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Undoped and Cr-doped zinc oxide (ZnO) thin films were deposited on the glass
and p-Si substrates by the chemical spray pyrolysis technique. The films were
characterized by x-ray diffractometry (XRD) and UV–visible spectrometry,
and electrical characterization was achieved by using the films as an inter-
facial layer between the Au and p-Si. The XRD results confirmed the undoped
and Cr-doped ZnO thin film crystalline structures. UV–visible spectra pro-
vided the transmittance plots and band gap energy values. I–V measurements
were performed on the fabricated Au/ZnO/p-Si and Au/ZnO:Cr/p-Si devices to
determine the effect of the ZnO interfacial layer on their performance. Various
junction parameters, such as the ideality factor, barrier height, and series
resistance, were calculated from the I–V measurements by various techniques,
and have been discussed in detail. A 100-mW/cm2 power intensity light was
exposed on the Au/ZnO:Cr/p-Si device to see the photodiode behavior as well
as to determine light sensitivity parameters such as photosensitivity and
detectivity. The results highlight that the Au/ZnO:Cr/p-Si device can be
thought of for optoelectronic applications.

INTRODUCTION

Zinc oxide is a II–IV group semiconductor with a
3.37-eV-wide direct bandgap and 60 meV large
exciton binding energy, which can be used a wide
range of applications from ultraviolet light-emitting
devices to solar cells.1–3 1D ZnO nanostructured
crystals have excellent waveguide and ideal pho-
tonic crystal effects supporting light transmission
and extraction, as well as allowing an enhanced
band edge emission by plasmonic effects, making
them electronically, optically, and magnetically
efficient.4,5 Therefore, the production of ZnO semi-
conductors with desired properties is very

important. The characteristics of the synthesized
semiconductor are directly dependent on the pro-
duction method, and the characteristics of the
semiconductor materials can be controlled by dop-
ing of other elements into the crystal lattice.6 For
this reason, it is important to determine the correct
doping element for the related semiconductor. For
example, when the ZnO doped by III group ele-
ments, such as Al, Ga, and In, this treatment
improves the optical properties, and thus the ZnO is
more suitable for optoelectronic applications.7–9 The
ZnO also provides the opportunity for making
optical band engineering by using it in UV detectors
and light emitters,10,11 as well as in photodiodes and
photodetectors. In a study performed on a ZnO-
based Au/ZnO:Co/n-Si device with transition ele-
ment doping, the device exhibited a photovoltaic
behavior, and the photoconductivity mechanism(Received June 12, 2021; accepted December 8, 2021)
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was controlled by the presence of a continuous
distribution of cobalt-based traps.12 In another
study, Chey et al. examined the UV photodiode
properties of a PEDOT:PSS/Mn-doped ZnO Schot-
tky diode, and calculated the responsivity and fast
response time values as 0.065 A/W and 2.75 s,
respectively, as a result of the transition element
contribution.13 Since chromium (Cr) has an ionic
radius close to that of Zn2+, it can easily enter the
ZnO crystal lattice or replace Zn2+ in the crystal.
This property makes it a good candidate as a dopant
for improving ZnO film characteristics. Further-
more, there are numerous growing techniques in
the literature to obtain ZnO thin films.14–16 Among
these, the chemical spraying technique can be seen
as more advantageous due to its simplicity, cheap-
ness, ease of use, and ability to work without
vacuum at low temperatures, but obtaining a uni-
form film structure can be hard due to the need to
control the droplet size and the distribution of
thermogravimetric forces.17,18 As mentioned above,
due to the importance of transition metal-doped
ZnO for device applications, it is important to
investigate the performance of Cr-doped ZnO films
as an interfacial layer obtained by the chemical
spray pyrolysis technique in an Au/ZnO:Cr/p-Si
device. Therefore, in this study, the aim has been
to make an Au/ZnO:Cr/p-Si device more sensitive to
light by reducing the band gap of the ZnO grown by
chemical spraying with Cr doping. For this purpose,
Au/ZnO:Cr/p-Si devices were fabricated and char-
acterized by x-ray diffraction (XRD), an ultra-vio-
let–visible light (UV–Vis) spectrometer, and
current–voltage (I–V) measurements to try to find
a correlation between the structural changes caused
by Cr doping and the related variation in the
junction parameters.

EXPERIMENTAL

For this study, undoped and Cr-doped ZnO thin
films were obtained by chemical spray pyrolysis .
Zinc acetate salt [(CH3COO)2ZnÆ2H2O] purchased
from Sigma-Aldrich as the main source for ZnO thin
films was dissolved in a deionized water, isopropyl
alcohol, and acetic acid mixed solution in a volu-
metric ratio of 3:5:2, respectively, and stirred in a
magnetic stirrer at room temperature. The precur-
sor solution for the Cr-doped ZnO was prepared by
dropping the CrCl3Æ6H2O aqueous solution into the
obtained ZnO solution with a ratio of 1:1 for a [Cr]/
[Zn] percentage by weight. The precursor solutions
prepared for the undoped and Cr-doped ZnO were
sprayed onto both soda-lime glass and p-Si sub-
strates that had previously been cleaned by the RCA
process, and they reached the spraying temperature
by chemical spray pyrolysis. Based on the studies in
references,19,20 where the ZnO was obtained by
chemical spray pyrolysis, the spraying temperature
was determined as 450�C, with this temperature
being measured by a k-type thermocouple with

± 5�C sensitivity. Other experimental parameters,
such as the nozzle–substrate distance and the flow
rate, were adjusted to 40 cm and 2 ml/min, respec-
tively. Then, 20 ml of the solutions were sprayed
onto the hot glass and p-Si substrates for 10 min at
the same time, and the substrates were left to cool
until they returned to room temperature. The
thickness of the films was calculated by the weight
differences method using a sensitive microbalance,
and the thicknesses, which were almost the same,
were found to be 300 nm and 305 nm for the
undoped and Cr-doped ZnO films, respectively.

Film structures on the glass substrate were
analyzed by XRD in the range of 2h = 20�–80� at
room temperature. The optical properties of the
films on glass substrate were carried out by UV–Vis
spectrometer. The Au/ZnO/p-Si and Au/ZnO:Cr/p-Si
devices were fabricated by a DC magnetron and
thermal evaporation technique to evaporate of both
the Au metallic front contact and the Al back ohmic
contact, respectively. For this purpose, the Au
contacts with the 7.85 9 10�3 cm2 contact area
and 70 nm thickness were sputtered onto ZnO and
ZnO:Cr films by using DC magnetron sputtering at
10�5 Torr. As the reference electrode or ohmic
contact, the Al layer with 80 nm thicknesses was
evaporated backside of the p-Si by thermal evapo-
ration, and then the Al-coated samples were
annealed in a N2-filled oven for 5 min. In this way,
the Au/ZnO:Cr/p-Si devices were fabricated.

The XRD measurements were obtained by a
PANalytical x-ray diffractometer with CuKa radia-
tion (k = 1.54 lm) operated at 40 kV and 30 mA at
room temperature. A Perkin Elmer UV–Vis spec-
trophotometer was employed to collect transmit-
tance data from 200 nm to 800 nm, and a Keithley
2400 picoammeter was used for the I–V measure-
ments with a Sciencetec (AM1.5 G and 300–
1200 nm wavelength ranges) solar simulator.

RESULTS AND DISCUSSION

Structural Properties

The structural properties of the undoped and Cr-
doped ZnO films obtained by the chemical spray
pyrolysis method were analyzed by XRD, as shown
in Fig. 1a and b for the doped and undoped ZnO,
respectively. The XRD patterns of the samples are
in good agreement with the data obtained from
JCPDS card number of 36-1451, which indicates
that the powder ZnO sample has a hexagonal
wurtzite crystal structure. Furthermore, the high
intensity of the (100), (002), and (101) planes, as
well as the presence of the relatively lower intensity
of the (102), (110), (103), and (112) planes, support
the idea that the films have a hexagonal ZnO
wurtzite structure according to the XRD pattern.
Based on the XRD results, there are no extra peaks
arising from chromium, other oxides, or any zinc
chromium phase; only a single phase of the synthe-
sized samples can be seen. Substitution of Zn2+
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(0.74 Å) ions with Cr3+ (0.63 Å) ions causes deteri-
oration of crystal quality due to the difference in
ionic radii. This situation leads to a gradual
decrease in the intensity of the peaks, indicating a
deterioration in the crystal structure due to the
increase in chromium content. Another reason for
the deterioration of the crystal structure of ZnO is
that the Cr atoms do not replace the O and Zn
atoms, but instead occupy the interstitial regions.21

Hence, the presence of Cr in the structure causes
strains, changes the lattice parameters, and thus
deteriorates the crystal structure of ZnO, as seen in
Fig. 1a. The XRD sample of the Cr-doped ZnO film is
quite noisy. In some studies,22,23 it has been sug-
gested to smooth the raw data for researchers to
analyze such a sample properly. In this context, we
used 8 pts smoothed XRD patterns to analysis for
Cr-doped ZnO films. Smoothed data showed the
presence of low intensity (100), (002), and (101)
planes in Cr-doped ZnO film. The deterioration in
the crystal lattice by doping of the ZnO films has
also been observed in different studies.24,25 More-
over, variation in lattice parameters depending on
Cr content may be related to microstrains generated
by residual stress in the film.26 The interplanar
distance ‘‘d’’ values of the (100) and (101) planes
obtained from XRD have been found to be 2.8208 Å
and 2.4925 Å for the undoped ZnO film, while they
were 2.8120 Å and 2.4698 Å for the Cr-decorated
ZnO films, respectively. The lattice parameters for
undoped and Cr-doped ZnO films have been calcu-
lated by following equation and determined as

(a = 3.257 Å, c = 5.323 Å) and (a = 3.247 Å,
c = 5.165 Å), respectively, by using the h, k, and l
miller indices.27

1

d2
¼ 4

3

h2 þ k2 þ hk

a2

� �
þ l2

c2

� �
ð1Þ

Considering the obtained results, there are
decreases at the lattice constants of the ZnO due
to the Cr contribution. The possible reason for the
decrease at the lattice constants is that the ionic
radius of the Cr3+ ions is lower compared to Zn2+.
Similar results have been observed in ZnO lattice
constants for Cr-doped ZnO films by other research-
ers.28,29 Estimated crystallite sizes (D) of the
undoped and Cr-doped ZnO thin films for high
intensity peaks have been calculated with an error
rate using the Scherrer formula, and are given in
Table I.30 Although the error rate of the Cr-doped
sample was calculated to be high, the D value was
found to be high for Cr-doped ZnO compared with
the undoped one.

High-density peaks indicate that they increase
the grain size in these directions by reducing the
surface-free energy. Therefore, estimated particle
size values have been obtained by considering the
dominant peaks seen in the XRD samples for
undoped and Cr-doped ZnO film samples. Thus,
the estimated particle size exhibits an increasing
tendency with the presence of Cr content. In the
literature, it is possible to find studies showing that
the estimated particle size of ZnO decreases31,32 and

Fig 1. XRD pattern of the (a) ZnO:Cr and (b) ZnO thin films.
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increases,29,33 depending on the Cr contribution.
Based on these studies, it can be concluded that a
moderate amount of Cr content in ZnO thin films
enhances the grain size. Equations 2 and 3 can be
used to determine lattice strain (e) and dislocation
density (d) of the films:30,34

es ¼
c � c0ð Þ

c0
� 100 ð2Þ

d ¼ 1
�
D2 ð3Þ

where c and c0 are the strained and unstrained
lattice constant, respectively. The lattice strain
values have been calculated as 2.19 and � 0.79 for
the undoped and Cr-doped ZnO, respectively. As can
be seen from the results, the lattice strain value
turned from positive to negative depending on the
Cr contribution. This may be attributed to the
decrease in the lattice parameter ‘‘c’’ due to the Cr
content. Although there are studies33,35 showing
that high Cr content (as Cr2O3) can inhibit the
growth of ZnO crystallites, and consequently the
crystallite size will reduce, it is possible to see the
opposite in practice.36 This can be explained by the
significant effect of Cr doping on the lattice strain by
reducing the lattice parameter (c) of ZnO. The
crystallite size has increased as seen here due to
less stress caused by the decrease in the lattice
constant. A decrease in the dislocation density
values is observed in Table I, which indicates that
the amount of defects in the structure has
decreased.

Optical Properties

The band gap and transmittance spectra of the
undoped and Cr-doped ZnO thin films grown by the
chemical spray pyrolysis method are given in Fig. 2-
a. As seen in the Fig. 2a inset, the optical trans-
parency of both films is above 90% in the visible
region. In the literature, there are studies37,38

showing that optical transmittance decreases
because the increase of undesirable defects in thin
films causes light scattering. On the contrary, the
dislocation density value, which is a measure of the
amount of defects in the structure, tends to decrease
compared to the value of undoped ZnO. There are
some improvements in the optical transmittance of

the Cr-doped film due to the reduction of the defect
amounts which cause light scattering.

Furthermore, the optical transmittance spectra of
the samples have exhibited sharp fundamental
absorption edges indicating the optical band gap of
the ZnO. This sudden drop in the optical transmit-
tance spectra represents the electronic transition
between the conduction and valence bands of the
semiconductor. The result of the optical band struc-
ture reveals that direct transitions from band to
band are allowed for ZnO, and this transition can be
determined by the following expression:39,40

ahmð Þ ¼ S hm� Eg

� �2 ð4Þ

where S and Eg represent the energy-dependent
constant and optical band gap, respectively, and the
a, h, and m represent the absorption coefficient,
Planck constant, and frequency, respectively. Con-
sidering Eq. 4, it is necessary to draw (ahm)2 versus
(hm) plots (Fig. 2a) to determine the optical band gap
of the ZnO. Thus, the calculated optical band gap
values have been calculated as 3.67 ± 0.0021 eV
and 3.29 ± 0.0022 eV for the undoped and Cr-doped
ZnO, respectively. This variation occurring at the
optical band gap may be caused by factors such as
film thickness, grain size, and change in structural
parameters and by an increase at carrier concen-
tration.41 However, this kind of band shrinkage in
transition metal-doped II–IV semiconductors can be
thought of as a result of the strong exchange
interaction between the p and s electrons of the
host band and the d electron of the Cr atoms.39,42,43

The XPS investigations have been carried out in
order to evaluate the chemical state of the host and
the dopant elements, and the existence of Zn, Cr,
and O elements in chromium-doped ZnO film are
shown in Fig. 2b, c, and d after base line correction,
as shown in the literature.44,45 In the literature,46

the peak values of Zn 2p3/2 and Zn 2p1/2 states for
undoped ZnO were observed at 1021.6 eV and
1044.7 eV, respectively. In the XPS analysis
(Fig. 2a) obtained for the Cr-doped ZnO thin film
within the scope of our study, these values were
observed at 1018.1 eV and 1041.3 eV, respectively.
The fact that the 2p states observed for Cr-doped
ZnO thin films are lower than for undoped ones
indicates that there are considerable oxygen vacan-
cies in the Cr-doped ZnO films. The binding energy
of O1s may be calculated by dividing the peaks seen

Table I. Variation in some structural parameters of ZnO films in terms of Cr content

hkl
ZnO
D (nm)

ZnO:Cr
D (nm)

ZnO
d (91015 lines m�2)

ZnO:Cr
d (91015 lines m�2)

(100) 14.08 19.17 5.04 2.71
(002) 14.48 24.13 4.76 1.71
(101) 13.43 30.30 5.54 1.08
Average 13.99 ± 0.30 24.53 ± 3.21 5.11 1.83
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in Fig. 2c by (1) and (2). The first of these, at
527.1 eV, is attributable to chemically absorbed
oxygen species (O2

�) in the Zn–O bond of the ZnO
wurtzite structure, while the second, at 528.5 eV, is
connected with oxygen-deficient areas (O� and O2

�

ions) in the sample matrix. Similar observations
have been made by other researchers47,48 with a
slightly differences and also different semiconduc-
tors. Figure 2d depicts the sample’s Cr 2p3/2 and Cr
2p1/2 XPS spectral areas. Also, the position of the Cr
2p3/2 peak has been observed to be slightly different
compared with the Cr metal (574.2 eV). In addition,
in general, if Cr is present in the substitution site of
a defect-free ZnO crystal, the valence state is
expected to be + 2. However, although the Cr 2p3/

2–Cr 2p1/2 peaks were observed in slightly different
places from those in the literature, the peak sepa-
rations are consistent with the literature.49–51 This
confirms the hypothesis that the chromium ions are
in the + 3 valence state in the ZnO lattice structure.

Electrical Properties

The fabricated Au/ZnO/p-Si and Au/ZnO:Cr/p-Si
devices were characterized by I–V measurements
both for determining various junction parameters,
such as ideality factor (n), barrier height (Ub), and
series resistance (Rs), and for understanding the
current conduction mechanism. Figure 3a shows the
I–V characteristics of the Au/ZnO/p-Si and Au/
ZnO:Cr/p-Si devices, and it contains the I–V char-
acteristics of the Au/ZnO:Cr/p-Si device under 100-
mW/cm2 light power illumination. The Au/ZnO/p-Si
device has a minimum current at 0 V, but the
current increased slowly with increasing reverse
biases and stayed constant or saturated at around
� 0.7 V. This slow saturating with increasing
reverse biases can be attributed to the reduction of
the barrier height.52 This feature may be important
for a better gas-sensing device, as forward or
reverse bias can provide information about

Fig 2. (a) Transmittance spectra and the plot of (ahm)2 versus (hm) of ZnO:Cr films, and (b–d) XPS spectra of ZnO:Cr films.
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alternative gas-sensing features.53 The Cr-doped
ZnO interface layered Au/ZnO:Cr/p-Si device imme-
diately reached saturated current values at reverse
biases due to the increase of the charge carriers
with Cr doping, because the charge carriers were
not trapped and immediately had a response to the
reverse biases. The Au/ZnO:Cr/p-Si device has
100 times higher current values at reverse biases
under 100-mW/cm2 light illumination power than in
dark conditions. This result confirms the photodiode
behavior of the Au/ZnO:Cr/p-Si device.

The rectifying ratio (RR) values, which are
important for this kind of junction device, are listed
in Table II. The RR values of the Au/ZnO/p-Si, Au/
ZnO:Cr/p-Si (under dark), and Au/ZnO:Cr/p-Si (un-
der light illumination) devices were calculated to be
3.64 9 103, 6.70 9 103, and 1.43 9 102, respec-
tively, at ± 2 V. The RR value slightly increased
with the doping of the Cr into the ZnO interfacial
layer because Cr doping caused an increase of the

forward bias current. When the Au/ZnO:Cr/p-Si
device was illuminated with light, the RR value
decreased to 1.43 9 102 due to increasing reverse
bias current. Both the obtained RR values and the
reverse bias photocurrent by light illumination
confirm the photodiode behavior of the Au/ZnO:Cr/
p-Si device. Furthermore, there is an increase and a
slight shift towards the forward bias region in the
current of the Au/ZnO:Cr/p-Si device after illumi-
nation, due to the generation of the excitons by the
light at the interface.54 The forward current level
did not change so much with the illumination of the
Au/ZnO:Cr/p-Si device at the forward biases,
because the applied voltage was more effective than
the light power illumination at forward biases for
this kind of junction structure. This result can be
found easily in the literature for metal semiconduc-
tor contacts.55,56 The detection parameters, such as
the responsivity, photosensitivity, and detectivity
values, of the Au/ZnO:Cr/p-Si device were

Fig 3. (a) I–V characteristics, (b) lnI–lnV graphs, and (c) Rj–V plots of the Au/ZnO/p-Si and Au/ZnO:Cr/p-Si devices.
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calculated for 100-mW/cm2 light power intensity,
and were 1.57 A/W, 2.17 9 104, and
1.03 9 1013 Jones, respectively. These optoelec-
tronic parameters are high and so suitable for
optoelectronic applications for ZnO-based devices
according to the literature.57

The current conduction mechanism of the Au/
ZnO/p-Si and Au/ZnO:Cr/p-Si devices was charac-
terized by plotting the lnI–lnV graphs from the I–V
data. The lnI–lnV graphs of the Au/ZnO/p-Si and
Au/ZnO:Cr/p-Si devices are shown in Fig. 3b, and
exhibit three distinct regions for both the devices
depending on the I = bVm relationship. While the b
is constant, the m is another constant for determin-
ing the current conduction mechanism. If m
changes between 1 and 2, the device has a Schottky
emission or a Poole–Frenkel conduction mechanism.
If m is greater than 2, the device has a trapped or
surface charge-limited current mechanism.58,59 The
Au/ZnO/p-Si device has a Schottky emission or a
Poole–Frenkel conduction mechanism in the low-
voltage region. In the higher-voltage regions, the
device has a space charge-limited current mecha-
nism. In the case of the Au/ZnO:Cr/p-Si device, the
device has a trapped and a space charge-limited
current mechanism in the first and second regions,
but a Schottky emission or a Poole–Frenkel conduc-
tion mechanism are effective in the higher-voltage
region. The differences in the changes in the current
conduction mechanism can be attributed to the
injection of charges to the current after the Cr
doping to the ZnO interfacial layer.60

Junction resistance (Rj) is important for affecting
the I–V characteristics, and it contains both the
series (Rs) and shunt resistance (Rsh).61 While the
interfacial layer, wires, etc. causes series resistance,
the contact–semiconductor interface causes the
shunt resistance.62 The Rj is calculated by:

Rj ¼
@V

@I
ð5Þ

Figure 3c shows the Rj–V plots of the Au/ZnO/p-Si
and Au/ZnO:Cr/p-Si devices. While the series

resistance is determined from the forward biases,
the shunt resistance is obtained from the reverse
biases.63 In the case of the Au/ZnO/p-Si device, both
the Rs and Rsh values have changing values with
changing bias. The Rs values first decreased linearly
after exponentially decreasing and reached almost
stable values at about 123 X. The Rsh values
fluctuated towards � 1 V and stayed constant at
around 3.95 9 106 X after this bias value. In the
case of the Au/ZnO:Cr/p-Si device, the Rs values
suddenly decreased and stayed constant at around
124 X. The Rsh values slightly increased towards to
� 2 V and reached 4.17 9 106 X. While the Au/ZnO/
p-Si has a changeable series and shunt resistance
with changing bias, the Au/ZnO:Cr/p-Si device has a
more stable series and shunt resistance. This case
can be attributed to the Cr doped to the ZnO
passivated dangling bonds and ionic traps. Further-
more, the Rs and Rsh values are suitable for opto-
electronic applications and comparable with the
literature for ZnO-based devices.64–66

Using thermionic emission (TE) theory, Norde
and Cheung methods can be used to determine
various junction parameters. TE theory helps to
calculate the barrier height and ideality factor from
I–V measurements. The current (I) is, according to
TE, given as:

I ¼ I0 exp
qV

nkT

� �
1 � exp � qV

nkT

� �� �
ð6Þ

where I0 represents the saturation current and is
calculated by:

I0 ¼ AA�T2 exp � qUb

kT

� �
ð7Þ

where q is the charge of the electron, k is Boltz-
mann’s constant, and V is the applied bias voltage,
A*, A, and T show the Richardson constant, contact
area (A = 7.85 9 10�3 cm2), and temperature,
respectively. For V ‡ 3kT/q, the n and Ub are
obtained by:

Table II. The calculated junction parameters of the Au/ZnO/p-Si and Au/ZnO:Cr/p-Si devices

Device

Saturation
current (I0)

(A)

n
(TE)
–

n
Cheung

–

Ub

(TE)
(eV)

Ub

Cheung
(eV)

Ub

Norde
(eV)

Rs

Norde
(kX)

Rs

Cheung
(kX

(dln(I))

Rs

Cheung
(kX
(H(I))

RR (at
± 2 V)

Au/ZnO 2.64 9 10�8 3.65 3.86 0.71 0.70 0.78 2.39 1.24 1.23 3.64 9 103

Au/
ZnO:Cr

3.85 9 10�7 1.76 1.78 0.64 0.75 0.68 44.01 0.35 0.20 6.70 9 103

Au/
ZnO:Cr
Light

1.08 9 10�6 2.08 2.18 0.61 0.71 0.62 56.16 0.21 0.19 1.43 9 102
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n ¼ q

kT

dV

d ln I

� �
ð8Þ

and

Ub ¼ kT

q
ln

A�AT2

I0

� �
ð9Þ

The calculated ideality factor and barrier height
values are listed in Table II for the Au/ZnO/p-Si and
Au/ZnO:Cr/p-Si devices as well as the light-illumi-
nated Au/ZnO:Cr/p-Si device. The ideality factor
value decreased from 3.65 to 1.76 with the Cr-doped
ZnO layer, and the barrier height value also
decreased from 0.71 eV to 0.64 eV. This can be
because the Cr doping into the ZnO interfacial layer
may cause a decrease in the series resistance and
interface states, or can depend on the deviation from
the thermionic emission conduction mechanism due
to current flow.67,68 The illumination increased in
the ideality factor from 1.76 to 2.08, but the barrier
height decreased from 0.64 eV to 0.61 eV in the Au/
ZnO:Cr/p-Si device. This increase in the ideality
factor and decrease in the barrier height with
illumination can be attributed to the slight increase
in the current at forward biases due to illumination.
The calculated ideality factor and barrier height
values are in good agreement with the literature for
ZnO-based photodiodes.69

The Norde method can be employed to calculate
the Rs and to check the accuracy of the Ub values.
The Norde function is calculated and given by the
next formula depending on the voltage (V) and the
voltage-dependent current I(V):70,71

F Vð Þ ¼ V

c
� kT

q
ln

I Vð Þ
AA�T2

� �
ð10Þ

where c is a larger integer value than the TE theory
n. The Ub and Rs formulae are extracted from the
Norde function and given by:

Ub ¼ F V0ð Þ þ V0

c
� kT

q

� �
ð11Þ

Rs ¼
c� n

I

kT

q
ð12Þ

where V0 shows the minimum voltage value depend-
ing on the minimum F(V) value.

Figure 4 displays F(V)–V graphs of the Au/ZnO/p-
Si and Au/ZnO:Cr/p-Si devices. The graphs exhibit
normal Norde function graphs. The Ub and Rs

values are tabulated in Table II. While the Ub

values are compatible with TE theory calculation,
Rs values are calculated as 2.39 kX, 44.01 kX, and
56.16 kX for the Au/ZnO/p-Si, Au/ZnO:Cr/p-Si, and
Au/ZnO:Cr/p-Si (under light exposure) devices,
respectively. The reason is that the high-value Rs

rather than the junction Rs value can be attributed
to approximation differences or using different

regions of the semi-logarithmic I–V plots as well as
a non-ideal junction structure.72,73

The ideality factor, barrier height, and series
resistance can be determined by the Cheung method
to compare and confirm other methods’ device
parameters.74 The Cheung technique gives the
current as the following equation depending on
voltage and voltage drops (IRs) due to series
resistance:

I ¼ I0 exp � q V � IRsð Þ
nkT

� �
ð13Þ

With the help of Eq. 12, Cheung functions can be
obtained:

dV

d ln Ið Þ ¼ IRs þ n
kT

q
ð14Þ

H Ið Þ ¼ V � n
kT

q

� �
ln

I

AA�T2

� �
ð15Þ

where H(I) can be rearranged as:

H Ið Þ ¼ IRs þ nUb ð16Þ

Both the dV/d(lnI) and H(I) functions are linear
equations and give a straight line when plotted
against I. From these plots, the n, Ub, and two Rs

values can be calculated.75,76 Figure 5a and b
display the dV/d(lnI) and H(I) versus I plots of the
Au/ZnO/p-Si and Au/ZnO:Cr/p-Si devices, respec-
tively. Both dV/d(lnI) and H(I) versus I plots exhibit
good linearity. The junction parameters are listed in
Table II for the Au/ZnO/p-Si Au/ZnO:Cr/p-Si and
Au/ZnO:Cr/p-Si (under light condition) devices.
While the ideality factor is in good agreement with
the results of the TE theory values, the barrier
height values are not compatible with both the
Norde and TE theory method values. Furthermore,

Fig 4. F(V)–V graphs of the Au/ZnO/p-Si and Au/ZnO:Cr/p-Si
devices.
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there are big differences for the Rs values in these
two methods. The reason for this discrepancy can be
attributed to the determining regions of the Ub in
the I–V characteristics and the non-ideal junction
structure.77 The Rs values of the Au/ZnO/p-Si, Au/
ZnO:Cr/p-Si, and light exposure Au/ZnO:Cr/p-Si
devices have been determined as 1.24 kX, 0.35 kX,
and 0.21 kX for dV/d(lnI), respectively. According to
these results, the Rs values decreased with the
doping of the Cr to the ZnO interfacial layer. The
light illumination on the Au/ZnO:Cr/p-Si device also
caused a slight decrease in the Rs value. The
differences in the Rs values from these techniques
can be attributed to changing the current curve
with the changing voltage values too much.

CONCLUSION

The undoped and Cr-doped ZnO thin films were
fabricated on glass substrates as well as p-Si by a
chemical spray pyrolysis technique. The films on the
glass were characterized by XRD and UV–visible
spectrometry. The XRD results revealed the
undoped and Cr-doped ZnO crystalline structures
in nature. Various structural parameters, such as
crystalline size, lattice constants, and dislocation
density, as well as strain values, were extracted
from the XRD data and have been discussed in
detail for the undoped and Cr-doped ZnO films. UV–
visible spectra exhibited a high transmittance value
above 90%. The band gap values of the undoped and
Cr-doped ZnO were 3.67 eV and 3.29 eV, respec-
tively. The electrical characterization was achieved
by depositing the films as an interfacial layer
between the Au and the p-Si. I–V measurements
were performed on the Au/ZnO/p-Si and Au/ZnO:Cr/
p-Si devices to determine the effect of the ZnO
interfacial layer on their performance. The ideality
factor values were 3.65 for the Au/ZnO/p-Si, 1.76 for
the Au/ZnO:Cr/p-Si, and 2.08 for the Au/ZnO:Cr/p-

Si devices under light illumination. The barrier
height values were calculated as 0.71 eV, 0.64 eV,
and 0.61 eV for the Au/ZnO/p-Si, Au/ZnO:Cr/p-Si,
and light exposure Au/ZnO:Cr/p-Si devices, respec-
tively. The series resistance values were also calcu-
lated from the I–V measurements by various
techniques and have been discussed in detail. The
devices exhibited high RR values, but their values
changed by changing both the Cr doping and the
illumination. The Au/ZnO:Cr/p-Si device exhibited
good photodiode behavior, high responsivity, photo-
sensitivity, and detectivity at 100-mW/cm2 power
intensity light. These results highlight that the Au/
ZnO:Cr/p-Si device can be considered suitable for
optoelectronic applications.
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and E. Andrade, Thin Solid Films 376, 99 (2000).
27. M. Shaban, and A.M. El Sayed, Mater. Sci. Semicond. Pro-

cess. 39, 136 (2015).
28. V.D. Mote, V.R. Huse, and B.N. Dole, World J. Condens.

Matter Phys. 02, 208 (2012).
29 A. Iqbal, A. Mahmood, T. Muhammad Khan, and E. Ahmed,

Prog. Nat. Sci. Mater. Int. 23, 64 (2013).
30. M. Rajasekaran, A. Arunachalam, and P. Kumaresan, Ma-

ter. Res. Express 7, 036412 (2020).
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