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Abstract: Herein, we report thin films’ characterizations and photovoltaic properties of an organic
semiconductor zinc phthalocyanine (ZnPc). To study the former, a 100 nm thick film of ZnPc
is thermally deposited on quartz glass by using vacuum thermal evaporator at 1.5 × 10−6 mbar.
Surface features of the ZnPc film are studied by using scanning electron microscope (SEM) with
in situ energy dispersive x-ray spectroscopy (EDS) analysis and atomic force microscope (AFM)
which reveal uniform film growth, grain sizes and shapes with slight random distribution of
the grains. Ultraviolet-visible (UV-vis) and Fourier Transform Infrared (FTIR) spectroscopies are
carried out of the ZnPc thin films to measure its optical bandgap (1.55 eV and 3.08 eV) as well as
to study chemical composition and bond-dynamics. To explore photovoltaic properties of ZnPc,
an Ag/ZnPc/PEDOT:PSS/ITO cell is fabricated by spin coating a 20 nm thick film of hole transport layer
(HTL)—poly-(3,4-ethylenedioxythiophene) poly(styrene sulfonic acid) (PEDOT:PSS)—on indium tin
oxide (ITO) substrate followed by thermal evaporation of a 100 nm layer of ZnPc and 50 nm silver
(Ag) electrode. Current-voltage (I-V) properties of the fabricated device are measured in dark as
well as under illumination at standard testing conditions (STC), i.e., 300 K, 100 mW/cm2 and 1.5 AM
global by using solar simulator. The key device parameters such as ideality factor (n), barrier height
(φb), junction/interfacial resistance (Rs) and forward current rectification of the device are measured
in the dark which exhibit the formation of depletion region. The Ag/ZnPc/PEDOT:PSS/ITO device
demonstrates good photovoltaic characteristics by offering 0.48 fill factor (FF) and 1.28 ± 0.05% power
conversion efficiency (PCE), η.

Keywords: zinc phthalocyanine (ZnPc); photovoltaic properties; organic solar cell; thin film
characterization; optical bandgap; current-voltage (I-V) properties
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1. Introduction

Recently, application of organic semiconductors in photovoltaic devices has acquired new impetus
due to the growing interest in solar energy conversion. Organic semiconductors bear potential for
technologies suitable for large scale power generation with minimal environmental effects and unlimited
availability. In contrast to their inorganic counterparts, organic semiconductors offer low material and
fabrication costs with high power conversion efficiency that can possibly outcast existing inorganic
solar-cell technologies. Amongst a plethora of organic compounds, phthalocyanines (Pcs) possess
variety of salient features such as planarity, symmetry and electron delocalization [1] that make them a
perfect choice to be employed in numerous optoelectronic applications: solar cells [2–4], light-emitting
diodes [5,6], sensors [7–12], etc. Pcs have been extensively employed in Schottky diodes [13–16] and
multilayered solar cells [17,18] due to their promising photoconductive and photovoltaic responses [4].

Amidst many metal-phthalocyanines (MPcs), copper phthalocyanine (CuPc) has been widely
studied as a potential material for solar cells due to its better photovoltaic and photoconductive
properties [19,20]. The efficiency of CuPc-based devices was improved by varying thickness of the
active layer [21], device structure and top electrodes [22,23]. From the previous studies, it is observed
that small molecular weight organic semiconductors have exhibited relatively good photovoltaic
performance. However, the potential of zinc phthalocyanine (ZnPc) as an active material for the
fabrication of organic solar cells still needs to be explored by optimizing the device structure and
adding some materials as hole transport layers (HTL) to enhance its power conversion efficiency
(PCE). ZnPc is a deep bluish-green colored organic dye which is a p-type organic semiconductor that
demonstrates comparatively better thermal, chemical and mechanical stabilities [24]. ZnPc exhibits
π-conjugated structure and acts as a hole conducting material that works as electron donor [25].
Furthermore, it has served as a promising candidate in many electronic and optoelectronic devices [26].
ZnPc is a promising candidate for photovoltaic applications [27,28], owing to the fact that it can
be easily synthesized, has broad absorption spectrum in the visible region and is non-toxic to the
environment [29]. It manifests structural self-organization characteristics, which is reflected in an
efficient energy migration in the form of extinction transport [30].

Studying Schottky barrier cell makes it a good start to evaluate the performance of a single layer
solar cell. Owing to metal-organic semiconductor contact, Schottky barrier solar cells have been
investigated using vanadyl phthalocyanine (VOPcPhO) [3] and copper phthalocyanine [4,31]. The
PCEs reported for organic Schottky solar cells employing CuPc, iron phthalocyanine (FePc), cobalt
phthalocyanine (CoPc) and VOPcPhO are 0.001%, 0.00006%, 0.00013% and 0.00108%, respectively [1,3].
Loutfy and his co-workers reported the highest PCE of 1.2% for a Schottky barrier organic solar cell
fabricated with an active layer of metal-free phthalocyanine [32]. Even though several studies have
been conducted on ZnPc, according to our literature survey, ZnPc has not been formerly investigated
as a single-junction solar cell.

Herein, an investigation is reported on the photovoltaic properties of ZnPc-based device, in which
the active layer of ZnPc is sandwiched between Ag and PEDOT:PSS/ITO electrodes to fabricate
Ag/ZnPc/PEDOT:PSS/ITO solar cell where PEDOT:PSS acts as HTL. One of key purposes of this work
is to recognize the photovoltaic properties of ZnPc as an active material for its potential applications in
solar cells for energy harvesting. The structural, morphological and optical properties of thermally
evaporated ZnPc thin films are also studied.

2. Experimental Work

2.1. Materials and Device Fabrication

ZnPc and PEDOT:PSS were purchased from ACROS and Sigma Aldrich, respectively. The
chemical structures of ZnPc and PEDOT:PSS are shown in Figure 1a,b, respectively. ITO coated glass
and quartz glass were used as substrates. To remove contamination, the substrates were cleaned in
acetone for 10 min followed by a further 10 min cleaning in iso-propanol using ultrasonic bath (Elma
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Ultrasonic Cleaner S30H). A 20 nm layer of PEDOT:PSS was spin-coated ITO substrate at 2000 rpm
for 30 s by using spin coater (EZ4- Spin Coater). The grown thin film of PEDOT:PSS was annealed at
70 ◦C for 4 h using hot plate (Stuart-US152 Hot Stirrer). A 100 nm thick layer of ZnPc was deposited
on PEDOT:PSS/ITO by using thermal evaporator (Edward Auto-306) at high vacuum ≈1.5 × 10−6

mbar. The deposition rate of ZnPc film was 0.2–0.3 nm/s, which was observed by quartz crystal
thickness monitor (Edwards FTM5). Finally, Ag ~50 nm was thermally deposited as top contact to form
Ag/ZnPc/PEDOT:PSS/ITO device. The fabricated device structure is presented in Figure 1c. The energy
levels of the materials used in the fabrication of device are illustrated in Figure 1d. The HOMO and
LUMO energy levels of ZnPc reported in the literature are 5.2 and 3.4 eV, respectively [33]. The external
quantum efficiency (EQE) of the Ag/ZnPc/PEDOT:PSS/ITO device was measured within broad-range
from 300 to 800 nm wavelengths using an EQE system Optronic Laboratories.
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Figure 1. (a) Molecular structure of ZnPc; (b) molecular structure of PEDOT:PSS; (c) ZnPc based solar
cell architecture; (d) energy band diagram of ITO/PEDOT:PSS/ZnPc/Ag solar cell.

2.2. Material and Device Characterization

The surface morphology of ZnPc thin films were obtained by atomic force microscope (AFM)
s-contact mode and scanning electron microscopy (SEM) using JEOL JSM-5910 (120kV), respectively. The
structural properties were investigated by BRUKER D8-ADVANCE X-ray diffraction setup. The UV-vis
and Fourier transformed infrared (FTIR) spectroscopic investigations were carried out by Perkin-Elmer
UV-Vis Spectrophotometer Lambda-25 and Perkin-Elmer Frontier IR/NIR system, respectively.

Photovoltaic properties of the device were measured by current-voltage (I-V) characteristics by
using Keithley source measuring unit (SMU-236) under illumination and in dark. For measuring
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photocurrent response, a Xenon arc lamp of output power (100 mW/cm2) was used as a light source.
All the measurements were carried out in ambient conditions at a room temperature (300 K).

3. Results and Discussion

3.1. Material Characterization

SEM micrographs of ZnPc thin film are shown in Figure 2a,b at low and high resolution, respectively.
It can be clearly seen from Figure 2 that the film contains grains which have granular nature and
are oriented arbitrarily with ordinary distribution of grain concentration. Such morphology might
occur due to non-uniform and comparatively high growth rate inside the thermal evaporation. The
non-uniform surface is responsible for traps and interfacial states, which result in localization of charge
carriers. Figure 2c shows EDS analysis of ZnPc film that reveals some traces of silicon (Si), carbon (C),
oxygen (O) and zinc (Zn) in the film, which verifies the composition of ZnPc. However, the presence of
Si in EDS is due to the quartz substrate. Table 1 presents EDS details of ZnPc.
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Table 1. EDS details of ZnPc.

Element C K O K Si K Zn K Total

Weight % 24.77 39.21 35.73 0.29 100
Atomic % 35.63 42.33 21.97 0.08

The surface morphology ZnPc thin film is examined by atomic force microscope (AFM). The AFM
was operated in non-contact mode in order to avoid damage to the film surface. Figure 3 presents 3-D
AFM micrograph of ZnPc thin film. The average surface roughness (Ra) of the film is 15.48 nm which
represents slightly rough and non-uniform surface. The surface of ZnPc thin film indicates formation
of localized islands and mosaics which result in traps for charge carriers and more localized states.
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Figure 3. 3-D AFM image of ZnPc thin film.

Figure 4a presents optical absorption spectra of ZnPc thin film. The spectra show two sharp
absorption peaks; one at 335 ± 5 nm (at high-energy B-band) and the other starting at 630 ± 5 nm
in the visible region (at low-energy Q-band), which spreads further into near infrared region. There
appears a small shoulder near the peak at 700 ± 5 nm. Both of these transitions occur due to π–π*
transitions in the visible spectral region while the lowest allowed n–π* transition may occur in B-band.
Usually, ZnPc does not exhibit metal to ligand and/or ligand to metal transitions because of its fully
filled Zn+2 d10 electronic configurations that result in a simplified spectrum relative to other MPcs. In
Figure 4a, the B-band known as γ-band or Soret-band—as in porphyrins—has the maximum intensity
at 330–340 nm for ZnPc., whereas the Q band that is equivalent to α-band in porphyrins has split into
two bands, Q1 and Q2, due to Davydov splitting which is attributed to excitons coupling between
two nonequivalent molecules in a unit cell. The Q1 (at 625–635 nm) and Q2 (at 695–705 nm) bands are
known as the Q–band of a monomer and dimer or higher aggregates, respectively. On the basis of
Davydov model, a blue-shift of the Q-band occurred when a co-facial alignment takes place between
two or more than two molecules while a red-shift of the Q-band is observed in case of coplanar dimers
and/or stripes when a strong coupling between electronic states occurs. Herein, the spectrum obtained
for ZnPc are in line with previously reported literature [30] where peaks are observed at 350, 630 and
690 nm [34].
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Tauc’s plot has been used for the calculation of energy bandgap of ZnPc according to the following
equation:

αE = (E− Eg)
m (1)

where α is the absorption coefficient and can be calculated as

A = − ln
(

I
I0

)
⇒ A = αd (2)

where ‘E’ shows photon energy, Eg represents bandgap energy, d indicates thickness of the film and ‘m’
is transition constant (m equals 1/2 for direct and 2 for indirect transition) [35]. The direct permitted
transition model is used to calculate the optical bandgap. Therefore, (αE)2 is plotted against E, as shown
in Figure 4b. The values of Eg were extracted by extrapolating linear portion of (αE)2 versus E to zero
and were found to be 1.55 and 3.08 eV. The obtained values of optical bandgaps are in agreement with
those estimated elsewhere [30,34].

X-ray diffraction (XRD) pattern of ZnPc thin film is shown in Figure 4c. The film in as deposited
condition in the current research work was recognized to be in amorphous phase. However, the
crystal or amorphous nature of ZnPc depends upon (1) temperature at which the film is deposited
and (2) annealing temperature that converts its structure into crystalline β-form. Increasing annealing
temperature increases volume fraction of β-form [34]. The films of ZnPc that are deposited at substrate
temperature (Ts = 303K) are found amorphous, and those deposited at higher substrate temperature (Ts

= 373K) are found to be polycrystalline in nature [30]. There is a clear Bragg peak located at 2θ = 11.4◦

that evidently exhibits that the thin film of ZnPc might possess some small crystallites [36]. Herein, the
XRD spectrum with significant line broadening at 2θ = 18 − 32◦ indicates the presence of the growth
of smaller crystallites. Not any other irrelevant Bragg reflection corresponding to other impurities is
observed, which confirms that ZnPc are phase pure [37]. The broad peak centered at 2θ = 21◦ may
also be attributed to some of the smaller crystallites of ZnPc laying parallel to the plane of substrate
surface and their stacking axes being inclined to it [38]. The XRD investigations demonstrate that the
as-deposited ZnPc film grown at lower temperature is amorphous in nature. The film is identified to
be mainly amorphous in nature with a halo around of 2θ = 21◦ [34].

The FTIR absorption technique has been employed to confirm chemical composition and bond
dynamics of ZnPc as well as existence of polymorphs. The FTIR transmission spectra of ZnPc thin film
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(as deposited) is shown in Figure 4d. The observed bands/energies and their assignments are presented
in Table 2. The ZnPc is characterized by various in-plane C-H bend modes, which are located at 751,
1057, 1084, 1116, 1165 and 1285 cm−1. The peaks at 721 and 886 cm−1 correspond to out-of-plane C-H
bend modes. The bands associated with 1329 and 1408 cm−1 verify in-plane pyrrole and isoindole
stretch, respectively. The C-C Benzene stretch is associated with the peaks observed at 1484, 1522,
1606 cm−1. The peaks witnessed at 1722 cm−1 identify C-H stretch. The observed bands confirm the
chemical structure of ZnPc which is line with literature reported elsewhere [39,40].

Table 2. Assignments of the Main FTIR Bands for ZnPc thin film.

Peaks (cm−1) Assignment

721 Out-of-Plane C-H Bend
751 In-Plane C-H Bend
886 Out-of-Plane C-H Bend
1057 In-Plane C-H Bend
1084 In-Plane C-H Bend
1116 In-Plane C-H Bend
1165 In-Plane C-H Bend
1285 In-Plane C-H Bend
1329 In-Plane Pyrrole Stretch
1408 Isoindole Stretch
1484 C-C Benzene Stretch
1522 C-C Benzene Stretch
1606 C-C Benzene Stretch
1722 C-H Stretch

3.2. Current-Voltage (I-V) Characteristics

The performance of a photovoltaic device is best illustrated by the current-voltage (I-V)
characteristics. The dark I-V curves provide information on the forward rectifying diode behavior,
the cell shunt and series resistances. However, the photo I-V characteristics give insight into the
photovoltaic properties of the device.

3.2.1. Dark I-V Characteristics

Figure 5a presents I-V characteristics of Ag/ZnPc/PEDOT:PSS/ITO solar cell in dark obtained at
room temperature. The I-V curves provide information about device parameters, i.e., rectification
ratio (RR), reverse saturated current (Io), ideality factor (n), series (Rs) and shunt (Rsh) resistances,
barrier height (φb), etc. The asymmetrical I-V characteristics exhibit rectifying behavior that verifies
formation of non-ohmic junction. The rectification ratio (RR) of the junction is extracted from I-V graph
which is found as 146 at ± 1 V. Whereas, the turn on voltage (Vturn on) is observed as 0.54 V. In the
forward region, exponential behavior of I-V curves depends on the properties of organic active layer.
In exponential region, slope of I-V characteristics relies on two parameters, ideality factor (n) and
reverse saturation current (I0). The information about recombination process, in the cell and interfaces,
can be obtained from ideality factor [41]. However, saturation current provides density of charge
carriers that rise above the barrier in reverse [42,43]. An ideal device has ideality factor closed to unity
whereas saturation current in pico-scale.
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Figure 5b shows semi-log I-V characteristics, which are used to determine ideality factor,
barrier height and reverse saturation current. These parameters, in fact, evaluate the properties
of interface between ITO and ZnPc heterojunction. Generally, it is considered that the forward current
follows thermionic emission when a metal is brought in contact with a semiconductor. Thus, a modified
Shockley equation is given as below:

I = I0

[
exp

(
q(V − IRs)

nkT

)
− 1

]
(3)

In the given equation, V represents voltage across the junction, q is a magnitude of charge, n shows
quality factor of the diode, k is Boltzmann’s constant, Io is reverse saturation or leakage current and T
is temperature in Kelvin. The value of Io is obtained from the intercept of straight line at zero voltage
of ln I-V graph and is given as follows [44]:

I0 = AA∗T2exp
(
−qφb

kT

)
(4)

where A represents the diode effective area (~0.09 cm2), A* is Richardson constant which is 1.3 × 105

Acm−2K−2 for ZnPc [45,46] and φb denotes apparent barrier height. The equation for ideality or quality
factor n is written as:

n =
q

kT
dV

d(ln I)
(5)

The barrier height is obtained by rearranging Equation (4) as follows:

ϕb =
kT
q

ln
(

AA∗T2

I0

)
(6)

From ln(I)-V characteristics of Figure 5b and using Equations (4) to (6), the values of φb, n, and
Io are calculated as 0.92 eV, 3.8 and 5.5 × 10−7A, respectively. As a matter of fact, the ideality factor
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should be close to unity. However, in the present case, the ideality factor is deviated from the ideal
value. Since the value obtained is greater than 2, it can be conjectured that the prevalent current in
single-layer photovoltaic devices is due to recombination [47].

The performance of PV cell can be enhanced by high shunt (Rsh) and low series (Rs) resistances.
Shunt resistance Rsh points to recombination of charge carrier that occurs in dissociation site, i.e., interface
region of donor and acceptor materials. However, series resistance Rs affects the conductivity,
i.e., hole mobility of donor (p-type) and electron mobility of acceptor (n-type) materials. The Rsh and
Rs are determined from the graph of the junction resistance (Rj) versus voltage (V) shown in Figure 5c.
The values obtained for Rsh and Rs are 28 KΩ and 240 Ω, respectively.

To realize the nature of conduction mechanism through the heterojunction, the log I versus log V
curve is plotted as shown in Figure 5d. This graph is governed by Child’s or Power law, i.e., (I ≈ Vm)
that indicates different conduction mechanisms for different values of m. When m = 1, Child’s law
becomes I ≈ V, which is actually Ohm’s law where current is directly proportional to voltage. If m = 2,
the relation becomes I ≈ V2, which represents space charge limiting current (SCLC) region which
actually takes place in the depletion region of heterojunction and p-n junction devices. The higher
values of m represent trap charge region and trapped filled region, which occur due to shallow and deep
traps in the film. The dominant conduction mechanism in ZnPc/ITO device is the SCLC mechanism.

The plot of log I vs. log V in Figure 5d exhibits three distinct regions with slope equal to 2 in the
first and third regions and 4.36 in the second region. The regions having slope almost equal to 2 show
that the SCLC is the dominant conduction mechanism in regions I and III, which is controlled by a
single trap level. The current density in these regions can be expressed as follows:

JSCLC =
9ε0εrµV2

8d3 (7)

where ε0 = 8.85 free space and εr = 3.4 is the relative permittivity of ZnPc [48,49], µ is the hole mobility,
V is the applied voltage and d (=100 nm) is the thickness of the film. The slope greater than 2 in region II
of Figure 5d demonstrates that the dominant transport mechanism in this region is trap-charge-limited
current (TCLC) with exponential distribution of traps. In the presence of traps, the current density can
be expressed as [50]:

JTCLC =
9ε0εrθµV2

8d3 (8)

where θ is a trapping factor.

3.2.2. Photo I-V Characteristics

The performance of a solar cell can be investigated by its current density–voltage (J-V)
characteristics in dark and under illumination. In order to demonstrate the potential application of
ZnPc in organic solar cells, the current density–voltage (J-V) characteristics were evaluated under
standard testing conditions (STC), i.e., 1.5 AM global, solar illumination at 100 mWcm−2 and 300 K.
The J-V curves of illuminated Ag/ZnPc/PEDOT:PSS/ITO solar cell are shown in Figure 6. The graph
clearly shows that the amount of current through the device under light is greater than that of obtained
in the dark, which demonstrates that excess electron-hole pairs are produced due to the absorption of
photons leading to generation of photocurrent.
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The performance parameters for the solar cell have been extracted according to the expressions
given below. The Fill Factor (FF) and Pmax were calculated by the following equations:

FF =
JmaxVmax

JSCVOC

(9)

and
Pmax =

(
JSCVOC

)
× FF (10)

The PCE “η” is an important parameter of a solar device, which is defined as the ratio of maximum
output power Pmax and incident light power Plight, which is given by:

η =
Pmax

Plight
× 100% (11)

The short circuit current density (JSC) and open circuit voltage (VOC) for the ZnPc Schottky solar
cell were measured as 5.01 × 10−3 A/cm2 and 0.55 V, respectively. The FF was obtained as 0.48. The
PCE of the Ag/ZnPc/PEDOT:PSS/ITO solar cell is found to be 1.28 ± 0.05%. The photocurrent in the
active layer can be ascribed mainly to the charge carrier transport to the external electrodes without
recombination [51].

The increase in the efficiency is obviously due to the enhancement of VOC and FF values. The
increase in the VOC is attributed to the increased absorption of light in the bulk of the ZnPc layer.
Hence, more excitons are created which find their dissociation sites at the interface of ZnPc silver
(Ag) electrode [31]. There may be several reasons for improved short circuit current density of
the ZnPc Schottky solar cell: (1) reduced charge recombination in the active layer; (2) increased
interface surface area, which gives rise to enhanced carrier transport [52]. Various parameters of
Ag/ZnPc/PEDOT:PSS/ITO solar cell are compared with the previously reported phthalocyanines-based
solar cells and are presented in Table 3, which depicts an evident enhancement in the PCE of ZnPc
Schottky solar cell.

Table 3. Comparison of device parameters of ZnPc Schottky solar cell with previously fabricated single
layer solar cells.

Phthalocyanine Film RR VOC (V) JSC (mA/cm2) (FF) PCE (%) Reference

VOPcPhO 3.12 0.621 5.26 × 10−3 0.33 1.08 × 10−3 [3]
CuPc 0.7 9 × 10−3 0.31 1.93 × 10−3 [31]
ZnPc 146 0.55 5.01 0.48 1.28 ± 0.05 Present work
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Another important parameter while studying solar cells is the external quantum efficiency (EQE)
that is a characteristic of photovoltaic device, demonstrating the number of electron-hole pairs collected
at the electrodes to number of incident photons absorbed by the device, measured at 0 V. EQE measured
with illumination of monochromatic light of wavelength λ, is expressed as:

EQE(λ) =
Isc(λ)hc

qλPλ
(12)

where Isc(λ) is the short-circuit current, h is Planck’s constant, c is the speed of light, q the electron
charge and P(λ) is the power of incident light.

Figure 7 shows the EQE spectrum of ZnPc/PEDOT:PSS device. The peak values in EQE curve
at 420 nm and the peak of the neck at 610 nm correspond to ZnPc absorptions. At the highest peak
(420 nm), the value of EQE is approximately 3.01%. Apart from the materials’ characteristics, EQE is
also influenced by several other factors, such as light absorption, exciton diffusion, exciton dissociation,
charge carrier transport, etc.Energies 2020, 13, x 11 of 14 
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4. Conclusions

The photovoltaic characteristics of ZnPc are explored for its possible applications as a solar cell
active organic material. The I-V properties of Ag/ZnPc/PEDOT:PSS/ITO device are studied in both
dark and STC conditions for solar cells to investigate the photovoltaic PCE. In dark conditions, the
device exhibited asymmetrical and rectifying I-V curves, which actually confirmed the formation of
non-ohmic interface between ITO/PEDOT:PSS and ZnPc. The quality of the junction was quantified
by the values of n, φb and Rs, which are measured as 3.2, 0.92 eV and 0.24 kΩ, respectively. The
fabricated device demonstrated better photovoltaic behavior at STC conditions with the values of
FF and η around of 0.48 and 1.28 ± 0.05%, respectively. The morphological study of ZnPc thin film
revealed uniform shape and sizes of grains, which were slightly randomly distributed throughout the
surface with small value of roughness Ra 15.48 nm. The low value of Ra, in turn, contributed towards
the efficient creation of excitons and their transport to the junction sites where they break into free
electrons and holes. The UV-vis spectroscopy of ZnPc exhibited broad absorption in the visible range,
which suggests that ZnPc is one of the promising candidates for solar cell applications.
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