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Abstract

Strong visible photoluminescence (PL) at room temperature is obtained from thermal-evaporated thin solid
films of Metallophthalocyanine (M = Co, Fe, Pb) and double potassium salt from 1,8-dihydroxyan-
thraquinone. The PL of all the investigated samples is observed with the naked eye in a bright background.
The deconvolution of the normalized PL spectra shows that each PL spectrum is composed of four emission
bands which peak at approximately the same energies of 2.1, 2.2 and 2.4 eV and whose intensities and
widths depend upon the structure of the complexes. FTIR and ellipsometry are employed to investigate the
structural differences among the films. The optical absorption of the films is also investigated to evaluate the
changes in the electronic structure of these metal organic compounds, with respect to other metalphtalocya-
nines thin films. Our results suggest that the visible PL comes from radiative transitions between energy lev-

els associated to the double potassium salt coordination to the metallic ion in the phthalocyanine.
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1. Introduction

Since the report, more than two decades ago, of efficient
electroluminescence (EL) from organic thin films [1], the
use of small organic molecules and organic polymers in
the fabrication of organic light emitting diodes (OLED’s)
attracts considerable interest for solid state displays and
lighting applications [2]. A typical OLED comprises a
luminescent organic thin film sandwiched in-between an
electron transport layer and a hole transport layer bound
by two electrodes. One of the foremost class of planar
organic molecular semiconductors, used as electron or
hole transport layer, is that of the metallophthalocyanines
(MPcs). Optical properties of these materials, among
them the luminescence, are strongly related to the va-
lence band electronic configuration, as well as the exci-
tation and the de-excitation processes between highest
occupied molecular orbitals (HOMO) and lowest unoc-
cupied molecular orbitals (LUMO) [3]. The optical pro-
perties of MPcs are very important for understanding
their molecular structure and improving the performance
of devices made with phthalocyanines.

In thin films, MPcs usually present a given crystalline
form or may be amorphous depending mainly upon the
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molecular self-stacking ability of the derivate, but also
upon the thin film fabrication procedure [4]. Moreover,
the control of film structure is of great importance in thin
film technology since the opto-electronic properties such
as the photogeneration of charge carriers, highly depends
on the degree of molecular organization [4]. In thin films,
molecules crystallize and their interaction is significant,
so that dramatic changes occur in their optical properties,
making them much more complicated [5]. Since these
organic materials in the solid film form are applied in the
production of the majority of modern optoelectronic de-
vices, the knowledge of their excited electronic states
and relaxation processes is particularly important [5].
Photoluminescence (PL) properties in the solid (or crys-
talline) phases have been investigated for only a few
MPcs materials such as H2Pc, ZnPc, AlICIPc, VOPc,
TiOPc, MgPc and AIBrPc [6]. PL is a powerful probe for
assessing the excited states, because useful information
can be obtained by measuring its properties such as
quantum Yyields, spectra, time decay, and temperature
dependence [6]. For the electroluminescence (EL) appli-
cation, PL properties provide important reference data,
because the EL spectra and the EL emission efficiencies
of the materials can be estimated through the corre-
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sponding PL spectra and the quantum yields. Therefore,
it is important to investigate PL phenomena of MPc
compounds in the solid phases, whereas the lumines-
cence of most of these organic compounds lies in the red
and near-infrared regions and with low efficiency at
room temperature [7-9]. Studies on the optical properties
of phthalocyanine-derived thin films show that the opti-
cal absorption and luminescence of these new organic
compounds with complex structures can be tailored
and/or modified to decrease or increase the near-IR lu-
minescence efficiency [10-13], and even produce polar-
ized red luminescence [14] or strong blue photolumines-
cence [15]. In this paper, we report intense photolumi-
nescence from MPcs-derived thin films prepared by
vacuum thermal evaporation of semiconductor powders
from iron, lead and cobalt phhalocyanines with a double
potassium salt derived from 1,8-dihydroxyanthraquinone
(KyC14HgO,4). Vibrational spectra are obtained and the
refractive indices and absorption coefficients are deter-
mined for the studied samples.

2. Experimental Details

The raw materials used in this work are obtained from

commercial sources with no purification prior to their use.

The powders of the three compounds; CyH»NgO4KFe,
C46H22NgO4KPb and C46H22N804KC0, are synthesized
from metallic phthalocyanines and double potassium salt
derived from 1,8-dihydroxianthraquinone, using the pro-
cedure reported previously [16]. Thin film deposition of
these compounds is carried out by vacuum thermal evapo-
ration onto Corning 7059 glass slices and (100) single-
crystalline silicon (c-Si), 200 Q-cm wafers. The sub-
strate temperatures are kept at 298 K during deposition.
The Corning 7059 substrates are ultrasonically degreased
in warm ethanol and dried in a nitrogen atmosphere. The
silicon substrates are chemically etched with a p-etch
solution (10 ml HF, 15 ml HNOs;, and 300 ml H,O) in
order to remove the native oxide from the c-Si surface.
The evaporation source is a molybdenum boat with two
grids. The temperature through the molybdenum boat is
slowly increased to 453 K, below the first significant
signal change observed in the thermo-gravimetric analysis
thermogram, in order to prevent thermal decomposition
of the compound and to identify the phase changes
(evaporation, sublimation). All samples are obtained
using the same deposition system, with the crucible and
substrates arranged in the same geometry. The base
pressure in the deposition chamber before thin film
deposition and the amount of mass inside the crucible are
the same in all cases. In spite of these similarities, sig-
nificant differences in the thickness of deposited films
are detected, which may be related to differences in the
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sublimation processes for the compounds used. An
atomic force microscope (AFM) coupled to a potentio-
stat/galvanostat module from Digital Instruments is also
used to investigate the morphology of the thin films. A
Gaertner L117 Ellipsometer equipped with a He-Ne laser
(A =632.8 nm) is used to measure the thickness and re-
fractive index of the films. The thickness of the films is
also measured by means of a Sloan Dektak IIA pro-
filometer. The chemical bonding behavior is analysed by
means of a Fourier transform infrared (FTIR) spectro-
photometer (Nicolet-210). Photoluminescence (PL) meas-
urements are carried out in a dark room at room tem-
perature, using a beam (4 = 325 nm, 25 mW) from a
Kimmon He-Cd laser as excitation source, with an inci-
dent angle of 45° relative to the normal of the sample.
The luminescence is collected at an angle normal to the
sample using a quartz optic fiber and measured in the
range from 350 nm to 800 nm with a Fluoromax-Spex
spectrofluorometer. Ultraviolet-visible (UV-Vis) trans-
mission measurements are carried out in the range from
300 to 1100 nm using a double-beam PerkinElmer Lambda
35 UV-Vis spectrophotometer. For PL, infrared and el-
lipsometric measurements the substrates used are (100)
oriented c-Si slices with 200 QQ-cm resistivity. For AFM
and optical transmission measurements, the substrates
are naked 7059 Corning glass slices. The electric con-
ductivity at 298 K of the films is studied by means of a
four-point probe; for these measurements, the sub-
strates are Corning 7059 glass slices coated with four
metallic strips acting as electrodes. The strips are depos-
ited by thermal evaporation. In order to get an ohmic
contact with the deposited films, the electrodes are made
from silver.

3. Results and Discussion

The purpose of IR spectroscopy on thin films is deter-
mining if there were significant chemical changes on the
MPcs-derived compounds during the thermal evapora-
tion used to prepare the films. However, chemical
charges or reactions are not expected to occur owing to
the thermal stability present in these compounds. Table 1
shows the characteristic bands for these compounds on
thin film. These results appear to indicate that the depos-
ited compound is not affected by the thermal evaporation
and deposition processes during film growth. The depos-
ited films are formed by the same macro-ions as those of
the original synthesized powder, as indicated by com-
parison between the location of the absorption bands in
the spectra of the synthesized powders, and those of the
deposited films [16]. When compounds have the film
form, the signs show slight changes in their location be-
cause, in all thin films deposited by any method, there
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Table 1. Characteristic FT-IR bands for powders and thin films (cm™).

v (C-N) (cm™) v (C=0) (cm™) v (C-0) (cm™)

COMPOUND v (C-H) cm™) v (C-C) (cm™)
C46H5,N3O,KFe Thin Film 3049, 2851 1610, 630
C46H2:N3O,KFe KBr pellet 3048, 2855 1607, 632
C46H2NsO,KPb Thin Film 3048, 2851 1603, 623
C46H2:N5O,KPb KBr pellet 3050, 2853 1608, 626
C46H2N30,KCo Thin Film 3045, 2852 1605, 625
C4eH20N50,K Co KBr pellet 3044, 2849 1608, 628

1284, 1157, 1070 1606 1089
1285, 1158, 1070 1604 1091
1277, 1156, 1077 1602 1087
1274, 1159, 1079 1602 1088
1287, 1161, 1071 1609 1085
1284, 1164, 1070 1610 1083

are inner stresses that affect the angles and energies of
intramolecular bonds. Table 1 shows the signs corre-
sponding to macrocycle [17,18]: two bands appearing at
about 3048 and 2854 cm ' are assigned as CH (symmet-
ric stretching vibrations in the ring and asymmetric
stretching vibrations as alkyl). The band appearing at
1609 cm™' is assigned to the C-C stretching vibration in
pyrrole. Additionally, the band appearing at 625 cm ' is
assigned the C-C macrocycle ring deformation. The bands
appearing at 1284, 1161 and 1070 are assigned to the
C-N in isoindole in plane band in pyrrole stretching vi-
bration, respectively. The spectral pattern in this region
depends strongly upon the molecular structure of the
complexes and its chemical structure for the central metal
with D4h molecular symmetry [18]. It may be noticed
[16] that the materials from the MPc and double potas-
sium salt derived from 1,8-dihydroxyanthraquinone ex-
hibit C=0 and C-O functional groups with wavelengths
1600 cm™' and 1080 cm™', respectively [16-19]. Due to
the bond of phtalocyanine to the potassium double salt
anion (C14H604)2’, a characteristic band around 1662
cm ' assigned to the elongation vibration of carbonile
group C=0 in the quinones is observed. In addition, the
band near 1083 cm ' corresponding to the C-O elonga-
tion vibration is present, as well [16-19].

In order to obtain information about the quality of the
films we investigate the surface morphology by AFM.
The AFM analysis of the evaporated films displays a
homogeneous distribution of small spherical aggregates.
The RMS roughness values are shown in Table 2. The
refractive indices (n) of the films, obtained from ellip-
sometric measurements are shown in Table 2, as well as
the reflectance percentages at normal incidence, calcu-
lated using the equation:

R=100(n-1Y [(n+1)’ (1)

The refraction index, as well as the reflectance, de-
pend upon the thickness of the thin film: the lead-based
film is the one which shows the least thickness, associ-
ated with higher values for both the reflectance and re-
fraction indexes. It is noticed that at thin thicknesses all
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films become transparent and no light is scattered or ab-
sorbed. The electrical conductivity of each material is
evaluated at 25°C. These results are shown in Table 2
with the C4sH,,NgO4KCo material presenting the highest
conductivity. Generally, the conductivity at room tem-
perature decreases when increasing the atomic number of
the central metal except Fe. This may be due to the
change of chemical structure of Fe and it takes place for
Fe** and Fe'" [18]. Besides, electrical conductivity val-
ues at room temperature for all materials are in the elec-
trical conductivity range for semiconducting molecular
materials (10° to 10" S-em™) [16]. This is important
since a molecular semiconductor is generally defined in
terms of its conductivity at room temperature and its be-
havior with temperature. Conductivity is also related to
impurity types, location and concentration, structure,
stacking and overlaps between orbitals. The charge
transfer in these compounds, occurs via phthalocyanine
rings that stacks, generating a direct m-n interaction be-
tween adjacent molecules in the pile, but very weak in-
teractions between molecules in adjacent piles. The elec-
tric charges transport on them is due to the highly or-
dered structure that form; apparently there is a marked
anisotropy as a consequence of the stacking of phthalo-
cyanine columns in columnar piles, along which the
electric charges flow.

Figure 1(a) shows the photoluminescence (PL) spec-
tra of the films, obtained at room temperature (300 K). It
is evident from Figure 1(a) that these films exhibit lu-
minescence in the visible region. These results are im-
portant since most of the reports and studies on the lu-
minescence of this type of metal organic compounds are
made in the IR region. The PL spectra of the three sam-
ples show two main central peaks and two side shoulders
located at similar wavelengths but with different intensi-
ties. The absorbance (A) spectra of the films (Figure
1(b)) show more complicated structure with optical ab-
sorption peaks and edges distributed in the wavelength
range from infrared to ultraviolet. It is well known that the
absorption spectrum for phthalocyanines originates from
molecular orbitals within the aromatic 18w electron system
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Table 2. AFM evaluation of the thin film roughness, film thickness, refraction index, reflectance and electrical conductivity

results for thin films.

Optical and Electrical parameters C4H2oNgOsKFe  Cy46H2oNgO,KPb C46H2NzO4KCo
RMS roughness (nm) 84.79 74.37 89.54
Film thickness (nm) 133 108 170
Refraction index 2.6 2.9 2.1
% Reflectance 19 24 12
Electrical conductivity at 298 K (S/cm) 1.57E-5 1.36E-5 4.96E-5

and from overlapping orbitals on the central metal atom
[17] The Compounds C46H22N804Kpb and C46H22N804KF (S
exhibit a similar behavior in the visible region in compari-
son with C4H»nNgO,KCo. This, in turn, can be explained
by the different electronic configuration of the central me-
tallic ion and the number of electrons in the outer level: 3d°
for C46H22NgO4KFC, 682 for C46H22N804Kpb and 3d7 for
C46H22NgO4KCO [18]

In order to investigate the origin of the visible photo-
luminescence and the relationship with the optical ab-
sorption and electronic structure of these thin films, the
PL and absorbance spectra of Figure 1 were plotted to-
gether in an overlapping scheme in terms of photon en-
ergy. These plots are presented in Figure 2. Since the
analyzed samples have different thicknesses (see Table 2)
and the PL intensity depends upon this parameter, the PL
spectra of Figure 2 are normalized relative to the maxi-
mum intensity in order to neglect this dependence. As
can be seen from these plots, there is strong absorbance
for the three samples at the energy of the excitation
source photons (marked with an arrow). This means that
the photons from the excitation source are efficiently
absorbed by the samples, which partly explains their ef-
ficient PL. It is interesting to note that the start and end
energies (also marked with arrows in the spectra) of the
main photoluminescence band correspond to energies
where optical absorption bands or edges lie. These ener-
gies are similar for the three samples.

A close examination of the absorption band in the UV
region, which is known as the Soret band or the B-band
(3 - 4.5 eV) [20], reveals one peak around 3.8 eV for
C46H22N804KF€, C46H22N804Kpb and C46H22NgO4KCO
(see Figure 2 and Table 3). This strongly indicates the
presence of a d-band associated with the central metal
atom. This is because PcM(L) has partially occupied d
bands. The absorption band near 4.0 eV may be due to
n-d transition. The other well-know band of the phthalo-
cyanine molecule, namely Q-band, appears in the region
between 1.4 and 2.6 eV. The Q-band is split into two
distinct peaks in the visible region due to molecule ag-
gregation or molecular distortion [20]. As observed from
Figure 2, the distinct characterized peaks for thin films
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in the visible region have been generally been interpreted
in terms of m-n* excitation between bounding and anti-
bounding molecular orbitals [20]. The Q-band consists of
a high-energy peak around 2.6 eV and a low energy
shoulder at 1.6 eV. The high-energy peak of the Q band
is assigned to the first @-n* transition on the phthalocya-
nine macrocycle. The low-energy peak of the Q band is
explained either, as a second n-n* transition, as an exci-

| —CH,,N;O,KCo
1x10° | = CiH..N.O.KPb
C,H,,N;0,KFa
= 1x10° }
G
2z Ix10° f
£ Ix10°F
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Figure 1. (a) Photoluminescence and (b) absorbance spectra
of CsH2,NgO4KCo, C45H22N804Kpb, C4sH2oNgO4KFe, thin
films.
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Figure 2. Normalized PL and absorbance versus photon
energy of (a) C46H22N804KCO, (b) C46H22N804Kpb, (C)
C46H2oNgO,KFe, thin films.

tation peak, as a vibrational internal interval and as a
surface state [20]. The Q-band is associated to the dou-
ble potassium salt coordination to the metallic ion in the
phthalocyanine. The presence of this absorption band
may be interpreted as an overlapping of m orbitals
through the bidentate ligand. The conjugated double
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bonds within the structure of the films create electron
orbitals overlapping between the molecules (m orbitals).
Electrons are therefore able to transfer energy throughout
the structure and become responsible for the absorption
spectra [20]. The normalized PL spectra are deconvo-
luted with four Gaussian functions, as shown in Figure 3.
As can be seen, the four Gaussian functions peak at ap-
proximately the same energies of 2.1 eV (orange), 2.2 eV
(yellow) and 2.3 eV (green), whose intensities and
widths depend upon the specific metal in the complexes
organic structure. Table 3 summarizes the energy posi-
tions of all the absorption peaks and luminescent peaks
of the samples. Although the curves are maximum emis-
sion peaks, close together in their energy value, it shows
greater luminescence for the lead-based compound. This
was due to the location of the electrons in the final en-
ergy level of Pb>" in the macrocycle. The compounds of
Fe’"and Co" have similar values for the area beneath the
curve, taking into account the available 3d electrons.

According to our data, the PL in phthalocyanine thin
films is substantially affected by the intramolecular
structure. The different metallic ions in the phthalocya-
nine produce differences in the PL peak in the visible
range [21]. The incorporation of metallic ions in the
phthalocyanine molecule (Fe**, Co*", Pb*") may affect
the intensity and width of the peak, but it does not sig-
nificantly change the general structure of the molecule.
In this case, the divalent cation Pb*" exhibits the largest
absorption peaks energy, probably due to the fact that the
outermost orbital in this cation is completed and reflects
the electrostatic nature of the coordination process in
these films. Nevertheless, the PL peaks obtained in these
materials are higher than the pure analog metallic com-
plexes [13,14], suggesting that the addition of the double
potassium salt from 1,8-dihydroxyanthraquinone im-
proves the photoluminescence (PL) at room temperature.
It is possible that the ligand increase in the anisotropy
arises from a columnar disposition of the phthalocya-
nines-ligand.

4. Conclusions

Thin films of iron, lead and cobalt phthalocyanines and
double potassium salt derived from 1,8-dihydroxian-
thraquinone are deposited by vacuum thermal evapora-
tion. According to the IR spectra, they are formed by the
same chemical units as those of the corresponding syn-
thesized powders. The conductivity results for materials
C46H22N804KF€, C46H22N804KPb and C46H22N804KC0
are 1.57 x 10° S-em™', 1.36 x 10~ S:em™' and 4.96 x
10 S-cm™. All the investigated thin films exhibit strong
emission in the visible region. Our results suggest that
the visible PL in these complex molecules is originated
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Figure 3. Gaussian fitting of the normalized PL spectra of

(a) C6H2,NsO4KCo, (b) C46H22N804Kpb, (C) CsH2oNgO4KFe,
thin films.

by the split and broadening of the Q and Soret bands of

the phthalocyanines, which generate energy levels where
radiative transitions can occur. The PL and absorption
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Table 3. Absorption and emission energies of the thin films.

Absorption Emission PL intensity.
Sample peaks energy  peaks energy Area under curve
(eV) (eV) (AU
1.4,1.7,1.91, s
CusH2NgO4KPb 2.6,3.5,38 22,21 6.04 X 10
1.6, 1.8, 2.0,
CasHuNgOKCo ' 37y 5 2.3,2.1 2.7 % 10°
1.7,1.9,2.2, .
Cy46H2oNgO4KFe 2.6,3.8 23,21 39X 10

spectra in the investigated compounds is strongly influ-
enced by their molecular structures and the nature of me-
tallic ion has smaller influence on the transition energies
of the Q and Soret bands. These organic thin films can be
used as electroluminescent materials in OLEDs and this
application is subject for further studies.
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