


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 �����
�
50 nm, �����
�
100 nm, �����
�
200 nm and �����
�
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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