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Copper(Il) oxide (CuO) in powder form was evaporated thermally on the front surface of an n-Si (1 0 0) single crystal using
a vacuum coating unit. Structural investigation of the deposited CuO film was made using X-ray difraction (XRD) and energy
dispersive X-ray analysis (EDX) techniques. It was determined from the obtained results that the copper oxide films exhibited
single-phase CuO properties in a monoclinic crystal structure. Transmittance measurement of the CuO film was performed by
a UV-Vis spectrophotometer. Band gap energy of the film was determined as 1.74 eV under indirect band gap assumption.
Current-voltage (I-V) measurements of the CuO/n-Si heterojunctions were performed under illumination and in the dark to
reveal the photovoltaic and electrical properties of the produced samples. From the I-V measurements, it was revealed that
the CuO/n-Si heterojunctions produced by thermal evaporation exibit excellent rectifying properties in dark and photovoltaic
properties under illumination. Conversion efficiencies of the CuO/n-Si solar cells are comparable to those of CuO/n-Si produced

by other methods described in the literature.
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1. Introduction

Copper oxide has several advantages in the
photovoltaic production. These are low produc-
tion cost, non-toxicity and high optical absorption.
Apart from these, the basic two phases of copper
oxide i.e. monoclinic cupric oxide (CuO) and cu-
bic cuprous oxide (Cu,O) are natural p-type semi-
conductors and their energy band gap values are
1.2eVto1.9eVand 1.8eV to 2.5 eV, respectively;
these values are suitable for photovoltaic applica-
tions. Due to these advantages, copper oxide at-
tracted great interest of the researchers [1-9]. How-
ever, this binary system may contain also other ox-
ides, such as CuzO, or Cuy O3 (paramelaconite). It
was reported that paramelaconite (CusO3) has val-
ues of 2.47 and 1.34 eV for direct and indirect band
gap, respectively [10, 11].
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It was reported that copper oxide films (CuxO)
produced by thermal evaporation technique and
characterized morphologically using X-ray diffrac-
tion spectra, are amorphous [12]. In another study,
copper oxide films were deposited by thermal evap-
oration of Cu,;O powder on a substrate, either un-
heated or heated and some of them were subjected
to annealing. As a result of the investigation, it was
reported that the films consisted of mixed CuO,
Cu,0 phases, and CuO phase was dominant de-
pending on the substrate temperature and anneal-
ing [13]. The film deposited by vacuum thermal
evaporation using Cu,O powder was examined. It
was determined that the film consisted partially of
Cu (1 1 1) crystal phase and the dominant amor-
phous phase. However, when this film was sub-
jected to thermal annealing in air, it was reported
that a p-type Cu,0O film was formed [14].

In the copper oxide film deposition process,
temperature is one of the most important factors
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for phase formation of the films. If the substrate
temperature is too low, the resulting copper oxide
film is mostly amorphous. If the substrate temper-
ature is around 250 °C to 300 °C, the film pre-
dominantly occurs in CuyO phase. If the temper-
ature is over 300 °C, especially around 450 °C to
500 °C, the film predominantly occurs in the CuO
phase. Copper oxide films may crystallize in more
than one phase, that is the films may consist of
a mixture of the phases. At the lowest tempera-
ture, amorphous film predominates, as the tempera-
ture increases, Cu; O phase dominates and at higher
temperatures CuO phase prevails [10-14].

In the production of cupric oxide/n-Si hetero-
junction solar cells, sputter technique was used.
Conversion efficiencies of these cells were re-
ported as around 1 %. Efficiency values for some
CuO/n-Si heterojunction solar cells described in
the literature ranged from 0.41 % to 1.2 % [1-5].
For CuO/Cu;0 heterojunction solar cell, efficiency
of 0.64 % has been achieved [6], for AZO/n-oxide
semiconductor/p-Cu,O and for AZO/Ga;03/Cu,O
heterojunction solar cells efficiencies of 5.38 %
were reported [7, 8].

In this context, we have attempted to use ther-
mal evaporation method, never used before in the
production of CuO/n-Si heterojunction solar cells.
We deposited CuO powder on the front surface of
n-Si (1 0 0) wafer by thermal evaporation using
a vacuum coating unit. We obtained the conver-
sion efficiency values comparable to those of the
CuO/n-Si heterojunction solar cells produced be-
fore by various methods.

2. Experimental

A n-type Si wafer with (1 0 0) orientation and
resistivity of 1 Q-cm to 10 Q-cm was used to
fabricate CuO/n-Si heterjunction solar cells. The
wafer was chemically cleaned using a standard
RCA procedure (i.e. the wafer was boiled in the
solution of NH4 + H,O, + 6H,O for 10 min, then
boiled in the solution of HCI + H,O, + 6H,0O)
for 10 min and etched in dilute HF:H,O (1:10)
for 30 s to remove the native oxide layer on the
surface. Between the process steps, the wafer was

washed in deionized water with a resistivity of
18 MQ. The chemically cleaned wafer was dried
under N, gas and inserted into a vacuum coating
unit for metallization. The ohmic back contact was
formed by evaporating Al on the back surface of
the substrate, followed by a temperature treatment
at 450 °C for 3 min in Nj gas. CuO powder was
evaporated on the front surface of the n-Si wafer,
with a film thickness of about 150 nm. In such
way, CuO/n-Si heterojunction solar cells were fab-
ricated. Film thickness of the top contact was con-
trolled using a film thickness monitoring system in
the vacuum coater unit. EDX and XRD techniques
were used for structural studying the copper ox-
ide film while the optical transmittance measure-
ment of the copper oxide film was performed using
a UV-Vis spectrophotometer. The electrical prop-
erties of the CuO/n-Si heterojunctions were char-
acterized by dark current-voltage (I-V) measure-
ments. Also, their photovoltaic properties were
evaluated using the I-V measurements, carried out
under an illumination of 100 mW/cm? and AM 1.5.

3. Results and discussion

Production details of CuO/n-Si heterojunction
solar cells made by thermal evaporation are given
in Section 2. CuO is an intrinsic p-type semicon-
ductor since there may be a spontaneous Cu va-
cancy formation in the structure [5]. Cupric oxide
in powder form as received from the manufacturer
was evaporated on the front surface of n-Si, with-
out any further treatment. Thus, a p-CuO/n-Si het-
erojunction structure was formed.

The CuO/n-Si heterojunction solar cells were
studied in terms of electrical, optical, photovoltaic
and structural parameters. I-V measurements of the
CuO/n-Si structures were taken in dark for studying
the electrical characteristics. For determining pho-
tovoltaic characteristics of the CuO/n-Si hetero-
junction solar cells, I-V measurements were per-
formed under illumination. Dark I-V plots and illu-
minated and dark I-V plots of the copper oxide/n-Si
are given in Fig. 1a and Fig. 1b, respectively.

As seen from Fig. 1, CuO/n-Si heterojunctions
exhibit rectifying properties. If a contact obeys
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simple thermionic emission theory (TE), its for-
ward bias current in I-V graph must show an ex-
ponential character. Therefore, we can express the
current as [15-18]:

T e 4P 9\
I-AATexp( kT>[eXp<nkT> 1} (1)

where

2)

qPp
I, = AA*T? .
: exp( il )

is saturation current, ®y, is barrier height, A* is
Richardson constant equal to 112 A/cm? - K? for n
type Si, q is electronic charge, V is applied voltage,
k is Boltzmann coefficient, T is ambient temper-
ature in K and it was taken as 300 K. In case of
qV > 3KkT, equation 1, is reduced to the following

expression:
qv
1=1 —_—
o0 (i)

where n is ideality factor which is a measure of
conformity of diode to pure thermionic emission
and is determined from the slope of the straight
line region of a forward bias In I-V characteristics
through the relation:

3)

g dv

"Z kT d(in)

“4)

Ideality factor for a rectifying contact is a mea-
sure of whether it is an ideal contact. If ideality
factor value for a rectifying contact is equal to 1,
it indicates that the contact is ideal. If the value of
the ideality factor tends towards the values larger
than 1, it indicates that the contact is away from
the ideal case.

As can be seen, the values of ideality factor
for the CuO/n-Si contacts are considerably larger
than 1. Thus, we can deduce that the contacts are
not ideal. In fact, it was expected that the contacts
would not be ideal because the evaporated material
was oxidized.

The values of ideality factor n of the CuO/n-Si
contacts were calculated using equation 4 and dark
I-V data. As can be seen from Table 1, the values
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Fig. 1. (a) Dark I-V plots of CuO/n-Si heterojunction
solar cells produced by thermal evaporation; (b)
dark and illuminated I-V plots of the CuO/n-Si
heterojunction solar cells produced by thermal
evaporation.

of ideality factor range from 1.82 to 2.88. The val-
ues of rectification factor, which is an important in-
dicator of whether the contact is a good rectifier,
range from 87.67 (for D9) to 17881.79 (for D11).
The values obtained from dark I-V measurements
reveal the electrical characteristics of the produced
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contacts. It is seen from Fig. 1a and the character-
istic values in Table 1 that CuO/n-Si heterojunction
structures produced by thermal evaporation have
good rectifying properties.
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Fig. 2. Photovoltaic characteristics of CuO/n-Si hetero-
junction solar cells produced by thermal evapo-
ration.

Moreover, it is seen from the curves in both
Fig. 1b and Fig. 2, plotted based on the I-V
measurements taken under illumination, that the
CuO/n-Si heterojunction structure exhibits photo-
voltaic properties. That is, the CuO/n-Si hetero-
junction structure exhibits both good rectifying and
photovoltaic properties. However, it is known that
there is relation between diode and photovoltaic pa-
rameters of a p-n junction solar cell. The relation-
ship between rectifying and photovoltaic properties
of Sn/p-Si Schottky type photojunction was also
discussed in our previous article [19].

Some parameters in the production process may
adversely affect the rectifying and photovoltaic
properties of CuO/n-Si interface. For example, it
is necessary to pay attention to n-Si crystal sur-
face temperature during the deposition of CuO film
on the front surface of the crystal in the vacuum
coating unit, because the rectifying behavior of
the CuO/n-Si interface can be negatively affected

by the contact temperature. Rectifying properties
of the n-Si/CuO interface are also important for its
photovoltaic characterization.

Table 1. Selected electrical parameters of the CuO/n-Si
heterojunction solar cells obtained from dark
I-V measurements.

Sample name Ideality factor n Rectification factor

Dl 2.59 532.77
D2 2.88 827.68
D3 1.82 252.26
D4 2.09 244.15
D5 2.05 225.38
D6 2.40 3923.8
D7 2.11 1093.3
D8 2.50 96.050
D9 2.15 87.670
D10 2.53 3297.6
Dl11 2.30 17882

To prevent overheating of the crystal surface,
the distance between the heater metal and the tar-
get crystal must be well adjusted. In addition,
evaporation time (coating speed) is also important.
Vacuum level, heater metal properties also affect
the process.

It is also important that the CuO film, which
is deposited on the crystal surface, was homoge-
neous. For this reason, attention must be paid to
the distance between the heater metal and the target
crystal, and the coating period. For example, if the
distance between the target crystal and the heating
metal is too large, the crystal surface is prevented
from being heated, but in this case the homogene-
ity of the film is affected adversely. If the coating
process is carried out too slowly, then the film will
not be homogeneous and the crystal surface will be
more heated.

We kept the n-Si crystal at a distance of about
10 cm from the heater metal, taking into account
all the parameters that could affect the rectify-
ing properties of CuO/n-Si interface and CuO film
homogeneity.

Another matter for photovoltaic performance of
the CuO/n-Si heterojunction is CuO film thickness.



672

RESIT OZMENTES et al.

Film thickness in a p-n junction solar cell is an
important parameter in terms of photon absorption
and solar cell efficiency. An increase in photocur-
rent is attributed to the improvement of light ab-
sorption along with an increase in CuO film thick-
ness. However, the further increase of the CuO
thickness (~700 nm) causes deterioration of the
photocurrent. Thus, the optimum thickness deter-
mined for photocurrent is about 550 nm [20].

Photovoltaic features of the CuO/n-Si hetero-
junctions are seen clearly in Fig. 1b and Fig. 2
which show I-V plots of the samples under illu-
mination. From short circuit current Iy, and open
circuit voltage V. of the samples (Fig. 2), fill fac-
tor FF value and efficiency 1 of the devices can be
determined using equation 5 and equation 6 [21]:

Vil

FF =
Voelse

)

where Vp, is the maximum voltage and I, is
the maximum current, respectively correspond-
ing to the maximum output power Py,x. That is
Pmax = Vmln- Voc and I represent open circuit
voltage and short circuit current of the samples, re-
spectively. FF is the ratio of the rectangular area
formed by multiplication of Vi, and I, to the rect-
angular area formed by multiplication of V. and
Is, in a photovoltaic current-voltage graph. Con-
version efficiency 1 is given as follows:

Vil
"R

(6)

where Pj, is the photon power incoming to the sam-
ple per surface area. Table 2 shows some photo-
voltaic characteristics of the samples such as V.,
Isc, Pmax, FF and 1. V. values range from 0.25 eV
to 0.35 eV, FF values range from 0.19 to 0.35 and
1 values range from 0.22 % to 1.00 %.

The highest yield achieved up to now in copper
oxide/n-Si heterojunction solar cells is 1.2 %. Our
efficiency of 1 % for CuO/n-Si heterojunction solar
cells produced by thermal evaporation may seem
like a small value, but it is comparable to the values
obtained for CuO/n-Si produced before [1-5].

CuO/n-Si heterojunctions described in the lit-
erature were produced by two-step sputtering [1],
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Fig. 3. (a) X-ray difractogram of CuO film produced by
thermal evaporation; (b) energy dispersive X-ray
analysis (EDX) of CuO film produced by ther-
mal evaporation.

sputter and rapid thermal annealing [2] and mag-
netron sputtering [3]. In our study, CuO/n-Si was
produced by thermal evaporation.

As can be seen from Fig. 2, which is based
on the I-V measurements under illumination, the
FF values are quite small. This can be attributed
to the contact interface. Because the FF value is
related to the curling shape of I-V curve, it can
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be seen that the shape of the I-V curve in Fig. 2
directly affects the value of the V, I}, term in equa-
tion 5 and equation 6. On the other hand, in the
formation of the I-V shape in a rectifier contact, it
is also known that the interface has a dominant ef-
fect. This indicates that the fill factor is related to
the interface nature of the contact.
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Fig. 4. (a) Transmittance plot versus photon wavelength

for CuO film produced by thermal evaporation;
(b) plot of (ochy)l/ 2 as a function of photon en-
ergy hy of CuO film produced by thermal evap-
oration.

As can be seen from Fig. 3a, two weak peaks
are observed in the X-ray photoelectron diffrac-
tion (XRD) pattern of the copper oxide film pro-
duced by thermal evaporation. These peaks located
at 20 = 35.6° and 20 = 38.7° can be correlated
with the (-1 1 1) and (1 1 1) crystal planes of mono-
clinic CuO structure. Fig. 3b exhibits EDX results
obtained for the CuO film and shows clearly the
presence of copper and oxygen atoms.

A UV-Vis spectrophotometer was used for op-
tical investigation of the CuO film produced by
thermal evaporation. Transmittance measurement
of the film versus photon wavelenght was per-
formed. The sharp drop of the plot in Fig. 4a, indi-
cates the presence of energy band gap of the CuO
film. Fig. 4b shows the plot of (othry)!/? as a func-
tion of photon energy hy of the CuO film pro-
duced by thermal evaporation. By extrapolation of
the linear portion of the plot to the energy axis, the
value of the band gap energy Eg was determined to
be = 1.74 eV for the CuO film. This value is very
suitable for photovoltaic applications.

4. Conclusions

In this study, CuO/n-Si heterojunction solar
cells were produced by thermal evaporation. It was
determined that the heterojunction structure ex-
hibits a good rectifying properties in dark and pho-
tovoltaic properties under illumination. The best
value which we achieved for conversion efficiency
was 1 %. This value is comparable to those of the
CuO/n-Si produced by various methods in the lit-
erature [1-5]. The smallest value of ideality fac-
tor (1.82) we have obtained, indicates that the
contacts of the CuO/n-Si heterojunctions are not
ideal. The obtained value of rectification factor of
about 17882 shows that CuO/n-Si contacts pro-
duced by thermal evaporation have good rectifying
properties.

Thus, we have shown that using of thermal
evaporation method in the production of CuO/n-
Si heterojunction solar cells gives positive results.
Thus, the thermal evaporation technique can be
considered as an alternative method in the produc-
tion of CuO/n-Si heterojunction solar cells.
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Table 2. Some photovoltaic parameters of the CuO/n-Si heterojunction solar cells produced by thermal evapora-

tion.

Sample name Voe [V] I [A] Pmax [W] FF [%] N [%]
D1 0.34 0.007658 0.00078 30 0.78
D2 0.35 0.009860 0.0010 29 1.00
D3 0.29 0.002239 0.00022 34 0.22
D4 0.34 0.003607 0.00038 31 0.38
D5 0.37 0.003472 0.00045 35 0.45
D6 0.25 0.007966 0.00044 22 0.44
D7 0.27 0.007838 0.00055 26 0.55
D8 0.27 0.010612 0.00060 21 0.60
D9 0.27 0.012121 0.00092 28 0.92
D10 0.27 0.014450 0.00074 19 0.74
D11 0.28 0.016467 0.00097 21 0.97
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