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1 Introduction

In order to develop
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ABSTRACT

On the glass substrate, un-doped and different proportions of Yb (1, 2, 3, 4, and
5 wt%) doped CuO thin films were deposited by the ultrasonic spray pyrolysis
(USP) method. According to X-ray diffraction (XRD) analysis, the (— 111) plane
was the preferred crystallographic orientation for all thin films. It was obtained
from atomic force microscopy (AFM) analysis that the surfaces of the produced
CuO thin films were not smooth and the roughness increased as the Yb doping
ratio increased. Scanning electron microscopy (SEM) analysis reveals that the
surfaces of 4 and 5 wt% Yb-doped CuO thin films were porous. The forbidden
bandgap values of un-doped and 1, 2, 3, 4, and 5 wt% Yb-doped CuO thin films
were calculated by using the Tauc plot. It was observed that 3 wt% Yb-doped
CuO thin films with the narrowest bandgap of 1.64 eV. The 3 wt% Yb-doped
CuO thin films were deposited on both non-etched and KOH-etched n-type Si
by the USP method, and so, p-CuO/n-5Si p-n junction diodes were produced. The
influence of illumination on several electrical properties of the generated p-
n diodes, such as ideality factor (1), zero-bias barrier height (®;,), and series
resistance (R,), was examined. The p-CuO (un-doped and 3 wt% doped Yb)/n-Si
(KOH-etched) diodes exhibited photovoltaic behavior. These diodes show
promise for photodiode applications in the optoelectronics industry.

such as p-n junction transistors, solar cells, fuel cells,
gas sensors, and capacitors are notable in the elec-

technologies, tronics and optoelectronics industries [1-5]. Among

researchers are focusing on energy storage and con-
version devices that are light, eco-friendly, and low-
cost. Metal oxide semiconductor nanostructured
energy materials used as components of devices,
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these metal oxides, cupric oxide, or copper (II) oxide
(CuO), is abundant on earth, non-toxic, and easily
synthesized. The monoclinic CuO phase is thought to
be the most stable of the Cu—O compound’s crystal
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structures. CuO thin films are p-type semiconductors
and their bandgaps are in the range of 1.3-2.1 eV
[6, 71.

The CuO thin films were produced with different
methods such as chemical bath deposition, spin
coating, plasma evaporation, spray pyrolysis, and
ultrasonic spray pyrolysis (USP) [8-12]. The USP
technique is solution-based and allows selection of
solvent for product morphology. The pyrolysis tem-
perature and nozzle frequency can be adjusted in this
production method. Thus, the USP is a more flexible
production technique compared to other methods. It
is also an ideal method for producing thin films with
both a wide area and the desired surface morphol-
ogy. Thin films with small-grained, porous, and
compact structures, which are very effective in solar
cell and sensor applications, can be obtained by using
this method [13]. The USP method is an economical
method as it saves material [14]. The quality of the
thin film deposited on the substrate is affected by the
distance of the nozzle from the substrate, nozzle
diameter, solution flow rate, and substrate tempera-
ture [15, 16]. These parameters can be easily con-
trolled by the USP method.

CuO thin films are used as components of devices
such as p-n junction diodes, solar cells, and superca-
pacitors [11, 17, 18]. These thin films are preferred as
absorber layers in solar cells due to their chemical
and electrical properties. Low conductivity and high
electron-hole recombination can limit the perfor-
mance of a device. Therefore, the efficiency of the
device can be improved by making appropriate
doping of CuO. According to Ahmed et al. the 2% Ba-
doped CuO films demonstrate good photocatalytic
activity as a photoelectrode for efficient hydrogen
production [7]. Yin et al. showed that Ni doping
modulates the crystal quality, shape, and grain size of
Cu; _ ,Ni,O thin films [19]. Ytterbium (Yb) is a rare-
earth metal, and it is a member of the lanthanide
series in the periodic table. It exhibits two different
oxidation states of 4+ 2 and + 3. It is known to be
used as a dopant in optical materials. Yb" > has a
larger ionic radius (0.86 A) than Cu*? (0.73 A)
[20, 21]. The electronegativity value for Yb* ® is 1.1
Pauling, while this value is 1.9 Pauling for Cut?[22].
It is clear that the Yb doping to the CuO lattice will
have an effect on the electrical, optical, and structural
morphology of CuO thin films. Naveena et al. pre-
pared un-doped and Yb-doped CuO thin films by
chemical spray pyrolysis [11]. When compared to un-
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doped CuO thin films, they found that the doped
CuO thin films with Yb (3 wt%) had better carrier
concentration, electrical conductivity, and power
conversion efficiency.

In this work, the un-doped and different propor-
tions of Yb (1, 2, 3, 4, and 5 wt%) doped CuO thin
films were deposited on soda-lime glass substrates by
the USP method. X-ray diffraction (XRD), scanning
electron microscopy (SEM), atomic force microscopy
(AFM), and ultraviolet-visible (UV/Vis) spectropho-
tometer were used to evaluate the effect of Yb doping
on the structural, morphological, and optical prop-
erties of CuO thin films. The p-CuO 3 wt% Yb-
doped)/n-Si p-n junction diodes were fabricated by
the USP method on both non-etched and KOH-
etched n-Si. The current-voltage (I-V) characteristics
of the diodes were used to determine their electrical
properties. The effects of illumination on -V char-
acteristics were investigated. There is no known
study in the literature on the deposition of Yb-doped
CuO thin films on KOH-etched Si surfaces by the
USP method. The effect of illumination on Ag/p-CuO
(3 wt% Yb-doped)/n-Si (KOH-etched)/Al junction
diodes was also noted to have not been studied.

2 Experimental

The un-doped and Yb-doped CuO thin films were
deposited on soda-lime glass substrates of
25 cm x 2.5 cm x 0.2 mm dimension by using the
USP method. The substrates were ultrasonically
cleaned with double distilled water, ethanol, acetone,
and ethanol at 60 °C for 10 min. The cleaned glass
substrates were rinsed with double distilled water
and dried with N, gas. Copper (II) acetate monohy-
drate (Cu(CH3;COO),-H,O) was the precursor mate-
rial for the copper source. A solution of 0.1 M
Cu(CH;COO),-H,O was prepared. Double distilled
water was used as the solvent. 0.1 mL of HCI (37%)
was added to the prepared solution. Thus, better
adhesion of the material to the substrate surface is
achieved. The vytterbium chloride hexahydrate
(YbCl;-6H,0) was used for Yb doping, and it was
doped different proportions of 1, 2, 3, 4, and 5 wt%.
The solutions were stirred for 45 min at room tem-
perature using a magnetic stirrer. A homogeneous
solution was obtained. The parameters used in the
USP device (Sono-Tek Corporation, 2012 Route 9 W)
for the production of CuO thin films are given in



] Mater Sci: Mater Electron (2023) 34:425

Table 1. Schematic representations of the solution
preparation and the USP coating system are given in
Fig. 1a and b, respectively. Thin films were annealed
at 525 °C for 1 h in the muffle furnace. The hot probe
method was used to determine whether the created
films were p-type.

XRD measurements of the thin films were taken in
the range of 20-80° using the Cu Ko radiation
(. = 1.5418 A) of a Bruker D8 Advance Twin-Twin
diffractometer (40 kV, 40 mA). Raman measurements
were performed with a JASCO NRS-3100 spec-
trophotometer equipped with a laser diode emitting
at 785 nm. The surface morphologies of the films
were observed by SEM (FEI Quanta FEG 250), while
the surface roughness was examined by AFM
(Nanomagnetics ezAFM). Optical absorption studies
of thin films were carried out with a UV-Vis Spec-
trophotometer (PG-Instruments T80+) operated at
room temperature.

The Ag/p-CuO (un-doped and 3 wt% Yb-doped)/
n-Si/ Al p-n junction diodes were manufactured. [100]
oriented n-type Si wafers were used. A wet chemical
process was used to clean the n-Si wafers of organic
and inorganic impurities [23]. These wafers were
dipped in a potassium hydroxide (KOH) solution
(1 g KOH:5 mL 2-propanol (IPA): 125 mL double
distilled water) at 80 °C for 10 min to etch their sur-
face. The wafers were cleaned with acetone and
ethanol, and then rinsed with double distilled water.
The cleaned wafers were exposed to hydrofluoric
acid (HF) for 3 min and then dried with N, gas.

By the thermal evaporation method, Al was evap-
orated to the back surface of both non-etched and
KOH-etched n-Si wafers. Then, these wafers were
annealed at 575 °C in an N, ambiance for 3 min.
Thus, the ohmic contact process is completed. The
un-doped and 3 wt% Yb-doped CuO thin films were

Table 1 Parameters used for the production of CuO thin films

Parameters Values
Substrate temperature (°C) 350
Solution flow rate (mL/min) 0.2
Distance of the nozzle to the substrate (cm) 8.5
Nozzle gas pressure (kPa) 1.0
Nozzle diameter (mm) 0.2
Spray angle (°) 90
Spray frequency (kHz) 120
Spray engine power (W) 533
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Fig. 1 Schematic representations of a the solution preparation
b the USP coating system

deposited on the front surfaces of both etched and
non-etched n-Si wafers by the USP method, and then
annealed at 525 °C for 1 h. The annealing process is
needed for two reasons. The first is to perform the
thermal decomposition of copper (II) acetate mono-
hydrate and to form CuO. The second is to ensure the
formation of a good crystal structure for CuO [24, 25].
The coating parameters given in Table 1 were used.
The mask, which have square area of 4 mm?, was
placed on the front surface of the annealed structures,
and Ag was thermally evaporated. Thus, the manu-
facture of Ag/p-CuO/n-Si/Al, Ag/p-CuO (Yb-
doped)/n-Si/Al, Ag/p-CuO/n-Si (KOH-etched)/Al,
and Ag/p-CuO (Yb-doped)/n-Si (KOH-etched)/Al p-
n junction diodes was completed and were named as
51, 52, S3, and S4, respectively. The schematic rep-
resentation of the produced p-n junctions is given in
Fig. 2.

I-V measurements of the produced p-n junctions
were taken in the dark and under illumination (1040
Wm™ ?) with the Keithley 2400 SourceMeter at + 2 V
range at room temperature. The p-n junctions were
illuminated by using a solar simulator (Model: Solar
Light). The density of illumination was controlled
with a research radiometer (Model ILT1700). The
solar spectrum was simulated with an AM 1.5 filter.

3 Results and discussed

The XRD patterns of un-doped and Yb-doped CuO
films grown on glass substrates using the USP
method are shown in Fig. 3. Thin films have two
peaks in the (=111) and (111) planes. According to
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Fig. 2 Theschematic
representation of the produced
p-n junctions

n-Si wafer

the ICDD PDF-00-001-1117 card, these diffraction
peaks belong to the monoclinic CuO. These peaks
were observed at 35.74° and 38.95° for un-doped
CuO. The (—111) plane has a higher density peak for
all thin films. This indicates that the (—111) plane is
the preferred crystalline plane. The formation of the
crystallite in the deposited thin films means that
sufficient thermal energy is provided for the pyroly-
sis of the precursor material. No phase formation
related to Yb (Yb,Os, YbO) was detected. No Cu,O
phase or any other impurity phase was found. Such a
situation confirms that chemically pure, Yb-doped,
and single-phase CuO were formed. A small shift in
peak positions was observed when Yb-doped CuO
was compared to un-doped CuO (inset of Fig. 3). This
is due to Yb" ® having a higher ionic radius (0.86 A)
than Cu™? (0.73 A) [11].

The average crystallite size (D) of un-doped and
Yb-doped thin films can be calculated using the
Debye-Scherrer equation, which is given by the fol-
lowing equation [26]:

Un-doped CuO

1 wt% Yb-doped CuO
2 wt% Yb-doped CuO
3 wt% Yb-doped CuO
4 wt% Yb-doped CuO
5 wt% Yb-doped CuO

Intensity (a.u.)
|

Ag contact

Non-etched or KOH-etched
—>

] Mater Sci: Mater Electron (2023) 34:425

Un-doped or Yb-doped

CuO thin film
Al ohmic
contact
0.941
b pcosB (1)

Here, 0 is the diffraction angle of the maximum
intensity peak, f is the half peak width (in radians) of
the maximum intensity peak, and / is the x-ray
wavelength. XRD measurements were taken with
Bruker’s D8 Advance Twin-Twin device, and analy-
ses were carried out by the same company’s EVA
software and ICDD database. The (—111) peak is
sharp, and its intensity is higher than that of the other
peak. Therefore, this peak was chosen as the main
peak. Crystallite sizes were calculated from the
FWHM (full width at half maximum) values of the
main peak. These calculations were made in software
by the EVA program using the Debye-Scherrer
equation. The values obtained for the crystallite sizes
are given in Table 2.

The crystallite size for un-doped CuO thin films
was obtained as 200 A whereas this value was
decreased for 1, 2 and 3 wt% Yb doping to CuO thin
films. The values of crystallite size of 4 and 5 wt% Yb-
doped CuO thin films are higher than other thin films
crystallite sizes. Similar results were observed for Ba-
doped CuO and this case was attributed to shift in the
peaks due to doping and the change in the FWHM
value [7].

The Raman spectra of un-doped and Yb-doped
CuO thin films are given in Fig. 4. Measurements
were registered in the wavelength interval of
200700 cm™ ' and at room temperature. In the
primitive cell, two molecular units of monoclinic
CuO are formed. There are 12 modes of zone-

Table 2 The size of crystallites in un-doped and Yb-doped CuO
thin films

Sample Crystallite size (A)
A s

i Un-doped 200
F 1 wt% Yb-doped 184
[ B |l_]|r|| L1 ||| [ ENERTH N Illl T 2wt%Yb-doped 174
20 30 40 50 60 70 80 3 wt% Yb-doped 181
26 (degree) 4 wt% Yb-doped 215
5 wt% Yb-doped 229

Fig. 3 XRDpatterns of un-doped CuO and Yb-doped CuO thin
films. Position change due to Ybdoping in the (—111) plane (inset)
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centered optical phonons, 44, + 5B, + A, + 2B,
three of which A, + 2B, are the Raman active modes
[27, 28]. In this study, three main phonon modes at
310, 371 and 612 cm™ ! were observed from Raman
spectrum of the un-doped CuO thin films. These
modes are corresponding to A,, B;, and By, symme-
tries, respectively. Similar peaks have been reported
in the literature for CuO (Table 3). Similar peaks in
the Raman spectra were also observed for Yb-doped
CuO thin films. The peaks in the Yb-doped CuO thin
film spectra almost matched the un-doped CuO thin
films. Extra peaks are not observed for the Yb-doped
CuO thin films. Therefore, it can be concluded that
there is no new phase appearance due to Yb doping.
This result is compatible with the XRD results.

AFM was used to examine the surface morpholo-
gies of un-doped and Yb-doped CuO thin films. The
AFM images of un-doped and 1, 2, 3, 4, and 5 wt%
Yb-doped CuO thin films are shown in Fig. 5a-f,
respectively.

The surface roughness of un-doped and 1, 2, 3, 4,
and 5 wt% Yb-doped CuO thin films was found to be
33.31, 52.63, 58.27, 59.03, 66.31, and 72.97 nm,
respectively. The surfaces of the produced films are
not smooth, and the roughness increases as the Yb-
doped ratio increases. The use of rough interfaces in
solar cells causes an increase in light absorption. The

— Un-doped CuO

— 1 wt% Yb-doped CuO

— 2 wt% Yb-doped CuO
3 wt% Yb-doped CuO

— 4 wt% Yb-doped CuO

— 5 wt% Yb-doped CuO

Intensity (a.u.)

200 250 300 350 400 450 500 550 600 650 700
Raman shift (cm™)

Fig. 4 Raman spectra of un-doped CuO and Yb-doped CuO thin
films
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use of chemically active area layers in gas sensors
increases the rate at which gas diffuses from the
pores. Therefore, rough surface morphology is
important in device applications based on metal
oxide thin films.

SEM images (surface and cross-sectional) of un-
doped and 1, 2, 3, 4, and 5 wt% Yb-doped CuO thin
films are given in Fig. 6a—f, respectively. As can be
seen from Fig. 6a—f, the CuO thin films were gener-
ated by a random dispersion of shaped nanoparticles.
According to SEM images, the glass substrate surface
is completely covered with CuO, and all of the CuO
thin films have an irregular particle size and rough
surface. The crystallite sizes of CuO thin films were
calculated using the Debye-Scherrer equation, while
the particle sizes were determined using SEM-surface
images. Particle sizes were shown on the SEM-sur-
face images for un-doped and 5 wt% Yb-doped CuO
thin films (were given in Fig. 6a and f). While the
average particle size was calculated as 37.48 nm for
un-doped CuO thin film, it was obtained as 80.82 nm
for 5 wt% Yb-doped CuO thin film. For high Yb-
doped ratios (4 and 5 wt%), aggregation occurred on
the surface of the CuO thin films. It has been
observed in the literature that particle sizes increase
with the doping of elements such as Ba, Yb, and Er in
CuO thin films [7, 11, 29]. In addition, it is seen that
the surface of the 3 wt% Yb-doped CuO thin film is
coated more homogeneously than all other surfaces.
It was observed that the film surfaces of 4 wt% and 5
wt% Yb-doped CuO thin films were porous com-
pared to the others. It is seen that the surface mor-
phology and particle size of CuO thin films are
affected by Yb doping. The thicknesses of the films
are 180.8, 277.9, 294.1, 407 4, 313, and 348 nm for un-
doped, 1, 2, 3, 4, and 5 wt% Yb-doped to CuO thin
films, respectively (inset of Fig. 6a—f).

Optical transmittance measurements of un-doped
and Yb-doped CuO thin films deposited on glass
substrates were carried out in the wavelength range
of 290-1100 nm. The wavelength dependent plots of
the transmittance of the produced thin films are
shown in Fig. 7a. The transmittance value for un-
doped CuO thin films averages 12% in the visible
regions (390-780 nm). The transmittance values for 1,
2,3,4, and 5 wt% Yb-doped CuO thin films are 19, 15,
10, 14, and 11% at the same region, respectively.

The following equation can be used to express the
relationship between optical bandgap and absorption
coefficient [30]:

@ Springer
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Fig. 5 AFMimages of the a un-doped b 1 wt% ¢ 2 wt% d 3 wt% e 4 wt% f 5 wt% Yb-doped CuOthin films

ahv = A(hv — Eg)". (2)

In this expression, « is the absorption coefficient,
h is the Planck’s constant, v is the frequency of the
incident photon, A is an energy independent con-
stant, and E, is the forbidden bandgap of the semi-
conductor. In semiconductors with a direct bandgap,
n is equal to 1/2. The Tauc curve is obtained by
plotting («hv)” according to hv and the E value can be
found from the point where this curve cuts the x-axis.
Tauc plots of un-doped and different proportions of
Yb-doped CuO thin films are shown in Fig. 7b. The E,
values for un-doped and 1, 2, 3, 4, and 5 wt% Yb-
doped CuO thin films are 1.68, 1.77, 1.74, 1.64, 1.71,
and 1.65 eV, respectively.

Optical reflections on the Si wafer surface can be
controlled by etching the wafer surface with KOH.
Pyramidal and non-pyramidal structures of different

@ Springer

sizes can occur on the Si surface etched with KOH.
Thus, textured surfaces can obtained. These textured
surfaces may absorb more light than flat surfaces,
thereby effectively reducing the reflection of light in
the solar cell. This can lead to an increase in solar cell
efficiency [31]. Cross-sectional SEM images of S1, S2,
53 and 54 p-n junction diodes are given in Fig. 8a—d (it
can be taken at 50,000 x and 100,000 x magnifica-
tions), respectively.

Figure 8a and b shows no pyramidal structures.
The un-doped CuO thin film was deposited almost
homogeneously on the non-etch n-Si wafer by the
USP method (Fig. 8a). Randomly dispersed particles
may result from droplets of 3 wt% Yb-doped CuO
falling to the non-etch n-Si wafer surface (Fig. 8b). In
Fig. 8c and d 3 wt% Yb-doped CuO and Ag coated on
pyramidal structures of different sizes are observed.

The reverse and forward bias I-V characteristics
both in the dark and under illumination of prepared
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Fig. 6 SEM images of the a un-doped b 1 wt% ¢ 2 wt% d 3 wt% e 4 wt% f 5 wt% Yb-doped CuO thin films. Film thicknesses for un-

doped and Yb-doped CuO thin films (inset)

p-n junction diodes were presented in Fig. 9. I-
V' characteristics of S1 and S2 p-n junction diodes
constructed by using non-etched n-Si wafer are given
in Fig. 9a. I-V characteristics of S3 and 54 p-n junction
diodes constructed by using KOH-etched n-Si wafer
are given in Fig. 9b. The forward bias I-V curves for
each diode have a linear region and the current val-
ues increase with illumination. These curves bend
after a certain forward applied voltage. This bending
may be caused by the series resistance (R;) effect [32].

The R, value can be simply calculated by using
Ohm’s law (R;=dV/dI). R, values were calculated for
prepared diodes both in the dark and under illumi-
nation and are given in Table 4.

The S1 diodes exhibit photodiode properties under
illumination (Fig. 9a). Similar I-V characteristics
under illumination have been found for p-CuO/n-Si
p-n junction diodes in the literature [17]. In the dark,
S2 diodes have a good rectification ratio (RR = I,
ward/ Ireverse) compared to other diodes (Fig. 9a and b).

@ Springer
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m

80 1.0
- ()

— un-doped CuO

— 1 wt% Yb-doped CuO

— 2 wt% Yb-doped CuO
3 wt% Yb-doped CuO

(b)

— un-doped CuO

— 1 wi% Yb-doped CuO

— 2 wt% Yb-doped CuO
3 wt% Yb-doped CuO

0.8
60

LI S S B |

3 4w1% Yb-doped CuO ~ 06 — 4wt% Yb-doped CuO
g L — 5wt% Yb-doped CuO = — 5 wt% Yb-doped CuO
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/A T O T T O A 0.0 |
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Fig. 7 For un-doped and 1, 2, 3, 4, and 5 wt% Yb-doped CuO thin films a the wavelength dependent plots of the transmittance b Tauc
plots

g | det H meg O | p
| ETD | 20.00 kV | 100 000 x | 7.4C

Fig. 8 The cross-sectional images of a S1 b S2 ¢ S3 d S4 p-n junction diodes
The RR value for the S2 diode in the dark was cal- [32, 33]. Doping CuO thin films with 3 wt% Yb

culated as 422.4. improved the RR property of Ag/p-CuO/(non-
Rectification is a common phenomenon in diodes  etched) n-Si p-n junction diodes. It is seen that the
used in circuits requiring fast switching speeds current-voltage curve of the S2 diode shifts to the left

@ Springer
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Fig. 9 I-V characteristics of S1, S2, S3, and S4 p-n junction diodes both in the dark and under illumination a deposited on n-Si wafer

b deposited on KOH-etch n-Si wafer

Table 3 Parameters obtained from Raman spectroscopy

Symmetries Activity This work Other works
(cm™") (cm™")

A, Raman 310 319 [27, 28]

B, Raman 371 382 [27, 28]

B, Raman 612 631 [27, 28]

under illumination. The ferroelectric property of Ag/
p-CuO/(non-etched) n-Si p-n junction diodes may
have been provided by Yb doping to CuO thin films.
It is seen that the S3 and S4 diodes exhibit photo-
voltaic properties under illumination (Fig. 9b). This
may be due to the fact that the pyramidal structures
(Fig. 8c and d) formed on the Si surface etched with
KOH reduce the reflection of incident light.

For p-n junction diodes, the relationship between I
and V can be expressed as [34]:

I=1, [exp (%) — 1} .

Here, I, is the saturation current, V is the applied
voltage, k is the Boltzmann constant, T is the absolute
temperature, and  is the ideality factor. According to
the Shockley theory [34], n = 1 for p-n junctions in the
absence of recombination. The component of the
straight-line intercept of the semi-logarithmic I-V plot
can be used to calculate the I, value. The following

formula can be used to calculate n and @,, values
[34]:

(3)

q dv
"= T (D) “)
kT, [AAT?
(I)bo = 711‘1( IO > (5)

Here, A" is the effective Richardson constant (= 112
Acm™ 2K~ 2 for n-Si [34]). n and @, values were
calculated for prepared diodes both in the dark and
under illumination and are given in Table 4.

From Table 4, it can be seen that the electrical
parameters of the diodes are affected by the doping
of Yb to CuO and the KOH etch of Si wafer. The
n values of all produced diodes are higher than the
ideal value (1 = 1). A high R, value can cause a high
ideality factor. The R, limits the current flow in the
circuit and this can cause the diode to deviate from
the ideality [32, 34]. It is seen that n and R, values
decrease with Yb doping for diodes fabricated on
both non-etched and KOH-etched Si wafer. The
n values of all produced diodes increased under
illumination whereas the @&,, and R, values
decreased.

In p-n junction diodes, photovoltaic parameters
such as short-circuit current density (J,.) and open-
circuit voltage (V,) can be determined by using the
fourth region of the current density-voltage (J-V)
graph. The J-V curves drawn for the fourth region of
the S3 and 54 diodes are given in Fig. 10.

Vo and Js. values were found from the points
where the curve of J-V intersects the voltage and

@ Springer



425 Page 10 of 12

] Mater Sci: Mater Electron (2023) 34:425

Table 4 Some electrical parameters derived from the I-V characteristics of prepared p-n junction diodes

Sample Dark

Illumination

n Do (CV)

R, () n

Dyo (V) R (Q)

S1 6.18 0.68

5697.2 8.25 0.60 107.3
S2 1.77 0.61 5335
S3 4.50 0.66 399

S4 2.60 0.63 335.1

4.40 0.42 70.4
8.43 0.54 243.4
3.02 0.56 174.4

2x10™

— 83
— 4

T T ¢ T

OXIOU||||||||1|||||||||||1%

0.p0 0 0.10 0.15 g 0.25
r Voltage (V)

-2x10™

Current Density (Acm2)

-4x10™

T T T T I T T T T I T

-6x10™

Fig. 10 The fourth quarter of the |-V characteristics of the S3 and
S4 p-n junction diodes under illumination

current density axis in this region, respectively. V.
values for the S3 and S4 diodes were obtained as 0.22
and 0.09 V, respectively. Js. values for the S3 and 54
diodes were obtained as 6.17 x 10~ * Acm™ ? and
1.30 x 10~ * Acm™ ?, respectively. A higher V,, value
was obtained for p-CuO/n-Si p-n junction diodes
produced by using KOH-etched n-Si wafer and un-
doped CuO thin films. The J,, and V,, values are
determined by the fourth region of the J-V charac-
teristic [35]. V,,, values for the S3 and S4 diodes were
obtained as 0.10 V and 0.04 V, respectively. J,, values
for the S3 and S4 diodes were obtained as
265 x100* Acm™? and 7.01 x 107° Acm™?,
respectively. The fill factor (FF) value can be calcu-
lated by wusing J., Vi Jseo and V,. values
(FF=(V,, x J;/ (Voo x Jo)) [35]. The FF values of S3
and S4 diodes were calculated as 0.20 and 0.24,
respectively.

@ Springer

4 Conclusion

The structural, morphological, and optical properties
of un-doped and Yb (1, 2, 3, 4, and 5 wt%)-doped
CuO thin films were investigated. These thin films
were deposited on the glass substrate by the USP
method. The peaks belonging to the (—~111) and (111)
planes were observed from the XRD patterns of the
films. According to AFM analysis, the surfaces of the
produced CuO thin films were not smooth and the
roughness increased as the Yb doping ratio increased.
From the SEM images, it was found that the surface
of 3 wt% Yb doped CuO thin films is more homo-
geneous coated than the other films, and the surfaces
of 4 wt% and 5 wt% Yb doped CuO thin films have a
porous structure. The average transmittance values in
the visible (390-780 nm) region were calculated for
all thin films. E, values of thin films were calculated
by using the Tauc plot. Therefore, the p-n junction
diodes were produced by depositing 3 wt% Yb-
doped CuO thin films on non-etched and KOH-
etched n-Si wafers by the USP method. The changes
in the electrical parameters of these diodes under
illumination were investigated. The S3 and 54 diodes
exhibited photovoltaic behavior. These diodes show
promise for photodiode applications in the opto-
electronics industry.
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