak frequency of z" plot with the help of the relation 2TTf, RC=(W,RC=1[9]. This
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frequency was found to increase with temperature indicating increasing loss in the sample. Ffom the
Arrhenius plot of l“(wo / Tz) as shown in Figure 14, the activation energy around 0.466 eV of the deep
traps occurring at CdS/CuQ interface was subsequently calculated. The appearance of discrete trapping
level is in consistence with the results observed in dc transport studies corresponding to SCLC

conduction controlled by single energy trap level.
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Figurel2. Z'-f plot of CdS/CuO diode.
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CONCLUSION

Copper oxide thin films were successfully obtained through thermal oxidation process of Cu thin
films, prepared by thermal evaporation in vacuum, at temperature beyond 200°C. From XRD patterns;
a weak diffraction peak corresponding t(; (111) plane of Cu,O phase was observed m the films oxidized
at 300°C. For the films oxidized at 500°C, the well-resolved two diffraction peaks attributed to (-111)
and (111) planes of CuO phase were appeared. From SEM micrographs, the surface particle size and
surface roughness increase with the increase of thermal oxidation temperature. The dc electrical
properties of the films were evaluated by Hall effect and resistivity measurements in the van der Pauw
configuration at room temperature. The CdS/CuQO heterojunction was successfully fabricated by
thermal evaporation of CdS thin films on CuO thin films obtained by oxidation process at 500°C for
60min. The as-grown heterojunction shows a good rectifying behavior. The forward current transport is
limited by three types of transport mechanisms namely Ohmic conduction, recombination-tunneling
and space- charge limited current mechanisms depending on the applied forward bias voltage.
Impedance spectroscopy of the device was investigated at temperature of 25-60°C. The real and
imaginary parts of the complex impedance are changed with the temperature and frequency. The
experimental results suggest that the device could be used possibly a good candidate for photovoltaic

devices with low thermal budget and low product cost.
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A w A J
mﬂa&aﬂ]ilaﬂjluuiQﬁ!aﬂm“\laq CuO

IWdnasgru JCPDS No.80-1268

Pattern : 80-1268 Radiation = 1.540600 Quality : Calculated

CuO 2th 1 h

x
-

32548 7 1
35466 37 v

1 0

0 2

Copper Oxicde 35566 92 -1 1 1

38.769 100 1 1 1

38974 29 0 0

46.277 2 -1 1 2

e o e 48743 28 -2 0 2

51419 1 1 1 2

Lattice : Monochnic Mol. weight= 79.55 53534 10 0 2 0

. §6.773 1 0 2 1

S$.G.: C2ic (15) Volume {CD} = 81.03 58376 14 2 9] 2
61.567 19 -1 1 3.

a= 4.68330 Dx = 6.520 65870 14 0 2 2

66.292 14 -3 1 1

b= 342080 Beta = 99.57 67.987 9 1 1 3

: 68.175 16 2 2 0

€= 5.12940 68951 <t -2 2 1

71.725 <t -3 1 2

a/b = 1.36907 Z= 4 lcor= 4.00 72.498 6 3 1 1

. 73.045 <1 2 2 1

¢/b= 149947 75.059 5 0 0 4

75.298 8 -2 2 2

e s e o+ oo e e D 79812 <1 0 2 3

80.191 2 2 0 L}

ICSO COLLECTION CODE : 069094 82.397 4 3 1 3

TEMPERATURE FACTOR : ATF - 83.184 4 2 2 2

REMARKS FROMICSD : REM  TEM 11. ) 83.701 4 3 1 2

REMARKS FROM ICSD :REM  RVP, : ) ‘83.701 4 4 0 0

86.602 - 0 2

86.811 1 2 2 3

88.096 <1 1 1 4

89.877 5 -1 3 1

“Calculated from ICSD using POWD-12++, (1997) primary reference :

*J. Solid State Chem., volume 89; page 184, (1990) :
Brese. N.E.. O'Keeffe. M.. Ramakrishna. B.L.. von Dreele, R.B.

Radiation : CuKa1 Filter : Not specified

La :
mbda : 1.54060 d-sp : Calculated spacings
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300°C rise time

Y=a*(1-exp(-x/135.5))+b*(1-exp(-x/254.4)y+c*(1-exp(-x/531.9)Hd*(1-exp(-x/1062.1)}+
e*(1-exp(-x/1558)) g+0.94

a 0.568 T.(s) 135.5
b -2.389 T, (s) 254.4
c 5.759 N0 531.9
d -5.177 T, (s) 1062.1
e -0.00347 Ts5(s) 1558
g 0.1831

Normalized Current (a.u.)
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350 °C rise time

Y=a*(1-exp(-x/104.8))+b*(1-exp(-x/204.9))+c*(1-exp(-x/476.2)}+d*(1-exp(-x/925.9))+
e*(1-exp(-x/2035.5))"g+0.905

a 0.202 T, () 104.8
b -0.4991 T, (s) 204.9
c 1.281 T,(s) 476.2
d -1.108 7, (s) 925.9
e -0.06744 4(s) 2035.5
g 0.802

Normalized Current (a.u.)
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Time (s)
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400 °C rise time

Y=a*(1-exp(-x/40.32258064516))+b*(1-exp(-x/60.97560975610))+
c*(1-exp(-x/136.98630136968))+d*(1-exp(-x/574.71264367816))+
e*(1-exp(-x/8378.15647045024)) g +0.89

a -0.3079 T,(8) 40.3
b 0.7765 T, (s) 60.9
c -0.6377 T4(s) 136.9
d 0.8398 7, () 574.7
e -2.868 T4(s) 8378.1
g 09177

Normalized Current (a.u.)
©
©
S
i

1 1 L
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Time (s)
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n1wmiﬂmns1wﬂamtmwuﬁizﬂannszuﬁuasua‘lawwunmmwaaﬁaumwm

2 o o o P = [ aan - v Y I
msﬂamumaﬂzﬂmaaﬂ"lcmcmmstm‘lﬂiamﬂgnsmaaﬂmmuﬂwmmsaumaa

AduTans cu Nigumnil 400 ssmuzaden



450 °C rise time
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Y=a*(1-exp(-x/44.6))+b*(1-exp(-x/61.2))+c*(1 -exp(-ﬂ92.2))+d*( 1-exp(-x/207.4))+

e*(1-exp(-x/1362.6))"g+0.924

—2.416 7,() 16
7.404 T, () 612
7591 T,05) 02,2
3.203 T, (5) 2074
0.4326 T5(s) 1362.6
g 0.6647
10 B = ey
3 %% .:::-:::3"::' )
p ] .:-:::
& 0.98- P
9:3 0.97 4 .::'::.'
5
O 0.96
g} | ot
Q g
N 0954
‘6 0.94 - -!'::
Z 1 s
0-93 1 .|=
0.92 1
v 1 ¥ ] v T T T . . . :
0 20 40 60 80 100 120
Time (s)

a a J ] o as o 3 Y o
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500 °C rise time

Y=a*(1-exp(-x/94.6))+b*(1-exp(-x/151.9))+c*(1-exp(-x/434.7)+d*(1-exp(-x/1149.9))+

e*(1-exp(-x/1460))"g+0.921
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a 0.4195 T,(s) 94.6
b -0.6449 T, (s) 151.9
c 1.018 T, (s) 434.7
d -0.8167 T, (s) 1149.9
e -0.2512 T5(s) 1460.0
g 0.6022
1.00 -
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300 °C decay time

Y=(a*exp(-x/204.91803278689))+(b*exp(-x/406.50406504065))+
(C*exp(-x[980.39215686275))+(d*exp(—x/2478.55430884274))+
(e*exp(-x/3045.84607512275)"g)

a 0.7936 T,(s) 204.9
b -4.085 T, (s) 406.5
c 13.54 T, (s) 980.3
d -20.49 T, () 2478.5
e 11.24 S Ts(s) 3045.8
g 0.3064
1.00W

—~ 0.994
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350 °C decay time

Y=(a*exp(-x/186.56716417910 ))+(b*ex'p(-x/344.82758620690 ))ix
(c*exp(-x/699.30069930070 ))+(d*exp(-x/1306.42617973550 )+
(e*exp(-x/2580.87161196079 Y'\g)

a 0.8785 T,(5) 186.5
b 4223 7,() 344.8
¢ 1088 | 1,0 699.3
d 9.716 T, () 1306.4
e 3.181 T,(s) 2580.8
g 0.01509

Normalized Current (a.u.)
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400 °C decay time

Y=(a*exp(-x/135.8695652174 ))+(b*exp(-x/197.6284584980 N+
(c*exp(-x/361.0108303249 ))+(d*exp(-x/877.1929824561 ))as
(e*exp(-x/65149.1263502157 Y*g)

a 0.2305 ,() 135.8
b | -0.03207 T, (s) 197.6
¢ -0.5493 T, (s) 361.0
d 0.6142 T, () §77.1
e 0736 T5(s) 65149.1
g 0.7978

Normalized Current (a.u.)

0.94 — T
0 50 100 150

Time (s)

T T L 1

1 1
200 250
o @ o v o a 4 o s
ﬂ1Wﬂ1‘§Wﬂﬂ‘§1ﬂﬂ'ﬂMﬁnwuﬁ‘§$ﬂ'J'Nﬂ‘izlLﬁHGSNﬁ"lﬁclf‘U'lﬁﬂﬂﬂnﬁ'l‘l]ﬂ\?ﬁﬁu‘]J'N‘llﬂ\i

: o o o é aAan o Qs
msisdnhnedinlefeen laddundon1fend §isv1eendiasudasanudeuves

4 { a
WauTang Cu Agangi 400 esrniraion



132

450 °C decay time

Y=(a*exp(-x/126.2626263 ))+(b*exp(-x/193.4235977 ))+(c*exp(-x/249.3765586 ))+
(d*exp(-x/442.4778761 )+ (e*exp(-x/1003.359247 )g)

a 9.116 : T, (s) 126.2
b -71.36 T, (s) 193.4
c 96.84 T5(s) 2493
d -39.92 T, (s) 442.4
e 6.323 Ts(s) 1003.3
g -0.08074
1.004
~ 0994 &
- |
S I ™,
= 098 %
g . 4 -'"'
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SN 096
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500 °C decay time

V=(a*exp(-x/120.7729469 ))+(b*exp(-x/208.3333333 ))+(c*exp(-x/414.9377593 ))+
(d*exp(-x/884.9557522 ))+ (e*exp(-x/1504.952045 )°g)

a 0.5608 7,(5) 120.7
b -1.987 T, (5) 208.3
c 4.071 T,(s) 4149
d -3.775 T4 (s) 884.9
e 2.131 T5(s) 1504.9
g 0.1459

Normalized Current (a.u.)
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300°C
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500°C
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