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ABSTRACT
Copper phthalocyanine (CuPc) doped zinc oxide (ZnO) interlayered Al/p-Si 
Schottky barrier diodes (SBDs) were systematically fabricated utilizing spin coat-
ing technique. This study was undertaken to meticulously assess the influence of 
varying concentrations of CuPc on the intricate electrical and photodiode charac-
teristics of these devices. The investigation involved the characterization of the 
current–voltage (I–V) characteristics configured with distinct different doping 
concentrations of CuPc such as 0.05 wt%,1 wt%, 2 wt%, under a wide range of 
voltages (± 5 V) and illumination irradiances. These measurements enabled the 
calculation of various critical electrical variables, such as the ideality factor (n), 
barrier height (ΦB), series resistance (Rs), shunt resistance (Rsh), interface states 
density (Nss) and their response under various illumination levels (between 10 
and 100 mW/cm2) and under dark condition. An increase in the reverse current as 
the illumination increases suggested the potential utility of these SBDs as photodi-
odes, photosensors, or photodetectors. Notably, the linear dynamic range (LDR), 
a crucial factor for image sensors which obtained around 14 for all photodiodes. 
The photodiodes exhibited a good rectification ratio (RR) of approximately  104. 
The results obtained indicate that the rectifying properties of the structures can 
be controlled by CuPc doping. In addition, the results indicated that the pres-
ence of CuPc significantly influenced the values of n, ΦB, Rs/Rsh, and Nss. To 
further analyze the devices, capacitance–voltage (C–V) and conductance–voltage 
(G–V) measurements were carried out to determine parameters such as diffusion 
potential (VD), dopant acceptor atoms concentration (NA), Fermi energy level (EF), 
and width of depletion layer (WD) at both 1 kHz and 1 MHz. The measurements 
revealed that the capacitance values were higher at low frequencies compared to 
high frequencies, and this behavior was attributed to Nss. In summary, this study 
suggests that the manufactured photodiodes have the potential to be employed 
as photodiodes, sensors, or detectors in optical sensing applications, and their 
performance can be tailored by adjusting the concentration of CuPc in the ZnO 
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reverse bias conditions, converting light into electri-
cal current. When incident light with energy greater 
than the bandgap of the semiconductor hits the photo-
diode, it creates electron–hole pairs. The electric field 
in the junction then facilitates the separation of the 
charges, directing them towards the neutral region 
and preventing electron–hole recombination. This 
process results in the generation of a photocurrent, 
which leads to the production of an electrical signal. 
Notably, the photo-response of the device is more pro-
nounced in the reverse bias region than in the forward 
bias region. The variation in photocurrent was stud-
ied by manipulating the illumination intensity under 
reverse bias conditions [13–15].

ZnO exhibits excellent electron mobility, with 
values typically exceeding 100  cm2/V s [16, 17]. The 
wide exciton binding energy facilitates the genera-
tion of robust near-band-edge excitonic emissions at 
both room temperature and elevated temperatures. 
ZnO boasts a direct wide bandgap of approximately 
3.37 eV at 300 K, allowing it to detect ultraviolet (UV) 
light with wavelengths down to 370 nm [18]. In addi-
tion, ZnO have low dark current, rapidly respond to 
changes in incident light intensity (order of microsec-
onds to milliseconds), robust and can withstand envi-
ronmental factors, relatively cost-effective to produce, 
bio-safe, bio-compatible and environmental-friendly 
[16–19]. Therefore, ZnO’s exceptional properties make 
it an attractive choice for photodiodes, offering high 
sensitivity, fast response times, and versatility across 
a wide range of wavelengths while maintaining cost-
effectiveness and durability. On the other hand, utiliz-
ing zinc oxide (ZnO) as an interface material in p-Si 
Schottky barrier diodes (SBDs) presents a myriad of 
significant advantages over their counterparts fabri-
cated without interface layers. Benhaliliba [20] exam-
ined and clearly described the conduction mecha-
nisms for ZnO/p-Si heterojunctions using the average 
of current–voltage, capacitance, and conductance 
vs voltage profiles, and found decreasing Schottky 
effect in the metal–insulator energy barrier as a result 
of electrostatic interaction with the electric field at a 

1 Introduction

Schottky barrier diodes (SBDs) or Schottky diodes 
(SD), which is formed by the junction of a metal with 
a semiconductor and designed using the Schottky 
effect, which creates a barrier to the flow of electrons at 
the metal–semiconductor junction, have gained para-
mount significance in the realm of technology, owing 
to their diverse applications encompassing photodi-
odes, solar cells, radio frequency detectors, and tran-
sistors [1–6]. Moreover, by customizing the materials 
employed in their fabrication, such as by adding a thin 
insulating layer between the metal and the semicon-
ductor for convert it to metal/insulator/semiconductor 
(MIS), metal/polymer/semiconductor (MPY) or metal/
ferroelectric/semiconductor (MFS) structures, we can 
unlock the incredible potential of Schottky diodes in 
the realm of photodetectors. To vary and manage the 
barrier height, an organic/inorgaic semiconducting or 
insulating interlayer can be used, therefore, it is cru-
cial to determine the electrical characteristics of metal/
interlayer/semiconductor devices [1, 7]. These inter-
faces wield substantial influence over critical Schottky 
barrier attributes, including barrier height (ΦB), ideal-
ity factor (n), and series resistance (Rs). Optimizing 
these parameters, along with achieving the highest 
rectification ratio (RR = IF/IR), shunt resistance (Rsh) 
and minimizing leakage current, Rs, and surface states 
(Nss), hinges significantly on the dielectric constant of 
the interface material chosen [8–12]. Consequently, 
the electrical characteristics delineated above assume 
paramount importance in the comprehensive analysis 
of structure and crucial for optimizing and designing 
devices for applications such as photodetectors, solar 
cells, and light-emitting diodes, where the interaction 
between light and semiconductors plays a central role 
in their operation. On the other hand, the importance 
of photodiodes in this field has grown considerably, 
thanks to advances in semiconductor technology and 
the emergence of new-generation materials. Known 
for their high sensitivity to photons and high-energy 
particles, photodiodes operate effectively under 

interlayered structures. The discerned outcomes revealed the substantial influ-
ence of CuPc concentration on key electrical parameters, with conspicuous trends 
noted in the values of n, ΦB, Rs/Rsh, and Nss. Furthermore, the observed increase 
in the reverse current as the illumination level increases highlights the potential 
utility of these SBDs as sensitive photodiodes/sensors/detectors.



J Mater Sci: Mater Electron          (2024) 35:946  Page 3 of 20   946 

metal–insulator interface. Rajan et al. [21] have fabri-
cated Au/ZnO/n-Si Schottky diodes and investigated 
its electrical characteristics through I–V and C–V char-
acterizations. They reported the rectifying nature of 
the diode, with rectifying ratio of 93, ideality factor of 
∼6, barrier height of 0.804 eV and saturation current 
of 1.37 ×  10−10A. Aydoğan et al. [22] used electro-dep-
osition technique to fabricate Au/n-ZnO/n-Si Schottky 
diodes for investigated its electrical characteristics and 
reported the values of ideality factor, barrier height 
and rectification ratio as 1.21, 0.61 eV, and 3 ×  104.

Organic materials, endowed with attributes such as 
cost-effectiveness, flexibility, ease of production, and 
adaptability to large-scale applications, have spurred 
heightened interest in leveraging them for the crea-
tion of organic-based electronic and optoelectronic 
devices. Studies have shown that, organic-based 
semiconductors have enormous properties such as 
reduced environmental footprint, lower energy con-
sumption, resource conservation, biodegradability, 
versatility and adaptability, recyclability, reduction 
of hazardous chemicals, improved energy harvesting, 
in addition, may simplify the recycling and disposal 
of electronic waste, which is a growing environmen-
tal concern. Considerable interest has been directed 
toward the incorporation of organic materials in elec-
tronic devices owing to its distinct characteristics and 
prospective practices. Phthalocyanines (Pc) are chemi-
cally and thermally stable, and the π-system consist-
ing of 18 π electrons in the macrosilicic ring has light 
absorption sensitivity in a visible region (400–700 nm) 
and when incorporate different metals into center 
named as metallophthalocyanine [23, 24]. Among 
them, copper phthalocyanine (CuPc) has shown great 
promise as an interface material in Schottky diodes. 
CuPc is an organic semiconductor that exhibits excel-
lent charge transport properties, high thermal stabil-
ity, and a well-defined energy level structure. CuPc 
has been successfully employed in organic photovolta-
ics (OPVs) as an interface material in Schottky diodes. 
Although there have been a number of attempts to 
produce hybrid composite films, there have been 
only a few attempts, in particular on the formation 
of metal-phthalocyanine composite hybrid materi-
als. Wang et al. [25] formed Ni-doped CuPc films on 
indium tin oxide substrates and carried out structural 
analysis. They found that the films had flat surface 
morphology and that the CuPc films retained their 
initial amorphous phase, showing only changes in 
crystallite sizes or crystallinity and modification of 

carrier transport with increasing Ni doping levels. 
Reddy et al. [26] fabricated organic–inorganic hybrid 
composite interlayers such as Au-CuPc films with vari-
ous Au and CuPc compositions for Al/n-type Si SBDs 
at room temperature, and found that the ΦBo, n and Rs 
values of Al/n-type Si SBDs with Au-CuPc interlayer 
decreased with increasing Au content. Tatar et al. [27] 
fabricated an organic–inorganic hybrid Ag/p-CuPc/a-
Si/n-Si/Ag and Ag/p-CuPc/a-Si/p-Si/Ag heterojunction 
photovoltaic devices using chemical spray pyrolysis 
technique. They found that the electrical and morpho-
logical properties of p-CuPc/a-Si/c-Si hybrid hetero-
junction photovoltaic devices are very promising for 
device performance, stability and reliability.

In this research endeavor, we employed a ZnO with 
doped varying percentages of CuPc (0.05%, 0.10%, and 
0.20%) interlayer at the Al/p-Si (metal/semiconductor) 
interface to assess its suitability as a potential candi-
date for modifying the behavior of charge carriers at 
this interface. Our primary objective was to investigate 
the contribution of the CuPc-doped ZnO thin film to 
the photoconductive and electronic properties, includ-
ing ΦB, n, reverse saturation current (Io), Nss, RR, and 
Rs, within Au/n-Si type Schottky diodes. This research 
looked at current–voltage (I–V) characteristics as well 
as capacitance/conductance (C/G–V) characteristics. A 
thorough exploration of the impact of these interfacial 
layers on the electrical and photoconduction charac-
teristics of these devices was conducted, involving 
extensive I–V measurements under different illumina-
tion conditions and over various time intervals. Addi-
tionally, C/G–V measurements were carried out with 
frequency dependence analysis over a wide voltage/
frequency range, providing a detailed and comprehen-
sive assessment of the interface’s influence on device 
performance. The experimental outcomes demonstrate 
a notable enhancement in device performance when 
utilizing a 0.10% CuPc–ZnO interlayer. This enhance-
ment is characterized by a heightened RR value and 
concurrently lower Nss and Rs values.

2 �Experimental�procedure

A CuPc-doped ZnO material with varying CuPc 
ratios was synthesized through the sol–gel 
method and deposited as thin films onto p-type 
Silicon (Si) substrates. The Silicon substrates had 
a thickness of 600 μm, a resistivity of 5–10 Ω cm, 
and a <111> orientation. Initially, zinc acetate 
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dihydrate [Zn(CH3COO)2·2H2O] was employed as 
the source of zinc. Additionally, 2-methoxyetha-
nol  (CH3OCH2–CH2OH) served as the solvent, 
while monoethanolamine  [NH2CH2CH2OH] acted 
as a stabilizer. The solutions of Cu phthalocyanine 
were separately prepared in dimethylformamide 
(DMF:(CH3)2NC(O)H). A p-type Si wafer had alu-
minum (Al) metal evaporated on its backside using 
a thermal evaporation system. Subsequently, the 
p-Si/Al contact underwent thermal treatment at 
550 °C for 5 min in a nitrogen  (N2) atmosphere to 
reduce resistance. The CuPc-doped ZnO materials 
were then synthesized in various amounts [0.05 
wt.%, 0.1 wt.%, and 0.2 wt.%]. The resultant mixes 
were blended for 3 h at 70 °C to ensure they were 
homogenous and transparent. The finished solu-
tions were allowed to stabilise at room temperature 
for 24 h after this procedure and before coating onto 
silicon. Once the interlayer materials were ready, 
they were applied onto the silicon substrate using 
spin coating at 2000 rpm, which had been chemi-
cally cleaned and connected to aluminum to form 
ohmic contacts. The coating duration was set at 8 s. 
Using a shadow mask, aluminium rectifier contacts 
with a radius of 0.5 mm were created on the film-
coated substrates. Figure 1 shows a schematic depic-
tion of the produced devices. A Fytronix 9000 Solar 
I–V/C–V characterization system was used to evalu-
ate the electrical properties of the Al/CuPc:ZnO/p-Si 
photodiodes. An AA class solar simulator, a source 
meter, and a C–V analyzer were incorporated in this 
system. The diode’s photoelectric performance was 
investigated under various lighting situations.

3 �Results�and�discussion

3.1 �Optoelectronic�features

It is also of interest to explore the influence of factors 
such as illumination intensity, operating frequency, 
and applied voltage on the I–V and C/G–V charac-
teristics in both reverse and forward bias configura-
tions. MS architectures that incorporate a thin insu-
lating layer, whether it be oxide or polymer (organic 
or inorganic), at the interface between the metal and 
semiconductor can exhibit heightened sensitivity 
to light, particularly within the reverse bias region. 
When the energy of incident photons exceeds the 
semiconductor’s bandgap (Eg), a significant quantity 
of electron–hole pairs can be produced in the vicin-
ity of the mid-gap. In the case of Al/CuPc:ZnO/p-Si 
photodiodes, various CuPc concentrations (0.05, 0.10, 
and 0.20 wt%) were employed, and their forward and 
reverse bias I–V characteristics were examined under 
both dark and illuminated conditions. The results are 
depicted in Fig. 2a–c.

In these presented figures (Fig. 2a–c), it is evident 
that the photo current (Iph) notably increases as the 
illumination intensity rises, particularly within the 
reverse bias region. This phenomenon can be attrib-
uted to the higher electric field strength in the reverse 
bias region as compared to the forward bias region 
within each diode. The augmentation of reverse bias 
current results from the generation of electron–hole 
pairs induced by the illumination effect. In simpler 
terms, a substantial number of electron–hole pairs 
are generated when exposed to light, giving rise to a 
photoconductive behavior. This behavior can be elu-
cidated by the fact that electrons in the valence band 

Fig. 1  A schematic diagram for the characterisation of electrical devices
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Fig. 2  I–V plots of Al/CuPc:ZnO/p-Si photodiodes under different CuPc concentration levels, with measurements conducted in both 
dark and illuminated conditions
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absorb sufficient energy (hc/qλ ≥ Eg) to transition into 
the conduction band. While the recombination of elec-
tron–hole pairs encounters hindrance under the influ-
ence of a high electric field in the reverse bias region, 
they tend to recombine more readily in the forward 
bias region due to the lower electric field strength 
present.

Typically, the photoconductive behavior can be 
characterized using the following equation:

In this equation, Iph stands for photocurrent, A 
stands for constant, P stands for illumination intensity, 

(1)I
ph

= AP
m

and m is an exponent linked with illumination inten-
sity. By calculating the logarithm of both sides of Eq. 1, 
we arrive at:

In Eq. 2, B is equal to logA, and m can be deter-
mined from the slope of the linear portion of the 
log(Iph) vs. log(P) plot. Figure 3a illustrates the 
log(Iph) vs log(P) plots for each diode with varying 
concentrations of CuPc (0.05 wt.%, 0.1 wt.%, and 0.2 
wt.%) at − 5 V. The m values of 1.03, 1.03, and 0.97 
were obtained for photodiodes at these concentra-
tions. The value of m serves as an indicator of the 

(2)log I
ph

= mlogP + B

Fig. 3  Illumination and bias dependent parameters for the Al/CuPc:ZnO/p-Si photodiodes
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Fig. 3  continued
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type of photoconduction mechanism at play in the 
diode sample. When m falls within the range of 0.5 
to 1, the photoconduction process is associated with 
trap levels. Conversely, if m exceeds 1, the photocon-
duction mechanism is linked to lower densities of 
unoccupied trap levels, as documented in previous 
research [28–31]. Based on the m values observed in 
this study, it becomes evident that the photocurrent 
exhibits a linear photoconduction behavior, indica-
tive of the underlying photoconduction process. 
These findings strongly suggest that Al/CuPc:ZnO/p-
Si Schottky barrier diodes have the potential to serve 
as highly effective photodiodes or photo devices.

A photodetector’s linear dynamic range (LDR) is 
defined as the range over which the photodetector’s 
current response maintains a linear and proportion-
ate correlation with the intensity of the incoming 
light. This correlation is described as follows:

where Jmax the maximum and Jmin minimum observed 
current densities. In the case of S1, S2, and S3 at − 5 V, 
the LDR values were calculated as 14.65, 14.71, and 
13.96, respectively. LDR is crucial for image sensors 
since they need to function effectively across a broad 
spectrum of light intensities. To put it simply, hav-
ing a sufficiently wide LDR is essential to ensure that 
clear and detailed images can be captured in various 
lighting conditions [31–33]. According to the this find-
ings, it is evident that Al/CuPc:ZnO/p-Si structures 
are well-suited for applications as photo devices and 
image sensors.

Illumination and bias effect on photosensitivity, 
photoresponsivity and specific detectivity are given 
in Fig. 3. The equation can be employed to compute 
the photosensitivity (S) of optoelectronic devices, 
which is expressed as:

The graph illustrating the relationship between 
photosensitivity and light intensity is presented in 
Fig. 3b. As there is a linear correlation between S 
and Iph, the values of S increase in tandem with the 
rising intensity of incident light. This increase in 
photosensitivity with increasing light intensity can 
be attributed to the photoconductive characteristics 

(3)LDR = 20 log

(

J
max

J
min

)

(4)S(%) =

(

I
photo

− I
dark

I
dark

)

× 100

of Al/CuPc:ZnO/p-Si SBDs. The results also suggest 
that it operates in a manner akin to a photodiode. In 
essence, it can be inferred that the augmentation in 
the quantity of photogenerated carriers due to the 
heightened light intensity results in an increase in 
the photodiode’s photocurrent [34].

In addition, the photoresponsivity (R) and the spe-
cific detectivity (D*) are two other important param-
eters for photodevices, which can be calculated by 
means of the following equations;

where q is the elementary charge and A is the active 
area. High detectivity, as shown in Eq. 6, requires not 
only high sensitivity (high photocurrent) but also low 
dark current (low noise). The illuminance dependent 
R and D* graphs are shown in Fig. 3. The R and D* 
values are strongly dependent on the light intensity 
as can be seen in these figures. As can be seen from 
both figures, R and D are higher at higher than lower 
intensities. In addition, R shows a partial increase 
with increasing applied voltage. The S1 photosensor’s 
highest R value was about 50 mA/W, decreasing with 
decreasing bias. All the above illumination character-
istics of Al/CuPc:ZnO/p-Si suggest that it can be used 
as a photodiode.

Thermionic emission (TE) theory application facil-
itates the assessment of the forward bias I–V charac-
teristics in structures including different CuPc-doped 
variants, with a particular focus on intermediate bias 
voltages (V ≥ 3kT/q). This evaluation will be carried 
out using the following equations as [1, 2];

In Eqs. 5 and 6, Io is the reverse bias saturation 
current, while n is the ideality factor. These param-
eters are determined by analyzing the intercept and 
slope of the linear segment of the lnI–V at zero bias. 
The barrier height (ΦB) is derived from the Io value 
as follows:

(5)R =
I
photo

− I
dark

PA

(6)D
∗ = R

√

A

2qI
d

(7)I = I
o
exp

(

q(V − IR
s
)

nkT

)

(8)n =
q

kT

d(V − IR
s
)

d(ln(I))
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"T" is the absolute temperature measured in 
degrees Kelvin, while "k" is the Boltzmann constant. 
In addition, "A*" represents the effective Richardson 
constant, which is 32 A/cm2K2 for p-type silicon. In 
order to evaluate and compare the rectification rate 
(RR), Io, and n characteristics of the Al/CuPc:ZnO/p-
Si photodiodes with different CuPc contents, the 
semi-logarithmic forward and reverse bias I–V char-
acteristics are shown in Fig. 4a for dark conditions 
and in Fig. 4b under an illumination intensity of 
100 mW/cm2.

(9)Φ
Bo

=
kT

q

ln

(

AA
∗
T
2

I
o

) The semi-logarithmic I–V plot of the Al/
CuPc:ZnO/p-Si photodiodes was studied to evalu-
ate the rectification rate (RR), Io and n by varying the 
amount of CuPc used. As shown in Fig. 4, the struc-
tures exhibit both photovoltaic and excellent rectifying 
behavior (at ± 5 V, order of  104), resulting in a mean-
ingful reduction in leakage current. The higher content 
CuPc significantly reduces charge separation in the 
reverse bias, and in turn the reverse current is signifi-
cantly reduced, so the reverse current of S3 is less than 
that of S1 and S2. Table 1 displays the RR = IF/IR values 
for the S1, S2, and S3 which were determined to be 
1.9 ×  104, 8.6 ×  104 and 9.2 ×  104 at ± 5 V, respectively. It 
is evident that the structure with 2 wt.% CuPc is more 

Fig. 4  The I–V characteristics for Al/CuPc:ZnO/p-Si photodiodes with different CuPc contents a for dark conditions b under an illumi-
nation intensity of 100 mW/cm2

Table 1  The main electrical 
parameters derived from Al/
CuPc:ZnO/p-Si photodiode 
I–V characteristics

Dark Under 100 mW/cm2

RR
(×  104)

Io (A)
(×  10–9)

n ΦB
(eV)

Rs (Ω) Rsh
(MΩ)

Io(A)
(×  10–9)

n ΦBo
(eV)

Rs (Ω) Rsh
(kΩ)

S1(0.5 wt%) 1.9 0.11 8.26 0.73 1490 28 0.28 4.95 0,81 1370 106
S2 (1 wt%) 8.6 7.61 4.45 0.74 319 26 2.06 5.44 0,77 308 156
S3 (2 wt%) 9.2 5.19 4.01 0.75 836 93 5.60 5.60 0,76 881 273
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rectified. This means that the leakage current of the 
S3 is considerably reduced compared to the others. 
Table 2 also presents the Io, n, and ΦB values for the 
Al/CuPc:ZnO/p-Si photodiodes, which were obtained 
using TE theory under both dark and illuminated con-
ditions (at 100 mW/cm2). As can be seen, ΦB increase 
and n decrease with increasing CuPc concentration. 
Normally, n must be 1 for a diode to be perfect. In 
practise, however, factors such as semiconductor tun-
nelling current, Nss spatial density distribution, the 
existence of barrier inhomogeneities, the interlayer, as 
well as carrier injection and generation-recombination 
effects all contribute to n exceeding 1 [1, 2].

When the calculations are evaluated, the device 
made with ZnO having a concentration of 2 wt.% CuPc 
stands out as the best diode because it exhibits the best 
electrical properties such as RR, n, and ΦBo. Table 2 
lists the comparison of the electrical parameters of 
various hybrid heterojunctions at room temperature. 
As shown in the table, the Al/CuPc:ZnO/p-Si hybrid 
heterojunction fabricated in this study has similar ide-
ality factor and barrier height compared to other p-n 
heterojunctions. On the other hand, it is observed that 
it has higher rectification ratio and shunt resistance 
and smaller series resistance than the reports of other 
studies.

Both Rs and Rsh are critical in the characterization 
of the diode, with a low Rs increasing the voltage 
across the diode and a high Rsh reducing the leakage 
current. Thus, Rs and Rsh have a significant influence 

on the performance of the diode. The total Rs is the 
sum of the resistances from the leads used in the 
experimental measurements, the metal contact resist-
ances and the resistances inherent in the semicon-
ductor material. Consequently, Rs can cause severe 
inaccuracies in the computation of electrical proper-
ties, both in the dark and in the light, and in particu-
lar can lead to deviations from linearity in the lnI vs 
V plot. Rs and Rsh have been calculated for photodi-
odes with different CuPc doping levels using Ohm’s 
law (Ri = dV/dI). Figure 5 depicts the resistance pro-
files dependent on voltage under both dark condi-
tions and light intensity at 100 mW/cm2. Rs and Rsh 
data for each sample are given in Table 2. Rs and Rsh 
measured values represent resistance levels found 
at strong forward and reverse bias circumstances.

The initial trend of the Rs values is to decrease, 
followed by an increasing trend as the doping con-
centration increases. This is explicable as; a higher 
concentration of CuPc in the films leads to an 
increased availability of additional conduction elec-
trons, which causes the film resistance to decrease 
and consequently Rs to decrease, as is also observed 
in the Table 2. When the surface of a Si wafer is cov-
ered with an active layer of ZnO in CuPc doping, the 
uniformity of the active layer changes. As a result, 
the presence of CuPc contributes to a decrease in the 
series resistance of the device. On the other hand, 
variables such as the interlayer, its homogeneity, 
space charge injection and the presence of interface 

Table 2  Comparison of 
electrical parameters

Io (A) n ΦBo (eV) RR Rs
(kW)

Rsh
(MW)

References

Al/ZnO/p-Si 3 ×  10–9 3.50 0.74 250 5.4 [20]
Au/ZnO/n-Si 1.37 ×  10–10 6.00 0,80 93 0.12 [21]
Au/ZnO/n-Si 1.21 0.61 3000 1.8 [22]
Al/ZnO/p-Si 2.32 ×  10–7 4.55 0.65 541 0.87 0.47 [35]
Al/CuPc/p-Si – 2.38 0.71 350 43.5 – [36]
p-CuPc/a-Si/n-Si – 2.50 0.95 – 26 9.2 [27]
p-CuPc/a-Si/p-Si – 5.70 0.93 – 28.6 3.7 [27]
Al/Au-CuPc /n-Si – 1.64 0.72 – 254 – [26]
Pd/Cu:p-ZnO/n-Si 4.57 ×  10–8 2.08 0.68 1190 – – [37]
Al/CuPc/n-Si 3 ×  10–9 3.91 0.59 1770 2.46 3 [38]
Au/ZnPc/Si 4.87 0.69 208 7.9 [39]
Al/Zn(II)Pc/p-Si 4.87 ×  10–8 4.06 0.74 6130 18.95 [40]
p-FePc/p-Si 4.07 1.10 159 132 [41]
Al/H3BO3(%1):ZnO/p-Si 5.99 ×  10–10 4.33 0.77 1660 0.55 0.91 [35]
Al/CuPc(%2):ZnO/p-Si 5.19 ×  10–9 4.01 0.75 9200 0.84 93 Present work
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states or structural defects could explain the signifi-
cant increase in Rs [42].

The presence of Nss or that may have been formed 
during the fabrication process and may be located at 
energy levels within the band gap (Eg) of the semicon-
ductor, particularly at the interface, is another critical 
device parameter that requires in-depth investigation. 
Several factors can influence the presence of surface 
traps including defects, unpaired interfacial bonds and 
oxygen vacancies [1, 2]. Both in the absence of light 
and in well-illuminated environments, these traps or 
structural inconsistencies might have a substantial 
impact on the device’s functionality under varying 
illumination conditions. These may act as centers for 
electrons to recombine, trapping and releasing elec-
trons as a function of external factors such as electric 
fields, radiation and temperature fluctuations. The 
voltage-dependent ideality factor (n(V)) and the effec-
tive barrier height (Φe) are determined by means of the 
following equations [2]:

(10)n(V ) =
q

kT

[

(V − IR
s
)

ln(I∕I
o
)

]

= 1 +
�

�
i

[

�
s

W
D

+ qN
ss
(V )

]

(11)

Φ
e
= Φ

Bo
+ �(V − IR

S
) = Φ

Bo
+

(

1 −
1

n(V )

)

(

V − IR
S

)

Here, β is the coefficient of effective BH voltage. 
From the I–V measurements, the energy density dis-
tribution of Nss is derived using the following Card 
and Rhoderick formula [2];

“δ” interfacial layer thickness, “WD” depletion layer 
width determined from the C−2–V plot, and “εI” and 
“εs” interfacial layer permittivity. The energy position 
of the surface states (Ess) in relation to the valence band 
(Ev) for p-type semiconductors and given as follows:

The achieved findings are shown in Fig. 6a, b. These 
show visually how both light and the percentage of 
CuPc affect the surface states. Figure 6 shows, the plots 
depicting Nss exhibit a pronounced exponential rise as 
one moves from the midpoint of the silicon bandgap 
toward the valence band edge (EV).

3.2 �Transient�photocurrent,�photocapacitance/
conductance�features

Time-dependent transient photocurrent response 
technique was employed to evaluate the efficacy of 
electron–hole pair generation and to elucidate both 
the photoconduction mechanism and the stability of 

(12)N
ss
(V ) =

1

q

[

�
i

�
(n(V ) − 1) −

�
s

W
D

]

(13)E
ss
− E

V
= q

(

Φ
e
− V

)

Fig. 5  The Ri–V characteristics for Al/CuPc:ZnO/p-Si photodiodes with different CuPc contents a for dark conditions b under an illumi-
nation intensity of 100 mW/cm2
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photoresponse in Al/CuPc:ZnO/p-Si photodiodes. 
With an applied bias of − 5 V, the illumination was 
alternately switched on and off at different intensity 
levels. Figures 7a–c show the evolution of the photo-
current in these photodiodes as a function of time. It 
is evident from these figures that as the illumination 
intensity increases, the photocurrent also rises. This is 
due to the increasing number of carriers generated by 
the incident light. These carriers contribute to the total 
current. After that, the current levels reach a point of 
saturation. As soon as the light source is switched off, 
the current returns to its initial value. Both of these sit-
uations could be explained by the fact that charge trap-
ping takes place in the deep levels. The  Ion/Ioff rate was 
calculated from these figures at 1 and 9 s and 100 mW/
cm2 to be 980, 484 and 274 for S1, S2, and S3, respec-
tively. The best photoresponse value is obtained for 
S1 and decreases with increasing CuPc content. Yasar 
et al. [43] growth  Cu2SnS3 thin films with Triton-X100 
surfactant by using sol–gel spin coating on the n-Si 
substrate and they found Ion/Ioff rate as 347 under the 
light intensity of 100 mW/cm2. Demirbilek et al. [44]. 
calculated as 271.22 for co-doped n-Si/ZnO:Al 1%:Cd 
2% photodiode under the light intensity of 100 mW/
cm2. As a result, this indicates that the devices exhibit 
photoconductive behavior. This observed behavior is 
related to carrier trapping in deep impurity levels in 
the photodiode [19, 34, 45–48].

Graphical representations of the time-dependent 
measurements of the transient photocapacitance/con-
ductance, for Al/CuPc:ZnO/p-Si photodiodes are also 
shown in Figs. 8a–c and 9a–c. These measurements 
have been carried out at a frequency of 10 kHz, with 
the intensity of the illumination varying in different 
conditions. When the light is switched on, both the 
photocapacitance and the photoconductance increase 
significantly as a result of the generation of charge 
carriers by the illumination. However, these param-
eters decrease and return to their initial values as 
soon as the illumination is switched off. On the other 
hand, these findings indicate that, the fabricated Al/
CuPc:ZnO/p-Si photodiodes exhibit favorable behav-
ior in terms of photocapacitance and photoconduct-
ance. Consequently, they have potential photocapaci-
tor applications.

3.3 �Capacitance/conductance‑voltage�features

In order for inspect a comparative analysis of the 
capacitance–voltage (C–V) and conductance-fre-
quency (G/ω–V) measurements for the photodiodes 
labelled S1, S2, and S3 at two different frequencies, 
10 kHz and 1 MHz, Figs. 10 and 11 have plotted. 
These figures show the presence of notable areas 
within the C–V and G/ω–V curves, such as inversion, 
depletion and accumulation. Applying an electric 

Fig. 6  The Nss–(Ess–EV) characteristics for Al/CuPc:ZnO/p-Si photodiodes with different CuPc contents a for dark conditions b under 
an illumination intensity of 100 mW/cm2
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field has little effect on the diode’s capacitance in 
the inversion region but causes significant capaci-
tance changes in the accumulation region. It is also 
important to note that the C and G values at 10 kHz 
exceed those recorded at higher frequencies across 
the voltage region. The presence of interface states 
(Nss) and their distribution in terms of spatial density 
within the silicon (Si) band gap are responsible for 
these increased levels of C and G with decreasing fre-
quency. The interaction between the relaxation and 
lifetime of the interface states and the frequency of 
the applied ac signal causes the Nss to follow the ac 

signal, leading to the observed excess capacitance 
and conductance. Additionally, we observed that 
capacitance values changing with rising CuPc con-
tent, particularly at low frequencies. This increase 
can be ascribed to a distinctive distribution density 
of interface states [49–51].

Additional critical electrical parameters for SBDs, 
including diffusion potential or built-in potential 
(VD), dopant concentration (for acceptor atoms) (NA), 
depletion layer width (WD), Fermi energy level (EF) 
and ΦB, were determined using the intercept and 
slope of C−2–V curve at 1 MHz, employing the fol-
lowing relationships [1];

Fig. 7  Photocurrent-time curves for Al/CuPc:ZnO/p-Si photodiodes at − 5 V
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Fig. 8  Photocapacitance-time curves for Al/CuPc:ZnO/p-Si photodiodes
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the significant doping level, resulting in a significant 
increase in the intercept point.

Series resistance is another important electrical 
parameter because the interface’s series resistance 
significantly affects the real capacitance and conduct-
ance, hence influencing the electrical characteristics. 
Based on the measured values of Cm and Gm/w at 
the strong accumulation region, the voltage-depend-
ent plots of Rs for photodiodes S1, S2, and S3 were 
determined using the Eq. 13 known as Nicollian and 
Brews [52] formula;

In this equation, ω is angular frequency (= 2πf). In 
Fig. 12a, b, it can be clearly seen that the photodiodes 
show higher Rs values at low frequency (10 kHz), 
and the peaks observed from 10 kHz to 1 MHz are 
related to the reorganisation and rearrangement of 
Nss due to relaxation times and spatial density distri-
butions, which depend on the electric fields [31, 53].

(20)R
s
=

G
m

G
2

m
+
(

�C
m

)

2

Fig. 9  Photoconductance-time curves for Al/CuPc:ZnO/p-Si photodiodes
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Fig. 10  The C–V plots of Al/CuPc:ZnO/p-Si photodiodes

Fig. 11  The G–V plots of Al/CuPc:ZnO/p-Si photodiodes

Table 3  Main electrical 
parameters derived from the 
using C−2–V plots

Vo (V) NA  (cm−3)
(×1015)

VD (eV) EF (eV) WD (cm)
(×10–5)

ΦB (eV)

S1 0.63 1.52 0.66 0.18 7.50 0.84
S2 0.52 2.08 0.55 0.17 5.85 0.72
S3 0.99 1.00 1.02 0.19 11.50 1.21
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As noted above, there are indications that suggest 
Rs plays the most significant role in causing the less-
than-ideal electrical characteristics of Schottky Barrier 
Diodes (SBDs). For the correct determination of the 
diode capacity and the diode conductance, the values 
Cm and Gm have been calculated again, considering 
the influence of Rs, as described by formulas 18, 19, 
and 20. The results are shown in Figs. 13a, and 4b for 
a frequency of 1 MHz. where “a” can be calculated as follows [52];

(21)C
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G
2
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+
(
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2
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2
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Fig. 12  The Rs plots for the Al/CuPc:ZnO/p-Si photodiodes

Fig. 13  Corrected a C–V and b G–V plots for the Al/CuPc:ZnO/p-Si photodiodes at 1 MHz
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As can be seen in Fig. 13, particularly in the accu-
mulation region where the influence of Rs is attenu-
ated, the corrected capacitance value (Cc) shows a 
significant increase and the corrected conductance 
value (Gc) shows a significant decrease compare to 
measured values. These findings lead to the inference 
that Rs plays a significant role in influencing the C 
and G measurements, particularly in both the deple-
tion and accumulation zones, especially at higher fre-
quencies. It is therefore essential to take this influence 
into account when calculating electrical and dielectric 
properties, especially [1, 52].

Nss as a function of voltage was determined using a 
high-frequency/low-frequency (CHF–CLF) capacitance 
method [52]. This method, as outlined in Eq. 21 and 
illustrated visually in Fig. 14, quantifies Nss by assess-
ing capacitance to contribution to the total capacitance.

In this equation, CLF is the low-frequency capaci-
tance, while CHF is the high frequency capacitance. 
Cox is the capacitance associated with the oxide/
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insulator layer/interface in the region of the accu-
mulation. The variable ’q’ represents the electronic 
charge and ’A’ represents the area of the rectifier 
contact of the photodiodes.

Figure 1 illustrates that the maximum/peak val-
ues range from − 2 V to − 1 V for S1, S2, and S3, 
respectively. The spatial density distribution of the 
interface states between the CuPc:ZnO interfacial 
layer and the Si semiconductor is responsible for 
these findings [54]. The maximum recorded inter-
face state density values were 5.76 ×  1012  eV−1  cm−2, 
7.42 ×  1012  eV−1  cm−2, and 1.02 ×  1012  eV−1  cm−2 for S1, 
S2 and S3, respectively which are suitable for elec-
tronic devices [19, 24, 44].

4 �Conclusion

The electrical characteristics of Al/CuPc:ZnO/p-
Si photodiodes were determined by analyzing 
their I–V, C–V, and G–V characteristics under both 
dark and illuminated (0–100 mW  cm−2) conditions. 
The values of RR, Io, n, ΦBo, and Rs were extracted 
from the I–V data, resulting in values of 1.9 ×  104, 
0.11 ×  10–9 A, 8.26, 0.73 eV, and 1490 Ω for S1, 
8.6 ×  104, 7.61 ×  10–9 A, 4.45, 0.74 eV, and 319 Ω for 
S2, and 9.2 ×  104, 5.19 ×  10–9 A, 4.01, 0.75 eV, and 8360 
Ω for S3. These RR results highlight that structures 
exhibit favorable rectification behavior, The behavior 
of these structures in response to light was analyzed 
using the I

ph
= AP

m  relationship, with values of m 
determined as 0.69, 0.69, and 0.66 for the respective 
diodes and this points to a linear photoconductiv-
ity mechanism in the diodes. On the other hand, the 
Ion/Ioff rates were calculated as 980, 484, and 274 for 
S1, S2, and S3, respectively. Moreover, the LDR val-
ues calculated order of 14 which shows the obtained 
photodiodes using with image sensor applications. 
By examining the C–V and G–V data and taking into 
account the effect of interfacial conditions and Rs, it 
is clear that both capacitance and conductance have 
voltage and frequency sensitive. The results suggest 
that the concentration of CuPc doping has a signifi-
cant effect on the electrical and optoelectronic prop-
erties of these diodes such as significantly reduces 
the values of Nss and Rs, potentially making them 
suitable for use as photodiodes, sensors or detectors 
in optoelectronic applications.Fig. 14  The bias dependent Nss curves for the Al/CuPc:ZnO/p-Si 

photodiodes
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