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Abstract

DC and AC electrical characteristics of vanadyl phthalocyanine thin films were arranged in an ITO/MoO3/VOPc/ 
MoO3/Al sandwiched structure. By changing the thickness of the VOPc film within the range of 50—400 nm, the 
electrical properties of the fabricated diode device were examined at different temperatures. Analysis of real and 
imaginary components revealed insights into the resistance of the film and provided valuable information on the 
relaxation time. Notably, Cole‒Cole plots demonstrated a correlation between film thickness and enhanced mobility, 
indicating an increase in film mobility with increasing thickness. This study determined the primary electrical con
duction mechanism as a space charge-limited current with an exponential trap distribution. There was a remarkable 
increase in hole mobility, increasing from 8.25 £ 10¡9 cm2V¡1s¡1 to 1.32 £ 10¡6 cm2V¡1s¡1, corresponding to 
variations in the VOPc film thickness from 50 nm to 400 nm. Hole mobility was found to increase with increasing 
temperature, which was attributed to the increased injection of thermally generated charge carriers, along with a 
reduction in the barrier height.

Keywords: Impedance spectroscopy, Hole transport properties, Organic semiconductor devices, Vanadyl phthalocyanine thin 
films, Temperature-dependent electrical behavior, Space charge-limited conduction

1. Introduction

M etal phthalocyanines (MPcs), a class of organic 
semiconductors, have been widely studied for 

optoelectronic applications such as organic light- 
emitting diodes (OLEDs), organic solar cells (OSCs), and 
organic field-effect transistors (OFETs) owing to their 
stability, cost-effectiveness, and favorable charge 

transport properties [1—7]. Beyond these applications, 
MPcs have also shown potential in resistive random- 
access memory (ReRAM) and other non-volatile mem
ory technologies, which are critical for next-generation 
data storage [8,9]. However, despite extensive explo
ration of planar phthalocyanines such as copper 
phthalocyanine (CuPc) for memory devices, in
vestigations on non-planar phthalocyanines remain 
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limited [10—14]. Vanadyl phthalocyanine (VOPc), a 
non-planar MPc, offers distinct molecular geometry and 
superior electronic properties compared with planar 
counterparts [15—19]. These characteristics suggest 
that VOPc could be particularly advantageous for 
charge transport and resistive switching applications. 
Nevertheless, systematic studies on the temperature- 
and thickness-dependent electrical properties of VOPc 
thin films are scarce, and the fundamental conduction 
mechanisms governing these behaviors remain poorly 
understood [20—25]. Understanding these mechanisms 
is essential, as device performance in organic semi
conductors is strongly influenced by film morphology, 
layer thickness, and interfacial energy alignment. In 
particular, hole transport and mobility are decisive 
parameters for optimizing the performance of devices 
such as OLEDs, photodiodes, and memory cells 
[26—29]. While impedance spectroscopy (IS) has been 
established as a powerful non-invasive tool to probe 
charge transport, dielectric relaxation, and carrier dy
namics in organic semiconductors, its application to 
VOPc thin films in sandwiched device structures is still 
underexplored [30—34].

In this work, we systematically investigate the DC 
and AC electrical characteristics of VOPc thin films 
fabricated in an ITO/MoO3/VOPc/MoO3/Al layered 
structure. By varying the VOPc thickness from 50 to 
400 nm and analyzing temperature-dependent imped
ance responses, we provide new insights into the 
relaxation dynamics, conduction mechanisms, and 
mobility enhancement in these films. Our results reveal 
that hole transport in VOPc follows a space charge- 
limited current (SCLC) mechanism with an exponential 
trap distribution, and we demonstrate a remarkable 
increase in hole mobility with increasing film thickness 
and temperature.

The novelty of this study lies in (i) the first detailed 
impedance spectroscopy analysis of VOPc thin films 
across varying thicknesses and temperatures, (ii) the 
identification of a clear correlation between thickness 
and enhanced hole mobility, and (iii) the experimental 
confirmation of SCLC as the dominant conduction 
mechanism in these systems. These findings not only 
expand the fundamental understanding of charge 
transport in non-planar MPcs but also highlight the 
potential of VOPc thin films for future applications in 
organic electronic and memory devices.

2. Materials and methods

The materials in this study were carefully selected 
based on their functional roles in device fabrication, 
including hole injection, hole transport, electron 
transport, and electrode characteristics. VOPc, MoO3, 

and Al were used as received without further purifi
cation, while ZnO nanoparticles were synthesized in 
the laboratory.

2.1. Selection of transparent electrode

Glass substrates patterned with indium tin oxide 
(ITO) of 120 nm thickness and sheet resistance of 15 Ω
were used. The work function of ITO varies between 
4.4 and 4.9 eV depending on deposition and surface 
treatment. ITO functions as either an anode or a 
cathode within the device assembly, depending on the 
specific device configuration.

2.2. Hole injection material

MoO3 was used as the hole injection material, which 
was procured from Sigma Aldrich with a purity of 
99.98 % and was used for experimentation without 
any further purification. Its HOMO energy level, 
measuring 5.3 eV, matches nearly with the work 
function of both electrode materials, ITO and Al. En
ergy levels of both HOMO, LUMO, and work function of 
these materials are illustrated in the figure accompa
nying this description (Fig. 1).

2.3. Hole transport layer (VOPc)

Vanadyl phthalocyanine (VOPc) (Alfa Aesar) was 
used as the hole transport material because of its film- 
forming ability and favorable HOMO level (~5.4 eV). 
VoPc has been generally used in OLEDs and organic 
solar cells because of its favorable hole mobility value 
of 0.26 cm2/V-s.

Fig. 1. HOMO LUMO energy levels of materials used for the fabrication 
of the device.
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2.4. Cleaning of the ITO-coated glass substrate

Thoroughly cleaning the substrate is essential to 
ensure the proper functioning and reliability of the 
fabricated devices. Even a small amount of contamina
tion on the ITO surface can alter its work function or the 
barrier height between the organic layer and the ITO, 
leading to unstable and unpredictable optical properties. 
To prepare the substrate, pre-patterned ITO-coated 
substrates featuring four ITO stripes with a 2 mm gap 
between them were initially mechanically washed with a 
chlorine solution, followed by rinsing with distilled 
water. These substrates subsequently undergo sequen
tial ultrasonic cleaning in labolene, distilled water, 
acetone, and 2-propanol, with each step lasting approx
imately 20 min. After multiple ultrasonic rinses with 
distilled water, the substrates were dried with ultrapure 
nitrogen gas. Finally, the samples were degreased with 
acetone and vacuum dried at 100 ◦C for 10 min.

2.5. Electron transport material (ZnO NPs)

ZnO nanoparticles were synthesized via a green 
method using OM and GI plant extracts. Detailed pro
cedures are reported in our earlier work [35].

2.6. Metal electrode (Al)

An aluminum film (Alfa Aesar, 99.9 % purity) was 
deposited as the top electrode matching the re
quirements for its specific function within the 
assembly.

2.7. Fabrication of device structure

The fabrication process involves three distinct types 
of devices: hole-only devices (ITO/MoO3/VOPc/Al) to 
study hole transport, electron-only devices (ITO/ZnO/ 
Al) to probe electron transport, and p-n junctions 
(ITO/MoO3/VOPc/ZnO/Al) to study hybrid behavior. 
For hole-only devices, the aim was to investigate the 
hole transport properties within organic materials. 
These devices were assembled by placing a thin 
organic film between ITO and Al electrodes (Fig. 2). 
Additionally, to enhance the charge transport across 
the organic material, a thin layer facilitating hole in
jection was included in these structures. Further, 
electron-only devices have been specifically fabricated 
to study the electron transport properties of inorganic 
semiconductors. These devices also reveal the effect of 
changes in morphological structure and annealing 
temperature on the charge transport characteristics of 
these inorganic materials.

2.8. P-n junction

These devices comprise various layers, including 
inorganic and organic materials deposited on a glass 
substrate with a transparent electrode made of ITO, 
transmitting the penetration of visible light into the 
device. The device structure fabricated comprised mul
tiple layers: an electron transport layer (ETL)/acceptor, 
a hole transport layer (HTL)/donor, and a hole injection 
layer (HIL) or/and electron-blocking layer (EBL). A 
metal electrode was placed on top of the device 

Fig. 2. Schematic diagram of a hole-only device (a) and an electron-only device (b).

M. Ramanna et al. / Eurasian Journal of Physics and Functional Materials 9 (2025) 269—277 271



structure to serve as an anode to ensure continuity. This 
p-n junction set-up had MoO3 as the HIL, VOPc as the 
HTL/donor, and ZnO as the ETL/acceptor (Fig. 3).

2.9. Preparation of ZnO NPs and its characterization

In this paper, we have fabricated a device structure 
with a layered deposition on an ITO-assisted glass sub
strate, upon which ZnO Nanoparticles were used. ZnO 
structures used in this device fabrication were synthe
sized in-house in the previously published data, and 
the same material is used in present work. ZnO Nano
particles were synthesized via the green route method 
using OM and GI plant extract in aqueous media. The 
synthesized method of ZnO nanoparticles ensured a safe 
and green technique, which is eco-friendly and used in a 
wide variety of applications. A detailed synthesis pro
cedure for the same, with their characterization results, 
is discussed in the paper. The XRD plots reported the 

crystallite sizes of 12.76 nm for OM-ZnO and 14.11 nm 
for GI-ZnO and exhibited a wurtzite structure. SEM pic
tographs confirmed the presence of ZnO nanoparticles, 
which were accumulated at various points and showed 
significant agglomeration with irregular spherical 
shape. The FT-IR spectral analysis proved the confir
mation of Zn—O bond with a stretching at 480 cm-1 and 
confirmed the presence of different functional groups. 
UV-Vis Spectrophotometer revealed the peak absorp
tion at 371 nm.

2.10. MoO3 nanoparticles

In this paper, MoO3 nanoparticles were fabricated 
onto the device structure with a layered deposition 
upon ZnO layer. These MoO3 nanoparticles were pro
cured from Adnano Technologies Company, India, and 
used directly for experimentation without any further 
purification.

Fig. 3. Multi-layered deposition of various structures for device fabrication.
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3. Results and discussion

3.1. Structural properties of ZnO nanoparticles

XRD analysis confirmed that the synthesized ZnO 
nanoparticles exhibited a wurtzite hexagonal struc
ture. The average crystallite sizes were calculated to be 
12.76 nm (OM-ZnO) and 14.11 nm (GI-ZnO).

3.2. Energy level alignment of MoO3

The energy levels of MoO3 were found to lie within 
the range of 2.3—5.3 eV, which is consistent with 
literature values. The introduction of a thin MoO3 layer 
increased the effective work function of both ITO and 
Al electrodes, thereby improving hole injection into 
VOPc layers. This adjustment facilitates ohmic contact 
and reduces the injection barrier, which is critical for 
efficient charge carrier transport.

3.3. Impedance spectroscopy and electrical properties

Impedance spectroscopy (IS) was employed to study 
charge transport in the fabricated devices. The real 
and imaginary components of impedance revealed 
distinct relaxation features depending on film thick
ness and temperature. Cole—Cole plots showed that 
with increasing VOPc film thickness, there was a 
notable reduction in resistance and an enhancement in 
mobility, confirming improved charge transport 
pathways.

As the temperature increased, the peak frequency 
shifted toward higher values, indicating enhanced 
dielectric relaxation and thermally activated charge 
carrier mobility. A frequency-independent plateau was 
observed at low frequencies (<103 Hz), extending to 
higher frequencies with temperature, confirming a 
hopping conduction mechanism.

The conduction process was identified as space 
charge-limited current (SCLC) with an exponential trap 
distribution. Hole mobility increased significantly from 
8.25 × 10− 9 cm2V− 1s− 1 (50 nm) to 1.32 × 10− 6 

cm2V− 1s− 1 (400 nm). This mobility enhancement with 
both thickness and temperature was attributed to 
improved film morphology, reduced barrier height, 
and increased injection of thermally generated car
riers. A non-invasive technique to determine and 
probe the frequency-dependent behavior of charge 
transport in devices is by impedance spectroscopy (IS). 
It gives important information on various parameters, 
including semiconductor interface, defect density, 
mobility, charge injections, electrode quality, and other 
elements that affect charge transport. Impedance 
spectroscopy measurements were carried out to study 
the electrical characteristics of the fabricated devices, 

particularly their charge transport behavior and in
jection mechanisms, by varying their temperature and 
thickness. Impedance spectroscopy provides informa
tion about the conduction mechanism, taking into ac
count charge hopping conduction akin to dipole 
rotation.

The Z(f), i.e., complex impedance of the device, is 
given by 

Z(f)=R(f)+iX(f) (1)

where R(f) (or R) denotes resistance (the real part of 
the impedance) and X(f) (or X) indicates the capacitive 
reactance (the complex part of the impedance) (Fig. 4).

Upon analysis, the real and imaginary parts of the 
impedance frequency characteristics signify dominant 
patterns pertaining to different layer thicknesses at 
various temperatures. It is evident from the plot that 
the peak frequency increases with an increase in 
temperature. This increase is observed due to the 
decrease in parallel resistance of the device as the 
temperature increases, indicating an increase in 
dielectric relaxation. Consequently, conductivity in
creases as the temperature increases, and this change 
is directly attributed to thermally activated charge 
carrier mobility. As the temperature gradually in
creases, the release of the trapped charge carriers 
occurs, leading to an increase in free carrier density 
and, consequently, increased conductivity. It was 
found that alternating current (AC) conductance is 
directly proportional to temperature and frequency. In 
a spectrum of temperatures, there arises a frequency- 
independent zone for frequencies less than 103 Hz, 
named with the terminology “plateau”. This plateau 
extends into higher-frequency regions as the temper
ature is increased, indicating that the conduction 
mechanism is activated by temperature, which is 
evident in the increased conductance below 103 Hz. 
This nature coincides with the hopping mechanism 
influencing conductivity, particularly linked to the 
same processes with notable prolonged relaxation 
times.

The peak maximum decreases and moves toward 
lower frequencies as the temperature is increased, 
indicating an induction of thermal relaxation. Other 
notable influences of this behavior could be attributed 
to the charge hopping mobility, where at higher tem
peratures, defects or impurities are influenced pri
marily by relaxation, in relation to electron or 
immobile species predominating at lower tempera
tures. Changes in the relaxation peaks within the 
imaginary component specify temperature-dependent 
relaxation times. Moreover, the impedance tends to 
decrease with increasing frequency until approxi
mately 106 Hz, above which a stable impedance value 
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is achieved and becomes frequency-independent 
across a range of temperatures of study, which is 
consistent for both the imaginary and real impedance 
parts.

Examining the relationship between the real 
impedance and frequency across various temperatures 
reveals a decrease in impedance at lower frequencies 
as the temperature increases. However, at higher 
temperatures, the impedance begins to increase again. 
These differences are attributed to interactions be
tween charge carriers and trapping centers coupled 
with thermal excitation. This variability likely arises 
from the increased AC conductivity with increasing 
temperature, resulting in improved carrier mobility, 
thereby decreasing the trap density and enhancing the 
charge carrier density. Variations in MoO3 energy 
levels are influenced by surface state, material purity, 
thin film processing, and post-treatment techniques. 
Despite a notable discrepancy in the energy gap of 

approximately 3 eV, the current study designates en
ergy band values within the range of 2.3—5.3 eV, as 
depicted in Fig. 5. The introduction of a thin MoO3 
layer is known to enhance the work function of both 
ITO and Al electrodes, facilitating an ohmic connection 
between ITO and VOPc molecules.

Concerning the imaginary part of the impedance 
characteristics, with increasing frequency, X decreases 
consistently up to approximately 106 Hz, beyond 
which X values remain low and frequency independent 
across all investigated temperatures. This frequency- 
dependent conductivity is attributed primarily to 
the dominance of a hopping mechanism. Conductivity 
increases with an increase in frequency and is specif
ically associated with the electron hopping process, 
characterized by its significantly extensive relaxation 
time.

In Fig. 6, the mobility can be evaluated via the 
following formula: 

Fig. 4. Imaginary part of the impedance vs frequency plots for devices with (a) 50 nm, (b) 100 nm, (c) 200 nm and (d) 400 nm VOPc layers.
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μ=
qD
KBT

(2)

D=
L2

τd
(3)

Here, q denotes the electron charge, kB is the Boltz
mann constant, T indicates the absolute temperature, D 
is the diffusion coefficient, L denotes the thickness of 
the layer, and τd is the carrier transit time. As shown in 
Fig. 6, the results obtained from the plot of the mobility 
versus temperature display an increase in the mobility 
of the film with a tedious increase in the temperature, 
which specifies the efficiency of the device by 
increasing the electrical properties of the device.

3.4. Impedance analysis in frequency and complex plane

Figs. 4 and 5 illustrate the variation of imaginary 
(Zʺ) and real (Zʹ) parts of impedance as a function 
of frequency for devices with different VOPc layer 
thicknesses (50—400 nm) measured across the tem
perature range of 25—100 ◦C.

At lower frequencies, both Zʹ and Zʺ values are high, 
indicating strong electrode polarization and restricted 
charge carrier motion. As frequency increases, Zʹ and Zʺ 
gradually decrease, reflecting enhanced carrier dy
namics and reduced polarization effects. The 
reduction in impedance with rising temperature sug
gests thermally activated charge transport and a 
lowering of potential barriers at the interfaces. While 

Fig. 5. Real part of the impedance vs frequency plots for devices with (a) 50 nm, (b) 100 nm, (c) 200 nm and (d) 400 nm VOPc layers.
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frequency-dependent plots provide information on 
relaxation processes, further insight can be obtained by 
analyzing Zʺ as a function of Zʹ (Nyquist representation). 
In the complex impedance plane, semicircular arcs are 
typically observed, corresponding to bulk transport and 
interfacial phenomena. The diameter of these arcs de
creases with increasing temperature, confirming the 
decrease in bulk resistance and the enhancement of 
conductivity. The appearance (or absence) of depressed 
semicircles provides additional evidence for non-Debye 
type relaxation and hopping conduction mechanisms.

Such Nyquist analysis, when fitted with an appro
priate equivalent circuit model can yield quantitative 
parameters such as resistance, capacitance, and 
relaxation times, thereby deepening the understanding 
of conduction pathways and interface contributions in 
VOPc devices.

3.5. Temperature-dependent hole mobility

Fig. 6 shows the variation of mobility (μ) with tem
perature for the VOPc layer of 50 nm thickness. The 
extracted mobility corresponds to hole mobility (μh), 
since the studied configuration (ITO/MoO3/VOPc/Al) 
is a hole-only device where current conduction is 
dominated by injected holes.

The mobility was calculated from impedance spec
troscopy data using the SCLC model. The observed 
increase in μh with temperature indicates thermally 
activated transport typical of hopping conduction in 
disordered organic semiconductors. At lower temper
atures, trap states limit charge movement, leading to 
suppressed mobility. As the temperature rises, carriers 
gain sufficient thermal energy to overcome trap bar
riers, resulting in enhanced hopping probability and 
hence increased mobility.

Such thermally activated hole transport confirms the 
dominance of the SCLC mechanism with an exponen
tial trap distribution in VOPc thin films.

4. Conclusion

The particle size of ZnO nanoparticles was primarily 
estimated from XRD data using the Debye—Scherrer 
equation, which provided the crystallite size to be 
from 12 to 14 nm rather than the actual particle size. 
Although the exact particle size distribution was not 
obtained due to the absence of BET/zeta analysis, the 
crystallite size evolution trend aligns with the 
observed enhancement in device photo-response at an 
annealing temperature of 350 ◦C.

The films exhibited a polycrystalline nature with 
varying grain sizes and were subjected to detailed 
examination. In particular, hole-only devices utilizing 
VOPc as the active layer displayed notable chemical 
stability for up to 48 hours under ambient conditions, 
even without any protective encapsulation. When sol- 
gel spin-coated ZnO thin films prepared at different 
annealing temperatures were explored, it was 
observed that the nanoparticle size increased propor
tionally with increasing temperature. These nano
particles exhibited a wurtzite hexagonal structure and 
maintained high transparency to visible light. Hybrid 
photodiodes developed using VOPc films in conjunc
tion with ZnO nanoparticles revealed that devices 
utilizing ZnO films annealed at 350 ◦C exhibited su
perior photo-responses. This suggests the potential for 
organic-inorganic hybrid devices to function effectively 
as efficient photodiodes.
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