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ABSTRACT Zinc phthalocyanine (ZnPc) is a promising can-
didate for solar-cell applications, because it is easily synthe-
sized and is non-toxic to the environment. Recently, phthalo-
cyanine (Pc) was considered by many researchers as the ac-
tive part in all-organic solar cells, i.e. plastic solar cells. It
is a self-assembling liquid crystal developed from a common
deep-blue-green pigment. It exhibits a characteristic structural
self-organization, which is reflected in an efficient energy mi-
gration in the form of extinction transport. In this paper we have
report structural, surface morphological, optical and thermal
properties of flash-evaporated zinc phthalocyanine thin films.
The samples were prepared by using a vacuum coating unit on
well-cleaned glass substrates under a pressure of 7 x 107 Torr.
A constant rate of evaporation (1 A/s) was maintained through-
out the evaporation of the ZnPc thin films. A rotary drive was
employed to obtain uniform thickness during the evaporation.
Thicknesses of the films were monitored by a quartz-crystal
thickness monitor and were cross verified by the multiple-
beam interferometry technique. The X-ray-diffraction pattern
reveals the crystalline nature of the films deposited at higher
substrate temperatures. Scanning electron microscope and scan-
ning probe microscope nanoscope studies were carried out to
determine the surface uniformity and homogeneity of the films
for interfacing and application purposes. All the films were
found to possess small crystallites less than 100 nm in size.
The optical transmittance measurements were carried out using
a spectrophotometer in the visible region (400—800 nm) and the
films were found to be absorbing in nature. The band gap of the
ZnPc thin films is 1.97 eV and the optical transition was found
to be direct and allowed. The absorption coefficient, extinction
coefficient and refractive index of the ZnPc films were evaluated
and the results are discussed. Differential scanning calorimetry
studies of ZnPc films were carried out and a phase transition
from o to p was observed at 538 K.

PACS 78.20.-e; 65.90.+i; 61.16.Ch; 61.16.Bg

1 Introduction

Photovoltaic cells fabricated with organic semi-
conductors have attracted considerable attention because of
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their flexibility in varying their electrical and optical prop-
erties, and in general they can be more easily fabricated
than any inorganic photovoltaic cells. Also organic semicon-
ductors are promising materials for other optoelectronic ap-
plications such as light-emitting diodes (LEDs) and optical
switches [1]. Phthalocyanine (Pc) is a well-known organic
semiconductor and is suitable for use in photovoltaic de-
vices since its physical and chemical durability is very high.
A number of studies of functional properties of organic semi-
conductors have recently been carried out concerning both
basic and application aspects. Phthalocyanines are one group
of such materials, of which optical, electronic and photo-
electronic properties are being extensively investigated [2].
Many kinds of phthalocyanines, such as metal-free phthalo-
cyanines and phthalocyanines with various metals have been
synthesized and are now utilized in a wide variety of fields
like solar cells [3, 4], clinical photodynamic therapy [5], etc.
Among these zinc phthalocyanine (ZnPc) (C3;H ¢NgZn) is
a promising organic semiconductor for photovoltaic appli-
cations. The major part of the incident light in the visible
region is absorbed and effectively contributes to photocar-
rier generation and the excited carriers play an important role
in the photovoltaic effect. Even though a lot of research has
been pursued on various phthalocyanines, to the knowledge of
the authors and from the available literature not much work
has been carried out on basic studies of zinc phthalocyanine
thin films, and more detailed investigations are needed be-
fore going in for an all-organic solar cell. Hence, in this paper
we present our partial work made on the fundamental charac-
terizations like structural, surface analysis, optical and ther-
mal properties of flash-evaporated zinc phthalocyanine thin
films.

2 Experimental details

2.1 Flash evaporation

Flash evaporation is one of the easiest and most
flexible techniques for the deposition of thin films. The ob-
jective of film-composition control is well accomplished
by evaporating to completion even small quantities of the
constituents in the desired ratio. Figure 1 shows the flash-
evaporation setup. In the present setup only one filament was
used at a temperature sufficiently high to evaporate the less
volatile material. Although fractionation occurs during the



384 Applied Physics A — Materials Science & Processing

Vibration setup

S Funnel

* Boat

\
FIGURE 1

Flash-evaporation setup

evaporation of each particle, the latter are so small that strat-
ification in the film is limited to a few atomic layers. These
potential inhomogeneities are further reduced by dispensing
the evaporant in a steady trickle, so that there are several dif-
ferent particles at all times. Hence, maintaining the uniform
composition of that of the source material and accordingly ex-
cellent control of the film composition can be achieved by this
method of film preparation.

Zinc phthalocyanine (Fluka Chemie, 98%) in bulk form
was purchased and used without further purification. Zinc
phthalocyanine layers of different thicknesses (28 A to 168 A)
were deposited on well-cleaned glass substrates by the
flash- evaporation technique under a starting pressure of
6 x 107 Torr. Flash evaporation has mostly been performed
in a vacuum of 10~ to 10~ Torr. This is attributable to the
high gas content of the evaporant powder and outgassing from
the surfaces surrounding the relatively large flash-filament
area. The thickness was determined by a quartz-crystal os-
cillation monitor and is cross verified by the multiple-beam
interferometer (MBI) technique. Structural characterizations
of the films were carried out using a JEOL model JDX8030
X-ray diffractometer. Scanning electron microscopy (SEM)
analyses were done using a LEICA-CAMBRIDGE Stere-
oscan 440 and atomic force microscopy (AFM) analyses
were performed using a multi-mode scanning probe mi-
croscope (SPM) (Nanoscope IV, Digital Instruments). The
transmittance and absorbance spectra were recorded in the
wavelength range 400-900 nm using a JASCO V-570 spec-
trophotometer. The phase-transition temperature was deter-
mined using a Perkin-Elmer DSC-7 differential scanning
calorimeter.

3
3.1

Results and discussion

Structural studies

The structural analysis for the bulk as well as the
films was carried out by the X-ray-diffraction (XRD) tech-
nique. Figure 2 shows the XRD pattern for the bulk zinc ph-
thalocyanine powder and Fig. 3 shows the corresponding mo-
lecular model of bulk ZnPc; the latter figure shows a stick dis-
play in order to identify the structural nomenclature (Fig. 3a)
and an atomic radius representation (Fig. 3b) that allows us to
understand the elemental interaction at minimum-energy con-
figuration (calculated by a density functional theory method).
The XRD pattern exhibits a crystalline nature; the different
major diffraction peaks are indexed and the values of interpla-
nar spacing d are evaluated and compared with the standard
data from JCPDS-ICDD tables for monoclinic ZnPc. Table 1
shows a comparative look at the calculated and standard d
values for corresponding diffraction angles. Almost all the
peaks corresponding to monoclinic ZnPc structure were ob-
tained. Figure 4a and b show the XRD patterns of the flash-
evaporated ZnPc films and the films are found to be dark blue
in color with good adhesion over the substrate. The films de-
posited at room temperature (7, = 303 K) are found to be
amorphous in nature as shown in Fig. 4a and the films de-
posited at a higher substrate temperature (73 = 373 K) are
found to be polycrystalline in nature from the presence of
many peaks (Fig. 4b). The diffraction-peak positions were
compared with the standard JCPDS-ICDD tables and found to
coincide well for monoclinic ZnPc structure. The diffraction
line at 260 = 6.8° in the XRD pattern corresponds to 1.29-nm
spacing. Uyeda et al. [2, 6] and Debe et al. [7] suggested that
the crystal structure of vacuum-evaporated ZnPc films is mon-
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FIGURE 2 XRD pattern of the bulk ZnPc powder

FIGURE 3 Molecular structure of the
ZnPc used for flash evaporation. a Stick dis-
play and b atomic radius representation for
minimum-energy configuration
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Standard values Experimental values

26 d 1 26 D 1
6.800 12.988 303 6.977 12.658 100
9.100 9.710 926 9.278 9.524 90
12.500 7.075 121 12.559 7.042 20
13.800 6.412 76 14.070 6.289 5
18.500 4.792 144 18.707 4.739 30
23.500 3.783 150 23.647 3.759 50
26.000 3.424 98 25.815 3.448 20
27.800 3.206 63 27.994 3.185 25
29.300 3.046 45 29.543 3.021 5
30.400 2.938 127 30.548 2.924 30

TABLE 1 Comparison of calculated and standard XRD peaks and d

values for bulk ZnPc powder
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FIGURE 4 XRD pattern of the flash-evaporated ZnPc film at a substrate
temperature of a 7, =303 K and b 7, =373 K

oclinic and the 1.3-nm spacing of (200) planes in a-ZnPc.
Hence the spacing of the lattice planes of the crystallites is
parallel to the surface of the ZnPc layer and these interpreta-
tions are in good agreement with our results.

3.2 Surface morphological studies

For device applications and to form junctions with
various materials, an in detail analysis of the surface is
needed; hence SEM and AFM analysis were carried out on
crystalline samples. The surface morphology of a typical
flash-evaporated ZnPc film deposited at 7y = 373 K is shown
in Fig. 5. From the surface analysis, the films are found to pos-
sess a uniform thickness distribution. The SEM micrograph
indicates a smooth surface with a crystalline nature of the de-
posited films and the crystallites are found to be small, less
than 100 nm, contributing to broad peaks in the XRD pattern.

In order to analyze the surface characteristics in more de-
tail, sampling methods of AFM were used, and the contact
mode was applied. Figure 6a shows a three-dimensional rep-
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FIGURE 5 SEM micrograph of a flash-evaporated ZnPc film deposited at
a substrate temperature of 7 =373 K

resentation of the image obtained from the surface of flash-
evaporated ZnPc films. A homogeneous distribution of crys-
talline domains can be observed from the image. From the
sectional analysis of the films at various points, the topog-
raphy is also very regular with variations of less than 20 nm
as shown in Fig. 6b, which corresponds to different sections
from the image. The size distribution is shown in Fig. 6c,
which was obtained from several analyses for more than 300
crystalline domains. In the size-distribution plot, it is clear that
there is a tendency to form domains of more than 50 nm and
the main distribution is around 90 nm, which is well revealed
from the SEM analysis also (Fig. 5). The deflection image of
the ZnPc surface is shown in Fig. 7a, from which the crystal-
lite distribution was observed to be uniform and regular. From
the comparison of the deflection image (Fig. 7a) and the al-
titude topography (Fig. 6a) it is observed that the crystallite
domains were of the same size.

With help of the deflection signals from the piezoelectric
sensor of the SPM, the differences in composition or struc-
ture on the surface of a sample can be studied from the effects
on the mechanical phase over the tip of the microscope. We
obtained the information from the sample surface, which is
shown in Fig. 7a, where the effect of homogeneity is propor-
tional to the altitude information. Figure 7b shows the pro-
file analysis of the surface image, that is, a plot between the
changes in the potential measured versus the distance at var-
ious points on the surface of the ZnPc film. The change in
potential measured from the piezoelectric sensor is directly
proportional to the magnitude of the change in the homogene-
ity of the film, which in turn indicates the stoichiometry of the
film. In our case the change in the potential was observed to
be very low and the peaks are in the order of 0.04 V. This im-
plies that there is a homogeneous distribution of the particles
during the deposition and there is not much dissociation of the
compound due to the flash evaporation.

33 Thermal analysis

In phase-equilibrium determination, thermal
methods of analysis are used to detect phase transitions.
A change in phase involves structural changes in the material
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Digital Instruments ManoScope
Scan size 1.879 pm
Scan rate 1.001 Wz
Number of samples 256
Image Data Height
Data scale 75.00 nm
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FIGURE 6 Three-dimensional SPM nano-
scope analysis of the surface of flash-
evaporated ZnPc film deposited at a sub-
strate temperature of 7y = 373 K. a Three-
dimensional image, b sectional analysis in-
dicating the size distribution and c¢ size-
distribution plot
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that are accompanied by evolution or absorption of heat. Thus,
if a specimen is heated or cooled under uniform conditions,
a structural change will be indicated by a temperature peak.
The phase-transition temperature was measured by a differ-
ential scanning calorimeter, a Perkin-Elmer model DSC 7.
The powder specimen scratched from thin-film samples of
11.8 mg was set in an aluminium crucible with a diameter of
9 mm and a height of 6 mm. The heating rate (d7/dr) was
10 °C/min. Figure 8 shows the phase-change curve for a typ-
ical ZnPc thin-film sample deposited at 303 K. The peak is at
538 K, but the energy released by the sample starts at 505 K
and ends at 553 K. Hence at 538 K the film changes its phase
from o phase to § phase.

34 Optical properties

Analysis of the optical transmittance/absorption
spectra is one of the most productive tools for understand-

FIGURE 7 Surface analysis of the flash-
evaporated ZnPc films from the SPM nano-
scope in deflection mode. a Deflection-mode
image and b plot of potential developed at
various sections related to composition and
structural changes
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FIGURE 8 Phase-change curve for a typical flash-evaporated ZnPc thin
film
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ing and developing the band structure and energy gap of
both crystalline and amorphous systems. The optical trans-
mittance, reflectance and absorbance spectra of the ZnPc
thin films were recorded by a Jasco V570 spectrophotome-
ter. Figure 9 shows a typical absorbance spectrum of the
flash-evaporated ZnPc films on glass substrates. The trans-
mittance spectra of ZnPc films of different thicknesses re-
veal that the transmittance decreases with the increase of the
film thickness. Normally, organic molecules of phthalocya-
nine and their derivatives exhibit anomalous optical charac-
teristics because of their unique molecular ring structures. It
is well known that they possess two kinds of energy bands.
In the case of phthalocyanines, one of them is called the O
band, which is equivalent to the « band in porphyrins, and the
other one is called the B band, which is equivalent to the y or
Soret band in porphyrins [8]. The origins of the Q band and
the B band are an ayy to e, transition, and an ay, to ey and
a by, to eg transition, respectively [6]. The peak wavelengths
in the absorption spectrum are found at 330 nm and 690 nm
and the wavelengths of the shoulders are around 305 nm and
730 nm. The absorption peak at 690 nm corresponds to the O
band, whereas 330 nm corresponds to the B band [9]. From
the transmittance values, the refractive index (n) and extinc-
tion coefficient (k) were calculated using (1) and (2) below by
the iterative method.

m [(1+g)?+h2][(1+g2)* +h3]
no 2! 4 (g2 + h%) (&3 + h%) (e721 + Ccos2r; + Dsin2ry)
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FIGURE 9 Absorption spectra for a typical flash-evaporated ZnPc thin film
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FIGURE 10 « versus photon-energy curve for a typical flash-evaporated
ZnPc thin film
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2 + (g2 +h?) (¢34 h3) e2¢! + Ccos 2r) + Dsin 2r

2
where ?
ng—ni —ki
T o)+
_ ni-nmi+k
2= (nq +I’l2)2+k%
_ 2n0k1
e (no+n1)*+ k3
hz —ankl

o +n2)? + k2

oy =2[Tkd/o  ry =21Ind/a
A=2(gi1g2+hhy), B=2(gihy—gh),
C=2(g182—hih2), D=2(giha+gh1) .

Here d is the thickness of the film, / is the wavelength of the in-
cident radiation, ng, n; and n, are the refractive indices of air,
film and glass respectively and ko, k| and k, are the extinction
coefficients of air, film and glass respectively.

The values of n and k (real and imaginary parts of the com-
plex refractive index) are determined from R and T using (1)
and (2) by iteration. Iterations were carried out until the de-
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FIGURE 11 Variation of a refractive index (n) and b extinction coefficient
(k) with wavelength for a typical flash-evaporated ZnPc thin film
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sired convergence was achieved. The absorption of radiation
that gives rise to transition of electrons is generally given by
the equation

af = (A/hy)(hy — Ey) .

The exponent p characterizes the type of transition and takes
the values 2, 2/3, 1/2 and 1/3 for direct allowed, direct for-
bidden, indirect allowed and indirect forbidden transitions
respectively. The absorption coefficient o can be determined
from the transmittance spectrum using the well-known equa-
tion

a=1/d(A)In(T7"),

where d is the film thickness and 7 is the transmittance of the
sample.

The plot of & versus phonon energy was plotted. From the
plot, it is concluded that this material exhibits only the direct
allowed transition. The variation of &® versus phonon energy
for ZnPc thin films is shown in Fig. 10. From these absorption
peaks, the direct and allowed band-gap energy of the Q band
is evaluated as 1.97 eV. The variation of refractive index n and
extinction coefficient k for ZnPc films is shown in Fig. 11 and
no monotonic change is observed in either of them.

4 Conclusion

Zinc phthalocyanine in powder form exhibits
a crystalline nature. Flash-evaporated ZnPc films exhibits
an amorphous nature when deposited at room temperature
(303 K substrate temperature), but their crystallinity increases
with increase of the substrate temperature and more regular,
crystalline films are obtained at higher substrate temperatures.

XRD analysis revealed the crystalline nature of the films.
From the surface analysis using SEM and SPM it is revealed
that there is a more homogeneous distribution of the particles
and the surface is smooth and stoichiometric. From the ther-
mal analysis it is observed that the phase change occurs at
538 K. From the optical analysis, it is found that the films pos-
sess a high absorption coefficient at the higher thicknesses.
The optical transition in ZnPc films was found to be allowed
and direct. The optical energy gap was found to be around
1.97 eV. The optical constants n and k were evaluated from
the transmittance values. Since a ZnPc film exhibits a good ab-
sorption in the visible region of the electromagnetic spectrum,
it can be good candidate for solar energy conversion devices.
Hence it is concluded that, without sacrificing the homogene-
ity and the stoichiometry, ZnPc films can be deposited by the
flash-evaporation method for various device applications.
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