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An effective photodetector based on a family of p-type semiconductors with unique properties is still
required by current trends in optoelectronics. The purpose of this study is to enhance the performance of
p-type copper oxide films by doping them with bismuth. The pure copper oxide films were successfully
fabricated with 1, 2, and 3 wt% of Bi by the spin coating method in an air atmosphere. Advanced
techniques were used to describe the fabricated non-doped and Bi-doped CuO films to understand
their structural, topological, and optical characteristics. X-ray diffraction patterns of non-doped and
Bi-doped CuO films have demonstrated that they have polycrystalline structures, with a preference
for growth in both (−111) and (200) orientations. Copper oxide film with 2% Bi doping exhibited the
most uniform particle size distribution compared to others. While 3% Bi-doped CuO thin film exhibits
the highest photon absorption, 2% Bi-doped CuO thin film transmits more photons. The direct band
gaps of the non-doped and Bi-doped CuO samples were found between 1.77 and 1.94 eV. Copper oxide
thin film with 2% Bi has the lowest refractive index. While the 2% Bi-doped CuO heterojunction
photodetector shows the highest photosensitivity, responsivity, and detectivity, its rise and time are the
lowest. Since 2% Bi-doped CuO film has a good crystal structure, large crystalline size, low particle
boundary numbers, and a more homogeneous particle size distribution, the number of traps and defects
in this thin film is low, and the recombination of charge carriers is limited. Thus, this thin-film-based
heterojunction exhibited the best photodetector property, and the results of this work give a way to
create effective photodetectors and adjust their performance over a broad range.
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1. Introduction

Great attention is given to nanomaterials since
they are so highly demanded in the semiconductor
industry. Photodetectors (PDs) made from nano-
materials are used in a variety of energy-related
applications and commercial applications, which
makes them an important component of modern
opto–electronic (OE) devices [1, 2]. Even though
Ge/Si-based PDs have already become commer-
cially viable, the manufacturing processes are ex-
tremely expensive, the opto–electrical properties
are unstable, and the driving voltages are high.
There is some need for low-cost, high-speed photo-
detecting materials with stable OE properties for
photodetection purposes [3–5].

Transparent semiconducting oxide (TSO) materi-
als such as copper oxide have been extensively inves-
tigated for diverse applications. The copper oxide

crystallizes in two forms: cuprous or cuprite oxide
(Cu2O) and cupric or tenorite oxide (CuO). CuO
in a monoclinic state has a direct energy band of
around 1.2–2.0 eV [6, 7], whereas Cu2O in a cu-
bic state has a direct energy band gap of about
2.1–2.7 eV [8, 9]. Copper oxides are a unique fam-
ily of p-type semiconductors that display a high
optical absorption coefficient in both near-infrared
(NIR) and visible ranges because of their energy
band value [10]. CuO with an energy band value of
1.5 eV can achieve a maximum heterojunction so-
lar cell efficiency value of nearly 30%, significantly
greater than the highest limit of 20% for Cu2O
with an energy band of ∼ 2 eV [11, 12]. CuO thin
film, a p-type semiconductor with unique proper-
ties, has inspired researchers, and the widespread
availability of CuO and its low cost make it
more popular for use. The thermal stability of
CuO and its structural and chemical properties
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allow it to be used in electrochemical superca-
pacitors, solar cell applications, CO2 sensors, and
other devices [13–17]. Intriguingly, both the physi-
cal and chemical properties of CuO may depend on
many parameters, including deposition technique,
topology, temperature, or doping of the parental
nanomaterial [18–20].

It is also becoming increasingly important to
develop Bi3+-based structures as semiconductors.
There are many oxides based on Bi3+ that con-
duct in semiconductors, with exclusive features re-
sulting from aliovalent doping or native Bi vacan-
cies [21]. The involvement of Bi3+ 6s2 lone pair
states at the valence band (VB) could also pro-
vide a dispersive valence band maximum (VBM)
for hole transportation, resulting in high p-type mo-
bility, as indicated in the cases of BiVO4 and p-
type BiOI [22]. Additionally, heavy metal cations
(Bi3+) doped transition metal oxides (TMO) pos-
sessing both delocalized and isotropic 6s orbitals
and hybridizing with O 2p orbitals to create pseudo-
closed ns2 lone pair orbitals in VBM are predicted
to indicate high p-type hole mobility because of
reduced VBM localization [23]. In addition, in re-
cent years, CuBi2O4 semiconductors with a direct
energy band between ∼ 1.4 and 1.8 eV have also
been recognized as potential materials for photo-
electrochemical solar cells, photocatalysis, and so-
lar fuels [24–26]. To enable the use of characteris-
tics of CuO in different applications, various depo-
sition techniques have been created to obtain differ-
ent topologies of CuO nanostructures [27–29]. Us-
ing the spin coating deposition technique, Prabhu
et al. [30] have reported a heterojunction diode with
p-CuO/n-ZnO with efficient UV absorption by the
semiconducting layer. The electrical characteriza-
tion of green-produced p-CuO/n-ZnO heterojunc-
tion diode was analyzed by Annathurai et al. [31].
In their paper, Zhang et al. [32] noted the detectiv-
ity of 3.27 × 108 Jones for the flexible light detec-
tor made of p-CuO/n-MoS2 heterojunction diode
with enhanced photocurrent and detection sensi-
tivity. Hong et al. [33] have improved a CuO/Si
nanowire-based broadband photodetector via a so-
lution synthesis technique and analyzed it through
the test at various wavelengths, and they have in-
dicated that CuO-based nano photodetector ex-
hibits ultrafast reaction rise and recovery periods of
∼ 60 and 80 s, respectively. Fu et al. [34] have de-
posited a ZnO/CuO photodetector by hydrothermal
technique and noted that sensitivity and respon-
sivity had values of 120 and 0.272 mA/W, respec-
tively. Various methods, including ultrasonic spray
pyrolysis (USP) method, pulsed laser deposition
(PLD), chemical vapor deposition (CVD), and re-
active ion beam sputter deposition (IBSD) method,
have been explored to create a CuO and associated
photosensitive/photo-absorber layers [35–38]. The
aforementioned techniques have drawbacks, such as
the need for vacuum conditions and layer thickness
control.

Thin-film coating of desired designed nanostruc-
tures of high performance is possible with solution-
processing film preparation without destroying their
topology. Using this technique, the photosensitive
layers can be created affordably, effectively, and
simply [39]. Additionally, the solution-processed
film-making technique improves the light absorp-
tion efficiency, and charge carriers under light con-
ditions are transported by photo-generated recom-
bination of electron–hole pairs of the large surface
of the core-shell structure free from any loss [40].

The studies mentioned above demonstrate that
the characteristics of non-doped CuO have been sig-
nificantly enhanced or changed when prepared by
various deposition techniques, synthesis, and lay-
ers. The doping of metal ions has an important
impact on the structural, topological, and optical
characteristics of CuO films. However, few exper-
imental studies on Bi-doped CuO thin film have
been reported in the literature. Thus, for a bet-
ter understanding of Bi dopant effect on the phys-
ical characteristic of CuO film, it is necessary to
perform more experimental studies. For this rea-
son, we have focused on modifying the physical
properties of CuO samples related to the Bi dop-
ing ratio using a simple and low-cost technique.
We have successfully fabricated non-doped and Bi-
doped CuO samples by spin technique on soda
lime glass (SLG) substrates using ethanol solvent
and 1:10 triethanolamine. Physical properties, in-
cluding crystal parameters, surface properties, ab-
sorbance, and energy band gap, have been investi-
gated and analyzed by X-ray diffraction (XRD) sys-
tems, atomic force microscopy (AFM), and UV-Vis
measurement systems in order to gain more knowl-
edge about Bi:CuO semiconductor, which needs fur-
ther widespread work on the physical parameters of
the film. Using J–V properties, the n-Si/Bi:CuO
heterojunction diode was examined in both dark
and light conditions. The important photodiode pa-
rameters have been calculated and explained, in-
cluding ideality factor, barrier height (Φb), serial
resistance, photosensitivity, responsivity, detectiv-
ity, and rise and fall times of the photodetectors.

2. Experimental procedures

2.1. Thin film synthesis

In the present work, 40 mL of ethanol was used
to dissolve 0.1 M copper (II) acetate monohydrate
((CH3COO)2Cu•H2O), 0.2 mL of triethanolamine
was added as a stabilizer at room temperature, and
20 mL of ethanol was used to dissolve bismuth (III)
chloride (BiCl3) (0.01 M). In order to obtain a clear
blue solution, Cu/Bi solutions were slowly mixed
and stirred at room temperature to obtain the de-
sired molar ratio. Doping concentrations of 1, 2,
and 3% were used to prepare non-doped and Bi-
doped copper (II) acetate monohydrate solutions.
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Fig. 1. Schematic diagram of Bi:CuO film deposi-
tion processes.

To remove organic contaminants, the SLG sub-
strates were first ultrasonically rinsed with acetone
and cleaned in ethanol for 5 min each before the
spin coating process. After drying with an air gun,
the SLG substrates were baked at 120◦C for 5 min
to eliminate any remaining moisture. Then, to ob-
tain Bi:CuO/n-Si diode, Si-wafers were boiled in
trichloroethylene for around 5 min at 90◦C and then
stirred for 5 min in deionized water twice each and
in ethanol absolute to get rid of any organic and
chemical residues in an ultrasonic bath. Hydrofluo-
ric acid (HF)–distilled water (H2O) solution (1:10)
was used to etch Si-wafers, which were washed twice
for 25 s with distilled water to remove the native
oxide contaminations before installing them in the
vacuum chamber to obtain Bi:CuO/n-Si diode. Af-
ter evaporating a 200 nm thick aluminum contact
layer on the unpolished side of the Si-wafer, the
back contacts were thermally annealed at 420◦C for
180 s under N2. The precursor solutions were spin-
coated at 1500 rpm for 60 s and dried on a hot
plate at 220◦C for 8 min in air conditions to achieve
the best results; the schematic of this mechanism is
given in Fig. 1. To produce the non-doped, Bi:CuO
(1%), Bi:CuO (2%), and Bi:CuO (3%) thin films,
spin coating and drying were performed ten times
for SLG substrates and three times for Si-wafers.
Finally, Al front contacts were evaporated onto the
Bi:CuO thin films using a shadow mask, and all of
the obtained samples were annealed at 480◦C for
60 min.

2.2. Structural and optical characterization

Rigaku Ultima III X-ray diffractometer (XRD)
was used to analyze the purity, phase, and crys-
tallization of the annealed Bi:CuO (0%), Bi:CuO
(1%), Bi:CuO (2%), and Bi:CuO (3%) thin films
using monochromatic Cu Kα radiation with an
operating voltage (V ) and current (I) of 40 kV

and 30 mA, respectively. The crystallite size (D),
inter-planar spacing (d), micro-strain (ε), and dislo-
cation density (δ) of Bi-doped CuO films were ana-
lyzed using the diffraction data obtained from XRD.
Topology of Bi:CuO (0%), Bi:CuO (1%), Bi:CuO
(2%), and Bi:CuO (3%) thin films on SLG substrate
was studied by atomic force microscopy (XEI soft-
ware, Park Systems). A UV-3600 spectrophotome-
ter (Shimadzu, Tokyo, Japan) ran over a spectral
range of 300–1100 nm, and absorbance spectra were
recorded. Photodetecting properties of all obtained
thin films were carefully measured by a Keithley
SourceMeter 2450 using a 532 nm laser wavelength.

3. Discussion

3.1. XRD properties

XRD patterns of non-doped and Bi-doped CuO
films are given in Fig. 2. The 2θ angle peaks are
at approximately 32.8◦, 35.9◦, 39.0◦, 53.8◦, and
68.2◦, and dhkl of approximately 2.73 Å, 2.50 Å,
2.30 Å, 1.70 Å, and 1.37 Å were indexed to the
non-doped CuO phase (JCPDS 05–6661) reflections
from (110), (−111), (200), (020), and (220) planes,
respectively. It was reported and can be concluded
based on XRD patterns that all samples indicate
a typical tenorite CuO structure [41]. Similar ob-
servations regarding XRD data were reported by
Akgul et al. in [7]. Relatively stronger peak inten-
sities indicate a preferential orientation (200) for
all samples, and the intensity of prominent peaks
increased with Bi doping ratios compared to non-
doped CuO. The results may be explained by the
type of bond formed between atoms contained in
thin films. Johan et al. [41] have demonstrated sim-
ilar results, and they have indicated that CuO thin
films with a thickness of ∼ 450 nm had a preferen-
tial orientation in (111) and (200) directions. Peak
intensity and FWHM (full width at half maximum)
values used to calculate the crystallite size change
with increasing Bi concentrations. The peak inten-
sity significantly increased with the increase in Bi
concentration in thin film during CuO deposition
due to a larger ionic radius of Bi3+ (1.03 Å) than
the ionic radius of Cu2+ (0.74 Å). Bi ions can read-
ily replace Cu sites due to their higher solubility
limit. Based on these findings (peak intensity, peak
broadening, and shift on the peak), it is evident that
Bi3+ ions were effectively integrated into the CuO
structure.

As shown in Table I, XRD patterns have been
used to calculate crystallite size (in nm units), dis-
locations (in m−2), orientation (hkl), inter-planar
spacing, and micro-strain (ε) values. The crystallite
size (D) of CuO samples is carefully calculated for
two main peaks, (−111) and (200), using Debye–
Scherrer’s formula [42]

D =
kλ

β cos(θ)
, (1)
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TABLE I

FWHM, crystal size, and orientation of the non-doped and Bi-doped CuO thin films obtained by XRD data.

Sample FWHM 2θ [degree] D [nm]
d-spacing [Å]
(calculated)

d-spacing [Å]
(standart)

δ (×1015)

[m−2]
ε (8× 10−4) hkl

Non-doped

0.19
0.33
0.47
0.42
0.32

32.82
35.87
39.02
53.77
68.26

42.69
24.97
22.52
20.79
29.68

2.73
2.50
2.30
1.70
1.37

2.729
2.503
2.318
1.705
1.374

0.55
1.60
1.97
2.31
1.14

0.29
0.45
0.16
0.37
0.21

110
−111

200
020
220

1% Bi:CuO
0.32
0.52

35.90
39.08

26.07
17.10

2.50
2.30

2.502
2.305

1.14
3.42

0.43
0.21

−111

200

2% Bi:CuO
0.40
0.38
0.20

35.88
39.01
53.71

20.82
23.80
45.43

2.50
2.31
1.71

2.503
2.309
1.707

2.31
1.77
0.49

0.54
0.15
0.17

−111

200
020

3% Bi:CuO
0.26
0.35

35.87
38.97

32.41
16.04

2.50
2.31

2.503
2.311

0.95
3.88

0.34
0.23

−111

200

where k is referred to as the crystallite-shape
(∼ 0.89), λ is the wavelength of X-ray diffractome-
ter, β and θ are FWHM value and Bragg’s diffrac-
tion angle of XRD peaks using monochromatic
Cu Kα radiation, respectively. The calculated crys-
tallite parameters for the obtained non-doped and
Bi-doped CuO samples are given in Table I.

As a consequence of molecular concentration at
the crystal surface of films, D value for the (−111)
peak increased with both 1% and 3% Bi-doping
compared to non-doped CuO, while the maximum
D value for the (200) peak was achieved by 2%
Bi-doped CuO film. Qutbi et al. [43] have indi-
cated that crystallite size increased with Bi dop-
ing because of the combined effect of the change
in Cu incorporation and a change in the rate of
growth. Bragg’s equation is used to calculate the
inter-planar spacing values for films

2d sin(θ) = nλ. (2)
The order of diffraction is given by n. The calculated
d values of non-doped and Bi-doped CuO samples
for (−111) and (200) are around 2.50 Å and 2.30 Å,
respectively. To calculate the density of defects in
the crystal structure, the dislocation density value
(δ) of films is calculated by [44]

δ =
1

D2
. (3)

The micro-strain (ε) values of obtained thin films
are calculated using the following [45]

ε =
1

sin(θ)

[(
λ

D

)
− β cos(θ)

]
. (4)

The calculated crystallite size (D) for preferential
orientation increases from 22.52 to 23.80 nm com-
pared to non-doped CuO, and micro-strain and
dislocation values, on the contrary, decrease from
0.16 × 10−4 to 0.15 × 10−4 and from 1.97 × 1015

to 1.77× 1015 lines/m2 for 2% Bi-doped CuO film,
respectively. The calculated crystallite size with

Fig. 2. XRD pattern of the 0%, 1%, 2%, and 3%
Bi-doped CuO films.

increasing Bi doping ratio in CuO film for orien-
tation of (−111) increases from 24.97 to 32.41 nm
compared to non-doped CuO. The calculated crys-
tallite size of 2% Bi-doped CuO film for main orien-
tation as compared to the other samples indicates a
higher crystallite value owing to a smaller FWHM
value and the expansion of structural parameters
due to the presence of Bi dopants in the solution.

The highest crystallite size and lowest micro-
strain values achieved by doping 2% Bi with CuO
for the main peak are expected to be used in photo-
sensing devices. It was seen that Bi concentra-
tions caused a change in the dislocation density
value of the films’ preferred orientation, which may
be explained by the occurrence of micro-strain in
Bi:CuO samples. Micro-strains of the (−111) and
(200) planes significantly change with Bi content.
Consequently, it was concluded that micro-strain
differentials are the main reason for the change in
value. Reduced micro-strain implies reduced lattice
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Fig. 3. AFM images of (a) the non-doped, (b) 1%, (c) 2%, and (d) 3% Bi-doped CuO thin films.

imperfections and the creation of high-quality sam-
ples. It was demonstrated by Mageshwari and
Sathyamoorthy [6] that the change in crystallite
size from 7 to 11 nm resulted in a decrease in both
micro-strain and dislocation density.

3.2. Morphological properties of the non-doped
and Bi-doped CuO thin films

As seen in the AFM image given in Fig. 3, the
non-doped CuO thin film has an irregular particle
structure. When CuO was doped with 1% Bi, the
size of particles forming the thin film increased, but
the particle size distribution was not homogeneous.
With 2% Bi doping, more uniform nucleation occurs
in the particles, and the size distribution of the par-
ticles becomes more and more uniform. With 3% Bi
doping, on the other hand, since the doping rate is
high, it causes a partial increase in the height of the
particles. The roughness values of 0%, 1%, 2%, and
3% Bi-doped CuO samples are found to be 0.14,
6.43, 6.85, and 9.34 nm, respectively.

3.3. Optical properties of non-doped and Bi-doped
CuO/Si thin films

According to the transmission spectra in Fig. 4a,
1% and 2% Bi-doped CuO thin films exhibited very
similar optical properties. These thin films transmit
high photons in the NIR region of the solar spec-
trum, while the non-doped CuO thin film shows the
lowest photon transmission in this region. There-
fore, the Bi element increased the photon transmis-
sion of CuO thin film in the NIR region.

Fig. 4. (a) Transmission and (b) the Tauc plot of
the non-doped and Bi-doped CuO thin films.

The direct band gap of a sample can be calcu-
lated by the Tauc equation [46]

αhν = A (hv − Eg)1/2 , (5)
where hν is photon energy, and A is an energy-
independent constant. Herve and Vandamme [47]
used (5) as the definition for photon energy. The
energy band gap was obtained by straight line
of (αhν)2 vs photon energy (hν) in Tauc plot

7



G. Sutcu et al.

TABLE II

The energy band, high frequency dielectric constant (ε∞), and refractive index (n) of the Bi:CuO samples.

Samples Eg [eV]
Moss relation 6 Herve & Vandamme (7) Ravindra (8)
n ε∞ n ε∞ n ε∞

Non-doped CuO 1.77 2.79 7.81 2.81 7.91 2.65 7.05

1% Bi-doped CuO 1.89 2.74 7.55 2.75 7.60 2.55 6.52

2% Bi-doped CuO 1.94 2.73 7.46 2.73 7.48 2.51 6.30

3% Bi-doped CuO 1.84 2.76 7.66 2.78 7.73 2.59 6.73

in Fig. 4b. According to Tauc plot in Fig. 4b, the
direct band gaps of Bi:CuO (0%), Bi:CuO (1%),
Bi:CuO (2%) and Bi:CuO (3%) samples were found
to be between 1.77 and 1.94 eV. The calculated di-
rect band gaps of these thin films changed as pho-
ton transmission changed (or photo absorption in-
creased) towards the longer wavelength region of
the solar spectrum. Furthermore, due to Bi inter-
stitial defects, the band gap of Bi:CuO (3%) sam-
ple is lower compared to other Bi-doped CuO sam-
ples [48].

The refractive index (n) of a semiconductor plays
a key role in determining the capacity of a photode-
tector. The Moss relation [46]

Egn
4 = k (6)

is used to calculate the n value based on the band
gap value. In (6), k is an energy-independent con-
stant (∼ 108 eV). Also, the relation between refrac-
tive index and direct energy band, used by Herve
and Vandamme [47], is defined as

n =

√
1 +

(
A

Eg +B

)2

, (7)

where the corresponding values of A (13.6 eV) and
B (3.4 eV) are constants. In addition to the Moss
and Herve and Vandamme relations ((6) and (7)),
an interesting equation between Eg and n was
stated by Ravindra et al. [49] as

n = 4.16− 0.85Eg. (8)
The refractive index values of the non-doped and
Bi-doped CuO samples are obtained by using (6),
(7), and (8), and they are also indicated in Table II.
The Herve and Vandamme (7), Moss (6), and
Ravindra (8) relations state that while thin films’
direct energy band gaps are increased, thin film’s
refractive index value is slightly decreased. In par-
ticular, the high n value of Bi:CuO (0%) thin film
can be explained by attributing it to the high pho-
ton absorption, extinction coefficient, and optical
conductivity. Regarding the calculated results of the
dielectric index and refractive index by Herve and
Vandamme (7) and Moss (6), they all are close to
each other, while the calculation results by Ravin-
dra (8) show a slight difference.

The electric field created between charges in
semiconductor thin films expressed by the dielec-
tric coefficient (ε∞) is a key component for the

determination of the accumulation of charges, fast
charge transfer, and charge separation in the deple-
tion region in a heterojunction photodetector. The
high-frequency ε∞ values were determined using

ε∞ = n2. (9)

The light lost due to scattering and absorption is
determined by the calculation of extinction coeffi-
cient (k). The value of k is calculated by [50]

k =
αλ

4π
, (10)

where α is the absorption coefficient. Then, the
equation α = 2.303(A/T ), where A and T are the
absorbance and thickness values of the thin film,
respectively, is used to calculate the absorption co-
efficient of thin films. Obtained film thickness for
non-doped and 1%, 2%, and 3% Bi:CuO films were
found to be about 458, 486, 457, and 453 nm, respec-
tively. The non-doped CuO sample has the highest
k value in UV to NIR wavelength regions. In NIR
region, 3% Bi-doped CuO sample has a higher k
value than 1% and 2% Bi-doped CuO thin films.
However, this sample has a lower k value between
300 and 570 nm, compared to the other thin films.
Skin depth (δSD) describes the distance traveled by
the light penetrating the samples’ thickness. The
skin depth of the samples is determined using [51]

δSD =
λ

2πk
. (11)

CuO samples with 1% and 2% Bi doping have
higher δSD values at low photon energy. Here, the
values of n are calculated from the Moss relation
(6). In this region, these thin films are likely to
diffuse deeply, since their absorption coefficient is
lower. However, the magnitude of α value of the
non-doped CuO sample in these ranges caused the
skin depth to be low.

The optical conductivity (σopt) of all samples is
determined using [50]

σopt =
αnc

4π
, (12)

where c is the speed of light. The optical conduc-
tivity indicates the density of photo-excited elec-
trons [52] and how much these electrons diffuse in
the material [53]. The non-doped CuO thin film has
a higher optical conductivity in the all-photon en-
ergy region in Fig. 5c. In these regions, more photo-
excited charge carriers are formed in it compared
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Fig. 5. (a) The extinction coefficient, (b) skin
depth, and (c) optical conductivity of the non-
doped and Bi-doped CuO samples.

to other thin films. For 2.4 eV and 4 eV energy
ranges of the 1% and 2% Bi-doped CuO thin films,
the photo-excited charge carriers formed in them
increased more than once compared to those in
Bi:CuO (3%) film.

3.4. Electrical characterization of non-doped and
Bi:CuO/Si heterojunction

Considering the logarithmic (log.) characteriza-
tion, log(J)–log(V ), of the non-doped and Bi-
doped CuO/Si heterojunction photodetectors given
in Fig. 6, the currents of these diodes are calcu-
lated [47] with the following

I = I0

[
exp

(
qV

nkBT

)
− 1

]
, (13)

where V is the forward bias voltage applied, I0 is the
saturation current, kB is the Boltzmann constant,
n is the ideality factor, q is the electric charge, and
T is the absolute temperature. The ideality factor
of a heterojunction diode has been obtained by

n =
q

kBT

dV

d(ln(I))
, (14)

where I is the forward bias current. The ideality
factor (n) has been obtained from the direct line
drawn in the forward bias range of the log(J)–
log(V ) curves in Fig. 6. According to the values
given in Table III, the ideality factors of the pho-
todetectors in the light are lower than in the dark-
ness. In the illumination, the charge carriers formed
by photo-excitation cause the current to increase
and the ideality factor to remain low [48]. The ide-
ality factors of 2% Bi-doped CuO/Si heterojunction
diode for both environments are lower than the oth-
ers. The better crystal structure of 2% Bi-doped
CuO thin film and the larger crystal size limit the
recombination of electron and hole charges. The life-
time of minority charge carriers is high in this thin
film. In addition, a more intense charge transfer
takes place in a thin film with a good crystalline
structure. Therefore, they continue their way with-
out much passivation in the recombination regions
of photo-excited charge carriers, thus, the charge
accumulation in the depletion region and the pho-
tocurrent increases. Thus, the J–V characteristic
under illumination is different compared to other
diodes. This indicates that the 2% Bi-doped CuO
heterojunction diode has more ideal electrical prop-
erties.

The barrier height (Φb) of the diode is determined
using

Φb =
kBT

q
ln

(
AA∗T 2

I0

)
, (15)

where A is the active area of the obtained diode
and A∗ is the effective Richardson constant (∼
112 A/cm2K2 for n-Si) [54] and I0 was obtained
directly from the point at which a line drawn inter-
sects on y-axis of the reverse bias in the log J–V
characteristic in Fig. 6. For all diodes, the barrier
height in the light environment is lower than that in
darkness. From this low barrier, the charge carriers
formed are easier to transmit, and an increase in
current can be achieved. In particular, the barrier
height of 2% Bi-doped CuO heterojunction diode
is lower, resulting in increased charge transfer and
increased current.

TABLE III

The n (ideality factor) and Φb value of the non-doped
and Bi-doped CuO/Si heterojunction photodetectors
for the darkness and illumination.

Sample

0%
C
uO

:B
i

1%
C
uO

:B
i

2%
C
uO

:B
i

3%
C
uO

:B
i

n (darkness) 2.86 2.65 1.78 3.01
n (light) 2.28 2.55 1.62 2.32
Φb (darkness) 0.63 0.70 0.61 0.65
Φb (light) 0.62 0.68 0.56 0.64
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Fig. 6. The log(J)–log(V ) curves of (a) the non-doped, (b) 1%, (c) 2%, and (d) 3% Bi-doped CuO/Si het-
erojunction photodetectors.

The serial resistance (Rserial) [55] of heterojunc-
tion diodes can be analyzed by

Rserial =
∆Vforward bias voltage

∆Iforward bias current
. (16)

Serial resistances of heterojunction diodes have
been analyzed by considering the ratio of the volt-
age difference to the current difference in the re-
gions of forward and reverse bias [46], respectively,
and are an important factor that influences the per-
formance of photodetector. According to Fig. 7, the
resistances of all the diodes were calculated to be
more stable between 1.1 and 1.5 V. Serial resis-
tances (Rs) values of non-doped, 1%, 2%, and 3%
Bi-doped CuO/Si heterojunctions have been calcu-
lated by using (16) to be 0.083, 0.029, 0.013, and
0.348 Ω cm2, respectively. Compared to other pho-
todetectors, the resistance of 2% Bi-doped CuO
photodetector was found to be lower because of a
limited number of interface states and traps in 2%
Bi-doped CuO thin film, its lower surface micro-
strain and dislocation density, more photo-excited
charge transitions, and longer lifetime of minority
charges. However, since Bi atoms occupy the inter-
stitial sites in 3% Bi-doped CuO thin films, these
sites act as recombination points, and the resistance
of the heterojunction increases [48].

The photosensitivity (S) of the non-doped and
Bi-doped CuO/Si heterojunction photodetectors
under the incident light of 100 mW/cm2 has been
calculated by

S =
IL − ID
ID

, (17)

Fig. 7. Serial resistance (Rs) vs applied voltage
curves of the non-doped and Bi-doped CuO/Si het-
erojunction photodetectors under the incident light
of about 100 mW/cm2.

where IL is the photocurrent, ID is the dark cur-
rent. Among these photodetectors, the 2% Bi-doped
CuO photodetector has exhibited the highest photo-
sensitivity, as seen in Table IV. The electrical field
may increase due to the doping effect in the de-
pletion region of this heterojunction photodetec-
tor. This electric field enhances the separation of
photo-excited charge carriers in the depletion re-
gion [56, 57], resulting in some increases in photo-
sensitivity [58]. Furthermore, the high crystallinity
of 2% Bi-doped CuO thin film leads to an increase in
the lifetime of the photo-excited charge carriers and
a higher photosensitivity. However, the poor crys-
tal structure of 3% Bi-doped CuO thin film means

10
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TABLE IV

The photosensitivity S, responsivity R, detectivity D, and the quantum efficiency of the non-doped and Bi-doped
CuO/Si heterojunction photodetectors.

Samples S R [mA/W]
D (×108)
[Jones]

Rise times Fall times

Non-doped CuO 0.79 1.91 3.73 τ01 = 465 ms τ02 = 2.1 s
1% Bi:CuO 0.68 1.15 3.57 τ11 = 882 ms τ12 = 2.61 s
2% Bi:CuO 1.03 3.71 4.00 τ21 = 44 ms τ22 = 1.28 s
3% Bi:CuO 0.20 0.28 2.51 τ31 = 1.92 s τ31 = 4.47 s

that it may contain a large number of defects and
traps [48]. Therefore, photo-excited charge carriers
undergo recombination in these defects and traps,
which decreases the lifetimes of these charge carriers
and causes the photosensitivity to decrease.

The photocurrent per active area together with
the light power is expressed as the responsivity
(R) [59, 60, 61], i.e.,

R =
IL − ID
AP

, (18)

where P is the light power [62]. According to data
given in Table IV, 2% Bi-doped CuO photodetec-
tor has exhibited the highest responsivity, while 3%
Bi-doped CuO photodetector has shown the low-
est responsivity. The photo-excited charge carriers
formed in the 2% Bi-doped CuO thin film with the
advanced crystal structure diffuse to the depletion
region without being excessively exposed to traps
and defects, increasing the charge accumulation in
the depletion region and the photocurrent, which
in this case causes high responsivity [61]. The fact
that the skin depth is high also confirms this sit-
uation. However, the photo-excited charge carriers
formed in this thin film are subject to recombina-
tion within the defects and traps and undergo un-
wanted scattering from the grain boundaries due to
the poor crystal structure. Thus, the charge trans-
fer to the depletion region is limited, and the charge
separation and photocurrent are reduced [58]. In ad-
dition, the crystal structure of the non-doped CuO
thin film is very similar to that of Bi:CuO (2%)
sample, and the crystallite size is large. This thin
film absorbs more photons in UV and Vis regions
compared to other samples. These factors increase
photo-excited charge carriers in thin films and the
charge aggregation in the depletion region and in-
crease the photocurrent [60].

Another parameter that determines the perfor-
mance of the photodetectors is the detectivity,
which is expressed by (19) [60, 63]

D =
R
√
A

(2qID)
1/2

, (19)

where q is the electronic charge [62, 64]. The detec-
tivity indicates that very low signals are detected
and measured. As seen in Table IV, the 2% Bi-
doped CuO photodetector has shown the highest
detectivity. This indicates that the noise current is

low and the responsivity is high. However, the 3%
Bi-doped CuO photodetector has a lower detectiv-
ity. The inability of the charge carriers in this thin
film to diffuse to the depletion region properly, their
scattering at the grain boundaries, and their ran-
dom movement can cause noise in the device [58].
Therefore, a pronounced decrease in detectivity can
occur.

The current density vs the time of the non-doped
and Bi-doped CuO/Si heterojunction photodetec-
tors under the sun light at 100 mW/cm2 and a 5 V
bias voltage is given in Fig. 8. The rise times and
fall times of all photodetectors have been listed in
Table IV. The rise times of these photodetectors
have been determined to be from about 10% to 90%
of the highest photocurrent density, while the fall
times have been characterized as being from about
90% to 10% of the highest photocurrent density. Ac-
cording to data given in Table IV, the fact that the
fall times of all photodetectors are longer than the
rise times can be attributed to the trapping of the
charge carriers in deep levels [59, 65]. The release
of the charges trapped in the deep level of the band
can be longer and, therefore, the fall time increases.
Depending on the formation of photo-excited charge
carriers in a thin film and its crystal structure, the
diffusion of these charges must be very fast, but
they are trapped by the defects [66, 67], limiting the
time of rise and fall. While the rise and fall times of
2% Bi-doped CuO photodetector are shorter com-
pared to other photodetectors, 3% Bi-doped CuO
photodetector shows the longest rise and fall times.
Electron–hole charges formed by photo-excitation
in 2% Bi-doped CuO thin film with advanced crys-
tal structure go to the depletion and contact regions
quickly, without recombining in too many defects
and traps, and lead to the response speed of the de-
vice. However, in the poor crystalline 3% Bi-doped
CuO thin film, the charges undergo recombination
by being exposed to the trap regions, and their
travel to both regions is limited, causing the rise
and fall times to increase [65]. In addition, Ion/Ioff
values of the non-doped, 1%, 2%, and 3% Bi-doped
CuO photodetectors were 1.30, 1.12, 1.41, and 1.04,
respectively [62]. Factors such as the lattice mis-
match, parasitic generations, dangling bonds, and
recombination points can cause the Ion/Ioff rate
to be small [65].
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Fig. 8. The current density vs the time of the non-
doped and Bi-doped CuO/Si heterojunction pho-
todetectors under the sun light at 100 mW/cm2.

The current density vs reverse bias voltage char-
acteristics of the non-doped and Bi-doped CuO/Si
heterojunction photodetectors under the sun light
at 100 mW/cm2 are shown in Fig. 9a. According
to the J–V characteristics (for reverse bias region)
in Fig. 9a, the 2% Bi-doped CuO photodetector has
shown the highest photocurrent. More electron–hole
pairs were formed in the 2% Bi-doped CuO thin
film. Minority charge carriers diffused more densely
into the depletion region and increased charge ac-
cumulation in this region [58, 68, 69]. Thus, the
width of the depletion region has increased, and
the magnitude of the electrical field has increased
in this region, resulting in higher charge separa-
tion [56, 57, 63]. Thus, the photocurrent increases
even more in the reverse bias region. In addition,
due to the coherent band alignment between the
2% Bi-doped CuO thin film and the Si semicon-
ductors, an ideal charge transfer has occurred be-
tween the two semiconductors and contributed to
the photocurrent. However, 3% Bi-doped CuO pho-
todetector exhibited the lowest photocurrent. In-
terface states in the thin film, excess numbers of
grain boundaries and defects and traps between
these grain boundaries, dangling bonds between two
semiconductors, and leakage current that limits the
transfer of charge to the depletion region, negatively
affect the electrical field and charge accumulation
that will occur in the depletion region and cause
the photocurrent to remain low. The photocurrent
values of all photodetectors are compatible with
their photosensitivity, responsivity, and detectivity
according to the J–V characteristics in Fig. 9a.

Fig. 9. (a) The current density vs reverse bias
voltage characteristic of the non-doped and
Bi:CuO/Si heterojunction photodetectors under the
sun light at 100 mW/cm2 power density. (b) The
current density vs reverse bias voltage characteris-
tic of 2% Bi:CuO/Si heterojunction photodetectors
under the sun light at 25, 50, 75, and 100 mW/cm2

power densities.

The characteristics of J–V (for reverse bias
range) of the 2% Bi-doped CuO photodetector un-
der 25, 50, 75, and 100 mW/cm2 power densi-
ties are shown in Fig. 9b [70]. The intensity of
light penetration into the 2% Bi-doped CuO thin
film increased as the sun’s power density increased.
The light has a high-power density that diffuses
more into the depletion site and forms more photo-
excited electron–hole pairs. As the number of charge
carriers increases, accumulation of the charge in
the depletion region increases, which results in a
rise in the photocurrent [71–73]. Thus, the pho-
todetector has shown the lowest photocurrent for
25 mW/cm2 power density, while the highest pho-
tocurrent for 100 mW/cm2 power density.

4. Conclusions

Non-doped and Bi-doped CuO thin films have
been fabricated on SLG substrates by a spin coating
technique with gradual annealing at 480◦C for 1 h in
air atmosphere. The effect of Bi doping on the crys-
tal parameters and optical (absorbance and energy
band gap), topological, and opto–electronic charac-
terization of the samples was conducted using dif-
ferent measurement systems-based techniques. The
obtained films had a tenorite polycrystalline na-
ture with two main peaks around 35.9◦ and 39.0◦,
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with dhkl of ∼ 2.50 and 2.30 Å related to the (−111)
and (200) planes, respectively. Crystal parameters
of non-doped CuO film, including crystallite size,
dislocation density, and micro-strain, changed with
increasing Bi concentration.

It has been observed and determined that the thin
film with the most homogeneous particle distribu-
tion is the Bi:CuO (2%) film. The optical proper-
ties of 2% and 1% thin films have been found to
be close to each other and exhibited high photon
transmission. The Bi:CuO (0%) film has high pho-
ton absorption. The refractive index of 2% Bi-doped
CuO thin film is the lowest. The direct band gaps of
the non-doped, 1%, 2%, and 3% Bi-doped CuO thin
films were found to be 1.77, 1.89, 1.94, and 1.84 eV,
respectively.

The ideality factor and barrier height of 2% Bi-
doped CuO heterojunction for light and dark en-
vironments are lower than the others. Also, a 2%
Bi-doped CuO thin film-based photodetector has
higher photosensitivity, responsivity, and detectiv-
ity, and its rise and fall times are found to be
lower. The crystal size of 2% Bi-doped CuO thin
film for preferential orientation is large, and the
crystal structure is the most developed. Therefore,
traps and defects are limited in this thin film, and
a large number of photo-excited charge carriers mi-
grate rapidly and densely toward the depilation re-
gion. The wide depletion region and the high electric
field magnitude cause charge separation in the de-
pletion region and a high photocurrent. In addition,
since 3% Bi-doped CuO thin film has the weakest
crystal structure, electron and hole pairs are subject
to recombination in a large number of defects and
traps, compared to other thin films. In addition, the
performance of 3% Bi-doped CuO thin-film hetero-
junction photodetector is very low due to the many
interfacial states, leakage current, pendent bonds,
and high series resistance.
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