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HIGHLIGHTS

» Thin films of K5[Cu(C204),] | and 1,8-dihydroxyanthraquinone salt were deposited.

» The thin films show electrical conductivities within the range of 107°-107% S cm™.

» The optical gaps associated to the films were determined.

1

» The PL spectra are influenced by the structure and nature of the organic ligand.
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In this work, the synthesis and characterization of molecular materials formed from K3[Cu(C204)2], 1,8-
dihydroxyanthraquinone and its potassium salt are reported. These complexes have been used to prepare
thin films by vacuum thermal evaporation. The synthesized materials were characterized by scanning
electron microscopy (SEM), atomic force microscopy (AFM), fast atomic bombardment (FAB+) mass and
ultraviolet—visible (UV—vis) spectroscopy. Electrical transport properties were studied by dc conduc-
tivity measurements. The electrical activation energies of the complexes, which were in the range of 0.36
—0.65 eV, were calculated from their Arrhenius plots. Optical absorption studies in the 100—1100 nm
wavelength range at room temperature showed thin films’ optical band gaps in the 2.3—3.9 eV range
for direct transitions. On the other hand, strong visible photoluminescence (PL) at room temperature was
noticed from the thermally-evaporated thin solid films. The PL of all investigated samples were observed
with the naked eye in a bright background. The PL and absorption spectra of the investigated compounds
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are strongly influenced by the molecular structure and nature of the organic ligand.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The discovery and subsequent success of organic light-emitting
diodes led to a tremendous amount of work devoted to under-
standing optical and transport properties of organic semi-
conductors [1]. These semiconductors have shown great potential
as materials for optoelectronic and electronic devices for solar cells,
organic light-emitting diodes (OLED) or optical limiters [2]. The use
of organic semiconductors in the fabrication of organic light-
emitting devices (OLEDs) has been possible due to the photo-
luminescence properties of these materials and their films. Of
particular interest is the interplay among optical, electronic and
morphological properties of OLED materials [3]. For instance,

* Corresponding author.
E-mail address: elena.sanchez@anahuac.mx (M.E. Sinchez-Vergara).

0254-0584/$ — see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.matchemphys.2012.11.072

optical properties of organic semiconductors, such as lumines-
cence, are strongly related to the electronic configuration of the
valence band and the excitation—deexcitation process between the
highest occupied molecular orbitals (HOMO), =, and the lowest
unoccupied molecular orbitals (LUMO), ©*. The band gap is the
most important parameter in the physics of semiconductors,
especially for those widely used in optoelectronic applications [4].
Organic semiconductors exhibit fundamental absorptions in the
infrared, visible or ultraviolet spectral regions. The absorption
peaks are normally associated with optical transitions through the
material band gap. In particular, the phenomenon in which an
electronic excitation occurs due to optical transitions is called
interband absorption.

In amorphous semiconductors, optical transitions, such as the
so-called indirect transitions, are highly favored. These electronic
transitions from states in the valence band to states in the
conduction band, with no conservation of the electronic
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momentum [5], produce tails in the absorption spectrum within
the gap region [6]. Since tails arise as a consequence of the char-
acteristic disorder of these materials, the absorption edge of an
amorphous semiconductor is difficult to determine experimentally.
As a result, various empirical methods have been developed to
measure the optical gap [6]. The most widely used representation is
the Tauc model, which assumes that the characteristic disorder of
amorphous semiconductors relaxes the momentum conservation
rules. This model further argues, taking into account the
crystalline—semiconductor nature of the material, that the
momentum matrix element is independent of the photon energy
(hv). As a consequence, assuming square-root-like distributions for
the valence and conduction band states for sufficiently large values
of hy, one may conclude that an extrapolation of the essentially
linear functional dependence of [a(hv)/8%(hv)]'/> may be observed
in amorphous semiconductors. In this case, the optical transition
matrix element *(hv) represents the empirical gap [6]. Two
parameters that further characterize the Tauc’s model are: (1) the
mean energy gap, and (2) the energy gap variance, both of them
related to the distributions of conduction and valence band states
[6]. The mean energy gap parameter (Eg) turns out to be a much
more reliable measurement of the fundamental gap than the Tauc
gap variance, since the broadening of the absorption spectrum
increases with the disorder and decreases with the fundamental
gap [6].

Research on molecular electronics involving transition metal
complexes has been subject of considerable interest due to the fact
that the oxidation states of transition metals can be varied to a great
extent by increasing the electron transfer processes [7,8]. The
chemistry of stabilized Az[TiO(C204)2] (A = K, PPh4) complexes is of
particular relevance, as these compounds are valuable building
blocks in studies of electron transfer processes [9]. Recent research
work has been oriented to the formation and characterization of
molecular material thin films [10—12]. Transition metal complexes
with similar K5[TiO(C204);] structure dissolved in organic solvents,
have been employed to produce -through redox processes- thin
films with excellent electrical properties, including the ability to
form resilient semiconductor thin films, as well as the capability to
undergo molecular and structural modifications. For this reason,
the control of these properties has become an important goal in this
field [13—15]. The aim of this work was to investigate the electronic
structure and energy transfer mechanisms of thin films of copper
oxalate complexes. These materials seem to be promising building
blocks to obtain multilayered molecular-based materials. In this
work, the K3[Cu(Cy04)3], 1,8-dihydroxyanthraquinone (Ci4HgOg4)
and its potassium salt (K;C14HgO4) derivative were used as building
blocks to synthesize semiconductor thin films. Thermal evapora-
tion and ellipsometry were employed in the growth and charac-
terization of the films, respectively. The refractive indices and
absorption coefficients were determined, since both parameters are
of particular interest in the design and fabrication of optoelectronic
devices [16,17]. The Tauc band and the electrical conductivity of the
resulting thin films were also examined. The surface properties
were studied by scanning electron microscopy and atomic force
microscopy. Finally, the photoluminescence of the copper thin films
was investigated over a wide spectral range at room temperature.

2. Experimental procedure
2.1. Starting materials and chemicals

The raw materials for this work were obtained from commercial
suppliers and used without further purification. K;[Cu(C;04);] was

obtained from the reaction of CuSO4 with K,C;04 in water. FTIR
spectra were acquired with a Perkin Elmer IR spectrophotometer

model 282-B using Nujol mulls. Fast atomic bombardment (FAB+)
mass spectroscopy of the powder samples was performed on a 3-
nitrobenzyl alcohol support in the positive-ion mode on a JEOL
spectrometer, model JMS-SX102A.

Synthesis of material A: dissolve 0.23 g (0.71 mmol) of
K5[Cu(C,04)2] in 10 mL of ethanol for two hours. Then add 0.17 g
(0.71 mmol) of 1,8-dihydroxyanthraquinone and keep it in reflux
for 72 h. Cool at room temperature, filter and wash with ethanol.
The resulting blue powder was dried at high vacuum, yielding 65%
of the reaction. m.p. 310 °C (dec). MS(FAB*, DMSO/EtOH) m/z: 392
[Cu(C204)(C14Hg04)]™, 241 [C14Hg04] ", 240 [Cu(Cr04)2]"

Synthesis of material B: it follows a similar procedure as for
material A, using 0.23 g (0.71 mmol) of K3[Cu(C;04)2] and 0.22 g
(0.71 mmol) of potassium salt from 1,8-dihydroxyanthraquinone.
Yield 71%. m.p. 300 °C (dec). MS(FAB", DMSO/EtOH) m/z: 392
[Cu(C204)(C14Hg04)]*, 241 [C14Hg04]", 240 [Cu(C204)2]%, 39 [K]™.

2.2. Thin film deposition

Thin film deposition of these compounds was carried out by
vacuum thermal evaporation onto quartz slices and (100) single-
crystalline silicon (c-Si), 200 Q-cm wafers. The substrate tempera-
tures were kept at 298 K during deposition. The quartz substrates
were ultrasonically degreased in warm ethanol and dried in
a nitrogen atmosphere. The silicon substrates were chemically
etched with a p-etch solution (10 ml HF, 15 ml HNO3 and 300 ml
H,0) in order to remove the native oxide from the c-Si surface. The
evaporation source was a molybdenum boat with two grids. The
temperature through the molybdenum boat was 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
transitions such as evaporation, sublimation, etc. All samples were
obtained using the same deposition system, with the crucible and
substrates arranged in the same geometry. The pressure in the
vacuum chamber before the film deposition (1 x 10~ torr), the
amount of mass inside the crucible (0.1 g) and the evaporation time
were the same in all cases. In spite of these similarities, significant
differences in the thicknesses of the deposited films were detected,
which may be related to differences in the sublimation rates of the
employed compounds. It is worth mentioning that, although the
largest amount of the evaporated materials was found over the
substrates, a very tiny quantity was found in the evaporation
chamber.

2.3. Thin film characterization

(i) The chemical bonding behavior was analysed by means of
a Fourier transform infrared (FTIR) spectrophotometer (Nicolet-
210). (ii) A Gaertner L117 Ellipsometer equipped with a He—Ne laser
(A = 632.8 nm) was used to measure the thickness and refractive
index of the films. (iii) Ultraviolet—visible (UV—vis) transmission
measurements were carried out in the range between 300 and
1100 nm using a double-beam Perkin Elmer Lambda 35 UV—vis
spectrophotometer. (iv) Photoluminescence (PL) measurements
were carried out in a dark room at room temperature, using a beam
(A = 325 nm, 25 mW) from a Kimmon He—Cd laser as excitation
source, with an incident angle of 45° relative to the normal of the
sample. The luminescence was collected at an angle normal to the
sample using a quartz optical fiber and measured in the range
between 350 nm and 800 nm with a Fluoromax-Spex spectroflu-
orometer. For PL, infrared and ellipsometric measurements of films
deposited onto c-Si(100) substrates were used. For optical trans-
mission measurements, bare quartz slices were employed. (v)
Conductivity measurements were performed with the four-point
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probe method, where quartz slice substrates coated with four
metallic strips that acted as electrodes were employed. (vi) The
surface morphology of the films was observed with a JEOL5600
scanning electron microscope at 20 kV and the surface morphology
and roughness was analysed with a JEOL JSPM4210 atomic force
microscope in the tapping mode.

3. Results and discussion
3.1. Thin film structure and morphology

SEM and AFM analysis were performed to investigate the
surface coverage, film quality, and composition of the newly
formed films. Fig. 1 shows SEM micrographs of materials A and B. A
rough appearance was found in all of them and a very different
aspect can be seen in all images. For instance, despite most of the
deposits being amorphous in nature, sample B exhibits some
crystalline forms of different sizes and growth directions. On the
other hand, AFM images show a larger magnification of the surface
structure. Fig. 2a corresponds to sample A deposited onto quartz,
while Fig. 2b shows the same material onto c-Si(100). Fig. 2c and
d shows films from compound B deposited onto quartz and c-
Si(100), respectively. Topography obtained by AFM showed RMS
roughness values of 72 nm and 66.9 nm for sample A onto quartz
and c-Si(100), respectively while roughness values of 19.8 nm and
19.4 nm were found for compound B onto quartz and c-Si(100),

Fig. 1. SEM micrographs of the films from (a) material A and (b) material B at x1000.

respectively. The difference in roughness between these two
samples could be correlated with the type of bidentate ligand in
each molecular material [18]. Material A onto quartz exhibits an
irregular texture with similar but slightly large aggregates and
some voids on the surface. Film A onto c-Si(100) shows smaller
aggregates forming a denser film, although some clear spots can
still be seen. Nevertheless, both films exhibit a nearly complete
coverage of the substrate and similar film heights. On the other
hand, thin films from sample B (Fig. 2c and d) exhibit very small
aggregates of similar aspect and film heights. In both cases, a total-
surface coverage and a fine-film structure can be observed. From
the AFM images, it is clear that the substrate does not influence the
morphology of the films; rather, it is the chemical structure of the
complex that defines the aggregation state on the substrates.

FTIR spectroscopic measurements were obtained in order to
determine significant changes of the raw materials after thermal
evaporation. Fig. 3 shows infrared absorption spectra of molecular
materials in Nujol mulls. Due to the thermal stability of these
compounds, chemical changes or reactions were not expected to
occur. Although the deposited material is amorphous in nature, it is
formed by the same chemical unit as that in the synthesized
powder.

Table 1 shows the characteristic IR bands for the newly synthe-
sized compounds in their different forms: Nujol mulls and films. The
slight shifts observed may be due to internal stress produced during
the film formation. It is important to notice that the high chemical
and thermal stability of the films could make them suitable mate-
rials for nanoelectronic applications at temperatures below 453 K.
The peaks responsible for carbon—carbon stretching and bending
occur at 841 and 814 cm~L The peak at 1083 cm™! results from
a carbon—oxygen stretch within 3338 cm~. The presence of new
aromatic »(C—H) and »(C—C) signals around 3070—3040 and 1625—
1605 cm™~! in samples denotes the attachment of the acceptor 1,8-
dihydroxyanthraquinone and its potassium salt. The »(C=0) and
»(C—0) bands were found around 1670 cm~! and in the range of
3400—-3330 cm ™|, respectively.

Despite the relatively low solubility of these powder compounds,
the positive-ion FAB mass spectra showed signals for [C14HgO4]"
(241 m/z) corresponding to A and B and fragments containing
copper, [Cu(C204)2]" (240 mjz), [Cu(C204)(C14Hg04)]" (392 m/z),
confirming the presence of the donor in A and B. Signals were also
found for [K]" (39 m/z) in B spectra. Two approaches might explain
the acceptor—donor interaction in these newly synthesized mate-
rials. The first explanation suggests the inclusion of the donor into
the coordination sphere of copper, [Cu(C204)2(C14Hs04)] 7", as it
was proposed for the complex between titanyl oxalate and 3-
hydroxyflavone, [TiO(C204)2(C15H903)2]*4 [19]. On the other hand,
it might be possible that a multilayer metallic charge-transfer salt
was formed with an arrangement somehow similar to that of (BEDT-
TTF)4A[Fe(C204)3] (A = K, NHy4, H20), in which successive layers of
BEDT-TTF and alternating layers containing A and Fe(C,04)3°> were
arranged [20], (C14Hs04)xKy[Cu(C204)2]-nH0.

3.2. Electric properties

The electrical conductivity of the films was measured in the
273—373 K temperature range. Fig. 4 shows a semiconductor-like
behavior for both synthesized materials and conductivity
increases with temperature. In ordinary semiconductors, conduc-
tivity is also determined by impurity types, their location and
concentration, crystal structure, stacking and orbital overlap,
among others. In these semiconducting materials, there are two
different processes that describe the movement of carriers within
the sample. The intramolecular conduction process occurs between
the metal atom and the ligands in the complex: electrons can hop
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Fig. 2. AFM images of films from compounds A and B deposited onto quartz and c-Si(100) substrates. (a) A onto quartz, (b) A onto c-Si(100), (c) B onto quartz and (d) B onto c-

Si(100).

from one atomic site to another if some orbitals exist with the same
energy levels. On the other hand, the intermolecular conduction
process occurs whenever electrons or holes are capable of traveling
from one molecule to another [21]. Calculated values of the elec-
trical conductivity ¢ at 298 K for all materials under study are

80

—— Material B
70 —— Material A

Transmittance (%)

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3. Infrared absorption spectra of materials A and B.

summarized in Table 2. These ¢ values are very similar and lie
within the semiconductor region for molecular semiconductors
(1076-102 S em™ 1) [13,22]. The significance of these results arises
from the fact that a molecular semiconductor is generally defined in
terms of its room temperature conductivity and how it changes
with temperature.

The dc conductivity has the general form,

0 = ggexp (—f—;) (1)

where E; is the thermal activation energy of the electrical
conductivity, og is the pre-exponential factor dependent on the
material’s nature, and k is Boltzmann’s constant. A plot of In ¢
versus 1000/T yields a straight line whose slope can be used to
determine the thermal activation energies of the films [21].
Calculated values of E, are shown in Table 2. The quantity Eg is an
activation energy involving both the energy necessary to excite
electrons from the localized states toward extended states through

Table 1
IR characteristic bands of the synthesized materials for Nujol mulls and thin films
(units in cm ™).

Compound »(C—C)(cm™") »(C=0)(cm™') ¥C—-0)(cm™1)

Material A Nujol mull 840, 815 1674 3400, 3337, 1083
Material A Thin film 835, 814 1672 3403, 3332, 1085
Material B Nujol mull 841, 810 1670 3412, 3336, 1084
Material B Thin film 839, 815 1673 3410, 3338, 1085
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Fig. 4. Temperature dependence of the electrical conductivity of the thin films.

the mobility edge and the electrical conductivity by means of the
hopping mechanism between localized states. The lowest activa-
tion energy corresponded to the B material, which also showed the
highest electrical conductivity at room temperature.

3.3. Optical properties

The thicknesses, reflectance percentages and refractive indices
of each layer were determined by ellipsometry (see Table 2).
Refractive indices and absorption coefficients in semiconductors
are relevant in the design and analysis of optoelectronic devices
[16]. Some differences in the thickness of the deposited films were
detected, which may be related to small differences in the subli-
mation characteristics of the materials and the bidentate ligand in
the compounds.

The optical absorptions of the compounds and the thin films
deposited on quartz slices were studied in the 200—1100 nm
wavelength range. Fig. 5a shows the graph of absorbance versus
wavelength for the A and B films. Differences on the relative
absorbance intensities of the films under examination can be
attributed to differences in film thickness and their aggregation
state as observed in the AFM-micrographs (see Fig. 2). Furthermore,
it was observed that the positions of the absorbance bands were
weakly influenced by the backbone structure of these compounds.
The band around 350 nm is due to electronic transitions between
molecules having an intermediate ionic degree. Spectra for the A
thin film show a more complicated structure, with optical
absorption peaks and edges distributed from the infrared to the
ultraviolet regions. It is possible that the bidentate ligand of the
potassium salt in the 1,8-dihydroxyanthraquinone molecule may
have increased the interfacial distance between [Cu(C;04)(L)]

Table 2

Characteristic parameters of materials A and B.
Optical and electrical parameters Material A Material B
Film thickness (A) 5727 10,931
Refraction index 2.6 2.3
% reflectance 20.1 15.7
Electrical conductivity (o) at 298 K (S cm™!) 3x107° 8 x 107
Activation energy (E;) (eV) 0.65 0.36
Direct Tauc gap (Egq) (eV) 3.9 23
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Fig. 5. (a) Absorbance and (b) photoluminescence spectra of thin films A and B.

groups (material B) and therefore a direct overlap of [Cu(C204)3]" is
not likely to occur. The absorption bands in the A thin film may be
interpreted as arising from the overlap of the copper molecule
through the 1,8-dihydroxyanthraquinone ligand.

The thickness of the deposited films varies from 5727 to
10,931 A (see Table 2); hence, the Beer—Lambert law applies for
such semi-transparent thin film systems, especially in the case of
material A. The weak absorption shown within the visible range by
the film made from material A makes this molecular system an
attractive candidate for optical applications due to its transparency
at optical wavelengths. Fig. 5b shows the photoluminescence (PL)
spectra of the films obtained at room temperature (300 K). It is clear
from this figure that these films exhibit an intense luminescence in
the visible region. The PL emitted by the excitation spot on the film
A appeared in the yellow—orange interval and the highest intensity
peak occurs at 550 nm (yellow). This emission is observed when
a regular ultraviolet lamp is employed. For the B film, the emission
is in the yellow-to-red interval and the highest intensity peak is
observed at 608 nm (orange—red); this emission can be observed
with the naked eye while using a regular ultraviolet lamp.

The emission observed in these materials originates basically
from direct transitions. This result can be confirmed when a direct
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comparison between the maximum emission peaks (for both
materials, A and B) and the calculated optical gap is carried out (the
optical gap for compound B is around 2.033 eV while the optical
gap for compound A is 2.25 eV). A larger emission is observed in
compound A than in compound B regardless of the film thickness.
Although the film thickness for the A compound is half that of film
B, its integrated emission is almost twice as large as the value for
film B. On the other hand, some interference effects due to the films
thickness can be seen in the PL emissions from both compounds.
These results are of particular interest since they show that
compound A can be an ideal candidate for further electrolumines-
cence tests and possible OLED applications [2].

The band gap is deduced from the UV—vis absorption spectrum
according to the semi-empirical Tauc model, which can help to
determine the optical band gap in semiconductor amorphous
materials [4]. The Tauc optical gap can be obtained from the straight
line of the UV—vis absorption spectrum, which is extended toward
the x-axis. The intercept value corresponds to the optical band gap
value [6]. The absorption coefficient « near the band edge in many
amorphous semiconductors shows an exponential dependence
upon photon energy usually following the empirical relation [23]:

ahv = B(hv — Eg)" (2)

In this equation, 8! is the band edge parameter and n is a charac-
teristic number related to the type of transition process. For
allowed direct transitions, n = %.. Thus, the optical gaps for both
transitions could be determined by the extrapolation to zero of the
linear regions of the (ahv)? = f{hv) curves, Egy (Table 2) [23]. The
absorption coefficient («) is defined by the Beer—Lambert law and
can be calculated from the optical transmittance [4].

o= —InT/t (3)

T is the transmittance and it is related to the absorbance A
according to A = —log (T); t is the film thickness. Whereas the
optical gap can be measured by optical absorption spectroscopy,
the transport gap can be measured by ultraviolet or inverse
photoemission spectroscopy. The transport gap is larger than the
optical gap by a quantity equal to the binding energy of the Frenkel
excitons. Fig. 6 exhibits the absorption curves of the samples that
show evidence for direct transitions. In amorphous semiconductors
there is no conservation of the electronic momentum, since the
optical transitions are basically indirect transitions from states in
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Fig. 6. Absorption curves showing transitions that correspond to direct band gaps.

the valence band to states in the conduction band [5]. However, as
can be seen in Fig. 6 for the direct transition, the squared absorption
coefficient is a linear function of the incident photon’s energy,
which can be related to the one-electron theory of Bardeen et al.
[24,25]. This theory has been successfully applied to analyse the
absorption edge of different amorphous semiconductors. The
absorption (a > 10* cm™1) is related to direct interband transitions
where the lowest part of the valence band and the highest part in
the conduction band share the same wave vector and there is an
allowed transition across the band gap. The visible photo-
luminescence in the thin films is related to such direct transitions.
The direct Tauc gap values of thin films of materials A and B
were found to be 3.9 and 2.3 eV, respectively. The Tauc optical gap is
smaller for thicker films, in contrast to its thinner counterpart (see
Table 2). A direct comparison between the different properties of
the A and B films shows that material B has the smallest band gap
and thus the largest conductivity of the two. This behavior is ex-
pected if one takes into account that hierarchy factors most likely
affect the size of the band gap. Apparently, the potassium in the salt
leads to an increase in the charge transport. It is possible that the
electronic transport arises from a columnar disposition of the
K[Cu(C04);2]-ligand arrangement where the charge transport
takes place; the conduction mechanism is mainly associated to the
bidentate ligand. This is important because the potassium atom is
large (compared with the hydrogen atom in the 1,8-
dihydroxyanthraquinone species), and therefore provides a larger
electronic delocalization and better electronic transport.

4. Conclusions

Thin films of K3[Cu(C204),] ] and 1,8-dihydroxyanthraquinone
and its potassium salt were deposited by vacuum thermal evapo-
ration onto different substrates. According to the IR spectra, they
exhibit the same chemical units as those of the corresponding
synthesized powders. The thin films of the synthesized molecular
materials show electrical conductivities at room temperature
around 10~ S cm~! and an electrical conductivity increase with
temperature which suggests a semiconducting behavior. It was also
found that the temperature-dependent electric current is always
higher for the voluminous bidentate ligand with large molecular
weights. From the Tauc model, the optical gaps associated to the
films were determined. The optical transitions were found to be of
direct nature. It was also noticed that the PL absorption spectra and
surface morphology were strongly influenced by the compounds’
molecular structures. From the optical band gap values and the easy
preparation of these compounds as thin films, they may have
potential applications in the fabrication of nanoelectronic devices.
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