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Fig. 4. Imaginary part of the impedance vs frequency plots for devices with

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 MoOs 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

50 nm, 100 nm, 200 nm and 400 nm VOPc layers.
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 10° 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:
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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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Here, q denotes the electron charge, kg is the Boltz-
mann constant, T indicates the absolute temperature, D
is the diffusion coefficient, L denotes the thickness of
the layer, and 7, 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
(ZM) and real (Z" 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 Z' and Z" values are high,
indicating strong electrode polarization and restricted
charge carrier motion. As frequency increases, Z' and Z"
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
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Fig. 6. Plot of mobility versus temperature for a film thickness of 50
nm.

frequency-dependent plots provide information on
relaxation processes, further insight can be obtained by
analyzing Z" as a function of Z' (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 (n) with tem-
perature for the VOPc layer of 50 nm thickness. The
extracted mobility corresponds to hole mobility (ph),
since the studied configuration (ITO/Mo0O3/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 ph 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.

Data availability

No data were generated or analyzed during this
study.
Consent for publication

All authors agree to publication.

Funding

We haven't received funding from any agency.
Conflict of interest

The authors declare that there are no conflicts of
interest.
Acknowledgments

The authors sincerely thank ATME College of Engi-
neering, Mysuru, for their support.



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

References

(1]

(2]

(3]

(4]

(5]

(6]

(71
(8]

(9]

(10]

[11]

[12]

(13]

(14]

[15]

[16]

[17]

(18]

G. Williams, S. Sutty, R. Klenkler, H. Aziz, Renewed interest in
metal phthalocyanine donors for small molecule organic solar
cells, Sol. Energy Mater. Sol. Cells 124 (2014) 217-226,
https://doi.org/10.1016/j.solmat.2014.02.013.

P.-C. Kao, S.-Y. Chu, Z.-X. You, S.J. Liou, C.-A. Chuang, Improved
efficiency of organic light-emitting diodes using CoPc buffer
layer, Thin Solid Films 498 (2006) 249—253, https://doi.org/
10.1016/j.ts£.2005.07.120.

0.A. Melville, T.M. Grant, B.H. Lessard, Silicon phthalocyanines
as N-type semiconductors in organic thin film transistors, J.
Mater. Chem. C 6 (2018) 5482—5488, https://doi.org/10.1039/
C8TC01116H.

H. Wang, D. Song, J. Yang, B. Yu, Y. Geng, D. Yan, High mobility
vanadyl-phthalocyanine polycrystalline films for organic field-
effect transistors, Appl. Phys. Lett. 90 (2007) 253510, https://
doi.org/10.1063/1.2751103.

N.A. Azarova, ].W. Owen, C.A. McLellan, M.A. Grimminger, E.K.
Chapman, J.E. Anthony, 0.D. Jurchescu, Fabrication of organic
thin-film transistors by spray-deposition for low-cost, large-
area electronics, Org. Electron. 11 (2010) 1960—1965.

S.R. Forrest, The path to ubiquitous and low-cost
organic electronic appliances on plastic, Nature 428 (2004)
911-918.

AN. Sokolov, M.E. Roberts, Z. Bao, Fabrication of low-cost
electronic biosensors, Mater. Today 12 (2009) 12—20.
Y.-H.Kim, ].E. Anthony, S.K. Park, Polymer blended small molecule
organic field effect transistors with improved device-to-device
uniformity and operational stability, Org. Electron. 13 (2012)
1152—1157, https://doi.org/10.1016/j.orgel.2012.03.016.

K. Lian, R. Li, H. Wang, ]. Zhang, D. Gamota, Printed flexible
memory devices using copper phthalocyanine, Mater. Sci. Eng. B
167 (2010) 12—16, https://doi.org/10.1016/j.mseb.2010.01.020.
X. Guo, J. Liu, L. Cao, Q. Liang, S. Lei, Nonvolatile memory device
based on copper polyphthalocyanine thin films, ACS Omega 4
(2019) 10419-10423, https://doi.org/10.1021/acsomega.
9b01224.

S. Gao, X. Yi, J. Shang, G. Liu, R-W. Li, Organic and hybrid
resistive switching materials and devices, Chem. Soc. Rev. 48
(2019) 1531—1565, https://doi.org/10.1039/C8CS00614H.

Y. Sun, D. Wen, X. Bai, Nonvolatile ternary resistive switching
memory devices based on the polymer composites containing
zinc oxide nanoparticles, Phys. Chem. Chem. Phys. 20 (2018)
5771-5779, https://doi.org/10.1039/C7CP07887K.

Y. Shan, Z. Lyu, X. Guan, A. Younis, G. Yuan, J. Wang, S. Li, T. Wu,
Solutionprocessed resistive switching memory devices based
on hybrid organic—inorganic materials and composites, Phys.
Chem. Chem. Phys. 20 (2018) 23837—23846, https://doi.org/
10.1039/C8CP03945C.

N. Raeis-Hosseini, J.-S. Lee, Resistive switching memory using
biomaterials, J. Electroceram. 39 (2017) 223—238, https://doi.
org/10.1007/s10832-017-0104-z.

C. Wang, P. Gu, B. Hu, Q. Zhang, Recent progress in organic
resistance memory with small molecules and inorganic—organic
hybrid polymers as active elements, J. Mater. Chem. C 3 (2015)
10055—10065, https://doi.org/10.1039/C5TCO2080H.

S. Kim, S. Choi, W. Lu, Comprehensive physical model of dy-
namic resistive switching in an oxide memristor, ACS Nano 8
(2014) 2369—2376, https://doi.org/10.1021/nn405827t.

D.S. Jeong, R. Thomas, R.S. Katiyar, J.F. Scott, H. Kohlstedt, A.
Petraru, C.S. Hwang, Emerging memories: resistive switching
mechanisms and current status, Rep. Prog. Phys. 75 (2012)
076502, https://doi.org/10.1088/0034-4885/75/7/076502.
T. Harada, 1. Ohkubo, K. Tsubouchi, H. Kumigashira, T. Ohnishi,
M. Lippmaa, Y. Matsumoto, H. Koinuma, M. Oshima, Trap-
controlled space-charge-limited current mechanism in resis-
tance switching at Al/Pr0.7Ca0.3MnO3 interface, Appl. Phys.
Lett. 92 (2008) 222113, https://doi.org/10.1063/1.2938049.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

277

Y. Yang, W. Lu, Nanoscale resistive switching devices: mecha-
nisms and modeling, Nanoscale 5 (2013) 10076—10092,
https://doi.org/10.1039/C3NR03472K.

S. Baranovski, Charge Transport in Disordered Solids with
Applications in Electronics, John Wiley & Sons, 2006.

Y. Xiao, L. Zhang, F. Peng, G.-B. Pan, Fabrication of a cobalt
phthalocyanine freestanding film on an ionic liquid surface for
memory device applications, RSC Adv. 8 (2018) 5344—5349,
https://doi.org/10.1039/C7RA12953].

Z. Khozaee, L. Sosa-Vargas, A.N. Cammidge, M.]. Cook, A.K. Ray,
Hybrid phthalocyanine/lead sulphide nanocomposite for
bistable memory switches, Mater. Res. Express 2 (2015)
096305, https://doi.org/10.1088/2053-1591/2/9/096305.

Q. Meng, X. He, Q. Mao, Y. Weng, ]. Yang, D. Yan, H. Zhao, Fila-
mentary resistance switching in phthalocyanine thin films
observed by electroluminescence, Appl. Phys. Lett. 106 (2015)
173302, https://doi.org/10.1063/1.4919648.

B. Mukherjee, Resistive switching and nonvolatile memory in
Ti02/CuPc nanocomposite devices, J. Electron. Mater. 48 (2019)
2131—-2136, https://doi.org/10.1007/s11664-018-06891-z.

K. Onlaor, B. Tunhoo, P. Keeratithiwakorn, T. Thiwawong, J.
Nukeaw, Electrical bistable properties of copper phthalocya-
nine at different deposition rates, Solid State Electron. 72
(2012) 60—66, https://doi.org/10.1016/j.sse.2012.01.003.

S. Choi, S.-H. Hong, S.H. Cho, S. Park, S.-M. Park, 0. Kim, M. Ree,
High-performance programmable memory devices based on
hyperbranched copper phthalocyanine polymer thin films, Adv.
Mater. 20 (2008) 1766—1771, https://doi.org/10.1002/adma.
200702147.

Y. Pan, X. Liao, Y. Wu, L. Chen, You-yuan Zhao, Y. Shen, F. Li, S. Shen,
D. Huang, Steady-state photovoltaic and electroreflective spectra
in Al/vanadyl phthalocyanine (VOPc, in phase II)/indium—tin—
oxide (ITO) sandwich cell, Thin Solid Films 324 (1998) 209—213,
https://doi.org/10.1016/S0040-6090(98)00357-5.

M.R. Kiran, H. Ulla, M.N. Satyanarayan, G. Umesh, Optoelec-
tronic properties of hybrid diodes based on vanadyl-phthalo-
cyanine and zinc oxide, Superlattices Microstruct 112 (2017)
654—664, https://doi.org/10.1016/j.spmi.2017.10.023.

M.R. Kiran, H. Ulla, M.N. Satyanarayan, G. Umesh, Effect of
deposition rate on the charge transport in vanadyl-phthalocy-
anine thin films, Synth. Met. 224 (2017) 63—71, https://doi.
org/10.1016/j.synthmet.2016.12.025.

M. Raveendra Kiran, H. Ulla, M.N. Satyanarayan, G. Umesh, Op-
toelectronic properties of hybrid diodes based on vanadyl-
phthalocyanine and zinc oxide nanorods thin films, Opt. Mater. 96
(2019) 109348, https://doi.org/10.1016/j.optmat.2019.109348.
N.T. Boileau, R. Cranston, B. Mirka, O.A. Melville, B.H. Lessard,
Metal phthalocyanine organic thin-film transistors: changes in
electrical performance and stability in response to temperature
and environment, RSC Adv. 9 (2019) 21478—21485, https://
doi.org/10.1039/C9RA03648B.

B. Ebenhoch, N.B.A. Prasetya, V.M. Rotello, G. Cooke, [.D.W.
Samuel, Solution processed boron sub phthalocyanine de-
rivatives as acceptors for organic bulk-heterojunction solar
cells, J. Mater. Chem. A 3 (2015) 7345—7352, https://doi.org/
10.1039/C5TA00715A.

H. Chan, H.-L. Wong, M. Ng, C.-T. Poon, V.W.-W. Yam, Switching
of resistive memory behavior from binary to ternary logic via
alteration of substituent positioning on the subphthalocyanine
core, J. Am. Chem. Soc. 139 (2017) 7256—7263, https://doi.
org/10.1021/jacs.7b00895.

Novel thermally stable single-component organic-memory cell
based on oxo-titanium phthalocyanine material, IEEE Electron
Device Lett. 30 (2009) 931—933, https://doi.org/10.1109/
LED.2009.2025893.

G. Halligudra, J. LS.K, V. K, et al, Antibacterial and Anti-
proliferative effect of ZnO nanoparticles prepared using orig-
anum marjorana plant and Garcinia indica Fruit extracts, ]
Inorg Organomet Polym 35 (2025) 1073—1083, https://doi.
org/10.1007/s10904-024-03349-0.



