
SURFACE PHYSICS

70 ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1

doi: 10.15407/ujpe63.01.0070

M.P. GORISHNYI, A.B. VERBITSKY
Institute of Physics, Nat. Acad. of Sci. of Ukraine
(46, Prosp. Nauky, Kyiv 03028, Ukraine; e-mail: miron.gorishny@gmail.com)

DONOR-ACCEPTOR INTERACTION IN FILMS
OF TETRACENE–TETRACYANOQUINODIMETHANE
HETEROSTRUCTURES AND COMPOSITES

The structures and the absorption and photovoltaic spectra of thin films of tetracene (TC) and
tetracyanoquinodimethane (TCNQ), as well as the films of their heterostructures (TC/TCNQ)
and composites (TC+TCNQ), have been studied. The heterostructures and composites are
obtained by the thermal sputtering of the components – successively or simultaneously, respec-
tively – in vacuum. The photovoltaic spectra were measured, by using the condenser method. It
is found for the first time that the largest changes Δ𝐷1 in the TC/TCNQ and TC+TCNQ
absorption spectra with respect to the sum of the absorption spectra of the components are
observed in the intervals of TCNQ dimeric bands at 2.214 eV (Δ𝐷1 < 0) and in all TC bands
(Δ𝐷1 > 0). Those changes testify to the formation of charge transfer complexes between the
TC (the electron donor) and TCNQ (the electron acceptor) molecules at the interfaces in the
TC/TCNQ heterostructures and in the bulk of TC+TCNQ composites, which is also con-
firmed by the appearance of TC+- and TCNQ−-bands in the photovoltaic spectra of both the
heterostructure and composite films. This result is important for a deeper understanding of the
operating mechanisms in various potentially imaginable devices based on those heterostructures
and composites (solar cells, field-effect transistors, and light-emitting diodes).

K e yw o r d s: donor-acceptor interaction, films, heterostructures, composites, tetracene, tetra-
cyanoquinodimethane, absorption spectrum, photovoltaic response, photo-emf.

1. Introduction
Tetracene (TC) is a high-resistance organic semicon-
ductor of the 𝑝-type with a wide energy gap 𝐸𝑔 ≥
3.0 eV [1]. The photovoltaic effect in TC crystals and
films was studied in works [2–4]. The effective co-
efficient of conversion of the light energy into the
electric one in solar cells with a TC/C60 (fullerene)
heterostructure was found to equal 1.7–2.3% [5, 6]
or 0.34% [7]. Photo-electric properties of field-effect
transistors [8–11] and light-emitting diodes [12–14] on
the basis of TC crystals and films were also studied.

In 1960, a strong electron acceptor, tetracyanoqui-
nodimethane (TCNQ), was synthesized for the first
time [15]. Interest to this compound was invoked by
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the discovery of its highly conducting anion-radical
salt (the CT complex) with tetrathiafulvalene (TTF)
in 1973 [16]. The electron absorption and lumines-
cence spectra of TCNQ and its anion-radicals were
considered in works [17, 18] in detail. At the thermal
sputtering in vacuum, the structure and electric prop-
erties of thin TCNQ films depend on the sputtering
rate and the substrate temperature [19]. The switch-
ing effect was observed in Me/TCNQ heterostruc-
tures, where Me = Cu, Ag, and K [20–23]. It results
from a drastic change of the conductivity in those
heterostructures under the influence of the critical
electric field. This effect can be used to manufacture
electric switches. The electron absorption spectra and
the electric properties of TCNQ/C60 heterostruc-
tures were studied in work [24, 25]. The conductivity
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of copper phthalocyanine (CuPc) and graphene films
considerably increases after their doping with TCNQ
molecules [26, 27].

The structure of TC +TCNQ cocrystals obtained
from the vapor phase was also studied. The crystal
lattice of those cocrystals consists of stacks, in which
TC and TCNQ molecules alternate [28]. The calcu-
lated magnitude of charge transfer from the TC donor
(with the 𝑝-type conductivity) to the TCNQ accep-
tor (with the 𝑛-type conductivity) amounts to 0.13𝑒,
where 𝑒 is the elementary charge, with good trans-
port properties of those cocrystals taking place only
for electrons [29]. A field-effect transistor with an av-
erage mobility of about 10−4 cm2/(V s) and a switch
on/off ratio of about 105 was created on the basis of
TC+F4TCNQ cocrystals. Furthermore, those cocrys-
tals reveal quite a good photo-response in the “switch
on” and “switch off” regimes [30].

The analysis of the literature data, including those
cited above, showed that the description of the ab-
sorption and photovoltaic spectra of TC/TCNQ het-
erostructures and TC +TCNQ composites, as well as
the manifestations of the donor-acceptor interaction
in those spectra, is almost absent. The correspond-
ing research is required for a deeper understanding
of the operation principles of probable devices on the
basis of the indicated heterostructures and compos-
ites. This is the aim of this work.

2. Experimental Technique

Thin TC and TCNQ films, as well as heterostructures
with planar (PHJ) and bulk (BHJ) heterojunctions,
respectively, were fabricated in a vacuum of 6.5 mPa
by thermally sputtering the corresponding substance
onto glass substrates covered with a conducting ITO
layer. The masses of TC or TCNQ loaded into a cru-
cible when preparing a single-component films and
heterostructures amounted to 13 and 10 mg, respec-
tively. In the heterostructures with the PHJ (below,
the heterostructures or TC/TCNQ), the TC layer was
located lower and the TCNQ one upper with respect
to each other. The heterostructures with the BHJ
(below, the composites or TC + TCNQ) were fabri-
cated, by thermally sputtering a mixture of TC and
TCNQ from a ceramic crucible. The film thickness
was measured, by using an MII-4 interference thick-
ness gauge. The absorption spectra were registered
with the help of a Perkin Elmer Lambda 25 uv/vis

spectrophotometer with a spectral width of 1 nm and
at room temperature. The measurement error did not
exceed 2%.

A measurement cell was formed by two glass sub-
strates. One side of each substrate was covered with
a conducting ITO layer, whereas the other remained
clean. The TC (or TC/TCNQ) or TCNQ (or TC +
+ TCNQ) films were sputtered on the substrate side
that had been covered with the ITO layer (the rear
electrode). The free surface of those films and the
ITO layer on the other substrate (the front elec-
trode) were separated by a teflon film 20 𝜇m in
thickness. One substrate was carefully imposed on the
other, so that their covered surfaces were inside and
with a relative shift of 3 mm in order to create con-
tact platforms for output conductors. Afterward, the
electrodes were strongly pressed to each other, and
their edges were covered with a thin film of epoxy
resin. After the resin had hardened, thin copper con-
ductors in the teflon isolation were soldered by in-
dium to the ITO layers of contact platforms. The
system obtained could be regarded as a static con-
denser, in which the free surfaces of the indicated
films and the ITO layer of the second substrate were
the plates, and the teflon film played the role of an
insulator. The area of the plates of this condenser
amounted to 120 mm2, and its theoretical static ca-
pacitance was 106 pF. Under the modulated light illu-
mination at a frequency of 80 Hz, the cell impedance
𝑍c did not exceed the cell capacitance and amounted
to 19 MΩ.

Light emitted by an 120-W iodine incandescent
lamp (Hitachi) was directed through a focusing sys-
tem consisting of two quartz lenses, a modulator, and
a corresponding light filter to an MDR-4 monochro-
mator (LOMO). Monochromatic light from the out-
put slit of MDR-4 was focused on a window in the vac-
uum cell. The researched specimen was mounted at
the center of this cell. The photo-emf 𝑉 was measured
with the help of a phase-sensitive selective nanovolt-
meter 232B (Unipan) equipped with an preampli-
fier 233-7 (Unipan) at the input and a grounded cell
screen. From the output of a nanovoltmeter, the sig-
nal was directed to a personal computer through an
interface card ET-1050. The preamplifier impedance
𝑍a amounted to 1 GΩ. Therefore, the magnitude of 𝑉
was measured in the idling mode, since 𝑍a ≫ 𝑍c. The
installation made it possible to measure the changes
of 𝑉 with the lifttime 𝜏 ≤ 1 s.
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Fig. 1. Structural formulas of TC and TCNQ molecules [28]

The reference signal was created, by using a pho-
ton-coupled pair “light-emitting diode–photo diode”,
which was mounted at a modulator.

After every measurement series, the spectral dis-
tribution of the lamp intensity was measured with
the help of a pyroelectric radiation sensor (the Spe-
cial Design and Engineering Bureau at the Insti-
tute of Physics, Kyiv), which was mounted instead
of the specimen, and the registered 𝑉 -spectra were
renormalized to the same number of incident light

Structures of TC, TCNQ, TC/TCNQ
heterostructure, and TC+ TCNQ composite films
sputtered onto glass substrates covered with an ITO
layer. Images were obtained in an optical microscope
at a 40x magnification and in polarized light (panels
1 to 3) and in an electron microscope (panels 4 to 7)

TC TCNQ Composite

1 2 3

4 5 6

Heterostructure

7

quanta. The measurement error for the photo-emf 𝑉
did not exceed 5%.

The structures of all films were studied on an opti-
cal microscope Pernal Interphako (Carl Zeiss) and a
scanning electron microscope JSM-35 (JEOL).

3. Experimental Data

The electron subsystems of the TC and TCNQ
molecules (Fig. 1) have their specific features. The
TC molecule is characterized by the delocalization of
external 𝜋-electrons belonging to the carbon atoms
C, which occurs along the molecule perimeter formed
by four benzene rings. In the TCNQ molecule, similar
electrons can move between the opposite cyanogroups
(CN groups) along bonds d, c, b, and a. The acceptor
properties of the TCNQ molecule are determined by
CN groups, which can capture external electrons or
polarize the corresponding electron orbitals (the par-
tial charge transfer) of the TC molecule in the course
of interaction between the molecules.

In the optical microscope (see Table) at a 40x
magnification and in polarized light, we observed
a polycrystalline structure in the TC, TCNQ, and
TC +TCNQ films (cells 1–3). The computer analy-
sis showed that the crystallite size did not exceed
1 𝜇m. The brightness of crystallites changed, when
the polarizer was rotated around the vertical micro-
scope axis. This fact testifies to different orientations
of the optical axes of crystallites with respect to the
glass substrate plane.

In the electron microscope, one can see that the
TC films are porous (cell 4), and the TCNQ ones are
continuous (cell 5). In the both cases, the films are
polycrystalline.

The temperature of sublimation in vacuum
amounts to 383 K for TCNQ [31] and 413–433 K
for TC [32]. This fact means that if those substances
are thermally sputtered from the same crucible and
the crucible temperature increases, TCNQ will start
first to sublimate. From a certain moment, those
components will sublimate together, which is a nec-
essary condition for the TC + TCNQ cocrystallites
to be formed. Crystallites in the TCNQ film had
a round shape. At the same time, TCNQ crystal-
lites in the heterostructure (TC/TCNQ) films (cell 7)
were oriented in the same direction, and their shape
was mainly needle-like. This change of the crystal-
lite shape is associated with the influence of a layer
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of TC molecules, when TCNQ molecules were sput-
tered onto it. In the composites (cell 6), chaotically
oriented needle-like and round crystallites were ob-
served. We may assume that, when TC and TCNQ
are sublimated from the same crucible, the compos-
ite films containing TC and TCNQ crystallites, as
well as TC +TCNQ cocrystallites, are formed.

The absorption spectra of TC, TCNQ, TC/TCNQ,
and TC + TCNQ films were approximated by the sum
of Gaussians, by using the Origin software. The ap-
proximation results were used to specify the positions
of maxima of separate bands that form the structure
of absorption bands.

In Fig. 2, the absorption spectra of the TC and
TCNQ films 170 nm in thickness and the heterostruc-
ture film with a thickness of 170 nm for each layer are
depicted. The absorption spectra for the heterostruc-
ture (curve 2 ) and TC (curve 4 ) films correlate with
each other. The wide structural absorption band for
the TC film corresponds to the first electron tran-
sition in the TC molecule. The long-wave bands at
2.340 and 2.460 eV are the components of the Davy-
dov splitting of the 0 → 0 transition, and they tes-
tify to the presence of a crystalline phase in the TC
films [4]. The bands at 2.622, 2.799, and 2.963 eV
belong to the vibronic progression 0 → 𝑛, where
𝑛 = 1, 2, and 3. The absorption spectra of TCNQ
films (curve 3) demonstrate bands at 2.214, 2.627,
2.714, 2.816, and 3.087 eV. On the long-wave slope
of the band at 2.214 eV, we found a weak band at
1.978 eV. The bands at 3.087, 2.816, and 2.627 eV
are associated with the light absorption by neu-
tral TCNQ0 molecules, TCNQ

_
anion-radicals, and

TCNQ2− dianions, respectively [17, 18]. At the same
time, the band at 2.714 eV can be a vibrational rep-
etition of the band at 2.627 eV. The bands at 2.214
and 1.978 eV can be regarded as dimeric, because
they are close by their positions to the 1.928-eV band
of the dimer of anion-radicals (TCNQ−)2 in TCNQ
aqueous solutions [18, 33].

The sum of the absorption spectra of the TC and
TCNQ films (curve 1 ) differs substantially from the
heterostructure film spectrum (curve 2 ). Curve 5 is
the difference Δ𝐷1 between the optical densities of
curves 2 and 1. One can see that Δ𝐷1 < 0 in a spec-
tral interval of 1.578–2.330 eV and anticorrelates with
the absorption behavior in the TCNQ film (curve 3,
the band at 2.214 eV). In the interval 2.330–2.607 eV,
Δ𝐷1 > 0 and correlates with the absorption in the

Fig. 2. Absorption spectra of TC (4 ) and TCNQ (3 ) films
170 nm in thickness, their sum (1 ), absorption spectrum of
TC/TCNQ heterostructure (2 ), and difference Δ𝐷1 between
curves 2 and 1 (5 )

Fig. 3. Absorption spectra of films of TC+TCNQ composite
(1 ), TC/TCNQ heterostructure (2 ), their difference Δ𝐷2 (4 ),
and difference Δ𝐷1 between curves 1 and curves 1 (Fig. 2) (3 )

TC film (curve 4 ). The anticorrelation is also ob-
served between the absorption maxima for the TC
(2.622 eV) and TCNQ (2.627 and 2.714 eV) films. In
the interval from 2.654 to 3.500 eV, the values of Δ𝐷1

are positive (Δ𝐷1 > 0).
Figure 3 illustrates the absorption spectra of the

composite film 170 nm in thickness (curve 1 ) and the
heterostructure film with a thickness of each layer of
170 nm (curve 2 ), their difference Δ𝐷2 (curve 4 ),
and the difference Δ𝐷1 between the absorption spec-
trum of the composite and the sum of the absorption
spectra of the components (curve 3 ). The bands at
1.989, 2.216, 2.344, 2.455, 2.622, 2.799, and 3.025 eV
were revealed in the absorption spectrum of the het-
erostructure (curve 2 ), and at 2.015, 2.219, 2.341,
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Fig. 4. Spectra of front, 𝑉𝑓 (2 and 3 ), and rear, 𝑉𝑟 (4 and 5 ),
condenser photo-emfs, and the absorption spectrum of the TC
film 120 nm in thickness (1 ). Curves 2 and 4 were registered
at the normal atmospheric pressure, and curves 3 and 5 at an
air pressure of 100 Pa in the measurement cell

Fig. 5. Spectra of front, 𝑉𝑓 (2 and 4 ), and rear, 𝑉𝑟 (3 and
5 ), condenser photo-emfs, and the absorption spectrum of the
TC film (1 ). Curves 1, 2, and 3 correspond to a film thickness
of 170 nm, and curves 4 and 5 to a filn thickness of 200 nm

2.456, 2.578, 2.646, 2.717, 2.820, 2.977, 3.141, and
3.240 eV in the absorption spectrum of the compos-
ite (curve 1 ). The spectrum for the difference Δ𝐷2

(curve 4 ) anticorrelates with the absorption spectrum
for the heterostructure (curve 2 ), and with the bands
at 2.627 and 2.816 eV for the TCNQ and TC films
(Fig. 2, curves 3 and 4, respectively). The signs of
Δ𝐷1 for the composite (curve 3 ) and heterostructure
(Fig. 2, curve 5 ) films are the same. Hence, the ab-
sorption spectra of the heterostructure and composite
films reveal all bands inherent to their components
(TC and TCNQ).

When analyzing the photovoltaic response of the
TC, heterostructure, and composite films, one has to
take into account that the experimental technique de-
scribed above registers the signs of the charge at the
front ITO electrode and the total charge at the free
surface and in the space charge region (SCR) near
this film surface.

The photovoltaic effect in the TC films depends
on their thickness and the air pressure in the mea-
surement cell (Figs. 4 and 5). At the illumination
of the free surface of the TC film 120 nm in thick-
ness at the normal atmospheric pressure, the front
photo-emf 𝑉𝑓 < 0 (Fig. 4, curve 2 ), and it correlates
with the absorption spectrum (curve 1 ). The spec-
trum of the front photo-emf demonstrates the short-
wave Davydov-splitting component at 2.441 eV and
the vibronic bands at 2.622, 2.833, and 2.970 eV. The
rear photo-emf 𝑉𝑟 (the illuminated film surface that
directly contacts with the rear ITO electrode and is
opposite to the free surface) changes its sign (𝑉𝑟 > 0)
in the spectral intervals 2.201–2.348 eV and 2.495–
2.927 eV (curve 4 ). The bands at 2.422 eV (Davydov-
splitting component) and 3.01 eV (the third vibronic
band) have a negative sign. When the air pressure in
the measuremwnt cell was lowered down to 100 Pa,
the rear photo-emf became negative (𝑉𝑟 < 0) every-
where, except for a weak band at 2.300 eV (curve 5 ).

In the 𝑉𝑓 and 𝑉𝑟 spectra of the TC film 170 nm in
thickness, the both components are observed (Fig. 5,
curves 2 and 3 ). At the same time, only the short-
wave component (curves 4 and 5 ) of the Davydov
splitting is observed for the 200-nm film. The 𝑉𝑓

spectrum correlates with the absorption spectrum of
the 170-nm film (curve 1 ). The analysis of the 𝑉𝑓

and 𝑉𝑟 spectra showed that the peak values of both
photo-emfs diminish with the growth of the TC film
thickness.

In Fig. 6, the 𝑉𝑓 (curves 2 and 3 ), 𝑉𝑟 (curves 4 and
5), and absorption spectra of heterostructure films
with a thickness of 120 nm for each component layer
are shown. In the 𝑉𝑓 spectra registered at the normal
atmospheric pressure (curve 2 ) and at an air pressure
of 100 Pa (curve 3 ), only the short-wave Davydov-
splitting component in TC at 2.446 eV and the bands
at 2.617, 2.823, 2.995, and 3.157 eV are observed. Fur-
thermore, if the air pressure in the measurement cell
decreases, the intensities of those bands also dimin-
ish. In the 𝑉𝑟 spectra registered at the normal at-
mospheric pressure (curve 4 ) and at an air pressure
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of 100 Pa (curve 5 ), the long-wave Davydov-splitting
component in TC at 2.343 eV and the bands at 2.553,
2.843, and 3.048 eV reveal themselves. The intensities
of those bands also decrease if the air pressure in the
measurement cell becomes lower.

In Fig. 7, the 𝑉𝑓 (curve 1 ), 𝑉𝑟 (curve 3 ), and
absorption (curve 2 ) spectra of composite films are
depicted. The 𝑉𝑓 (the stronger signal) and 𝑉𝑟 (the
weaker signal) spectra for the heterostructure with a
thickness of component layers of 170 nm are exhib-
ited in the inset. In the 𝑉𝑓 spectrum of the compos-
ite (curve 1 ), instead of the Davydov-splitting com-
ponents (curve 2 ), one can observe bands at 2.567
and 2.896 eV, and an intensive band at 2.402 eV,
which position is close to the short-wave component
of splitting in TC. Additionally, this spectrum in-
cludes the long-wave low-intensity bands at 1.737,
1.809, 1.867, 1.951, 2.021, and 2.205 eV, and the
band at 2.157 eV. The 𝑉𝑟 spectrum of compos-
ite (curve 3 ) contains the band of the short-wave
Davydov-splitting component (at 2.481 eV) and the
bands at 2.656, 2.859, and 3.040 eV. The intensities of
long-wave bands in the interval 1.7–2.3 eV are lower
that the corresponding intensities of the 𝑉𝑓 spec-
trum. In the 𝑉𝑓 spectrum of the heterostructure (the
inset in Fig. 7, the stronger signal), the band of the
long-wave Davydov-splitting component in TC is ob-
served at 2.352 eV, as well as the bands at 2.537,
2.828, and 3.052 eV together with long-wave low-
intensity bands. This spectrum also demonstrates the
bands at 2.405, 2.590, and 2.961 eV. The 𝑉𝑟 spectrum
of the heterostructure consists of the bands at 2.405,
2.577 (a vibronic repetition), and 2.947 eV.

The research of the photovoltaic response in TCNQ
films showed that this parameter is too small and
comparable with the measurement errors.

4. Discussion of the Results Obtained

The analysis of the absorption spectra of the TC,
TCNQ, heterostructure, and composite films (Figs. 2
and 3) showed that the additivity rule is not sat-
isfied. The largest deviations from this rule (see
Fig. 2, curve 5 ) were observed in the regions of
absorption band maxima in TCNQ (2.214 eV, the
dimeric band) and TC (2.340 and 2.460 eV, the
bands of the Davydov-splitting components) films,
with Δ𝐷1 < 0 in the former case, and Δ𝐷1 > 0 in
the latter one. Similar variations were observed in the

Fig. 6. Spectra of front, 𝑉𝑓 (2 and 3 ), and rear, 𝑉𝑟 (4 and
5 ), condenser photo-emfs, and the absorption spectrum of the
TC/TCNQ heterostructure film (1 ). The thickness of each
component layer equals 120 nm. Curves 2 and 4 were regis-
tered at the normal atmospheric pressure, and curves 3 and 5
at an air pressure of 100 Pa in the measurement cell

Fig. 7. Spectra of front, 𝑉𝑓 (1 ), and rear, 𝑉𝑟 (3 ), condenser
photo-emfs, and the absorption spectrum of the TC+TCNQ
composite film (2 ). The inset demonstrates the 𝑉𝑓 (larger
signal) and 𝑉𝑟 (smaller signal) spectra for the TC/TCNQ het-
erostructure with a thickness of 170 nm for each component
layer

absorption spectra of the composite, in which those
molecules interact in the bulk (Fig. 3, curve 3 ). Fur-
thermore, the maxima of the TCNQ2− absorption
bands and the first vibronic band of TC in the com-
posite become shifted bathochromically by 0.044 eV
and hypsochromically by 0.024 eV with respect to
their position at 2.622 eV in the heterostructure films
(Fig. 3, curves 1 and 2, respectively). Those changes
of Δ𝐷1, which are larger than the measurement er-
ror, testify to the donor-acceptor interaction of TC
molecules (donor) with closely located TCNQ0 and
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TCNQ− molecules (electron acceptors) at the inter-
face between the components in the heterostructure
and in the composite bulk. The TCNQ− molecules
are formed in the former case, and the TCNQ2− ones
in the latter case. A additional proof of the donor-
acceptor interaction between the TC and TCNQ
molecules is the appearance of the bands at 1.737
and 2.021 eV in the 𝑉𝑓 and 𝑉𝑟 spectra of composites
and heterostructures (Fig. 7), which, by their loca-
tion, are close to the bands of TC+ cation-radical at
1.67 and 2.06 eV [34], as well as the bands at 2.828
and 2.896 eV in the 𝑉𝑓 spectra of the heterostruc-
ture and the composite, which belong to the TCNQ−

anion-radical.
The ratio between the numbers of molecules of the

electron donor and acceptor (TC and TCNQ, respec-
tively) for the fabricated composites was found from
the formula

𝑁1

𝑁2
=

𝑚1

𝑚2
× 𝑀2

𝑀1
, (1)

where 𝑁1, 𝑚1 = 13 mg, and 𝑀1 = 228.29 g/mol
are the number of molecules, the sputtered mass, and
the molar mass of TC, respectively, and 𝑁2, 𝑚2 =
= 10 mg, and 𝑀2 = 204.19 g/mol are the corre-
sponding parameters for TCNQ. The resulting ratio
calculated from this formula amounts to 𝑁1 : 𝑁2 =
= 1.16 : 1.00.

Thus, in the composites, there is one acceptor
molecule per one donor molecule, which is a required
condition for the emergence of CT complexes, when
TC and TCNQ are simultaneously sputtered in vac-
uum. Furthermore, those complexes can also be cre-
ated in the heterostructures at the interface between
the components. The presence of such complexes is
confirmed by the deviations, considered above, from
the additivity rule in the absorption spectra of het-
erostructures and composites at 2.214, 2.340, 2.460,
and 2.677 eV (see Fig. 2, curve 5 ; and Fig. 3, curve 3 )
and by the appearance of the bands of TC+ cation-
radical in those spectra.

Before analyzing the spectra of condenser photo-
emf 𝑉 , we have to consider the type of electric con-
ductivity in the TC, heterostructure, and composite
films, and estimate the size of the charge photogen-
eration region in them.

Holes are the majority charge carriers in TC crys-
tals and films [1, 4, 32]. The conductivity of the crys-
tals of TCNQ ion-radical salts is realized by means

of the electron transfer along the linear stacks of
TCNQ− anion-radicals and holes along the alterna-
tive stacks of cation-radicals of various nature [35]. If
the cation-radicals are alkaline metals (K, Cs), the
conductivity of those salts is provided by the transfer
of only electrons along the TCNQ− stacks [36]. The
TCNQ salt has a high conductivity (102 Ω−1cm−1),
if those stacks are only created by anion-radicals
with the same intermolecular distance of 0.326 nm
between them. If (TCNQ−)2 dimers and neutral
TCNQ0 molecules alternate in the stacks, the salt has
a low conductivity of 10−4 Ω−1cm−1. Dimer bands
manifest themselves in the absorption spectra of crys-
tals and pressed powders of low-conducting salts, and
they are absent in the spectra of high-conducting salts
[37, 38]. The mechanisms of TCNQ−, TCNQ+, and
TCNQ2− formation in TCNQ stacks were described
in work [39]. We may assume that electrons and holes
in TC + TCNQ cocrystals move along the stacks of
TCNQ− and TC molecules, respectively.

The photogeneration region of nonequilibrium
charge carriers in the TCNQ and TC films, as well
as in the films of their heterostructures and compos-
ites, can be estimated by the light penetration length
𝐿𝑎. This parameter is determined by the formula

𝐿𝑎 =
𝑑

𝐷
, (2)

where 𝑑 is the thickness, and 𝐷 the optical density of
the film.

From the data of absorption spectra registered for
the TC films (Figs. 4 and 5, curve 1 ) and formula (2),
the following minimum values of 𝐿𝑎 were obtained:
200 nm for 𝑑 = 120 nm, 146 nm for 𝑑 = 170 nm, and
144 nm for 𝑑 = 200 nm. It should be noted that the
absorption spectra of the TC film 200 nm in thick-
ness were given in work [4]. Hence, for the TC film
120 nm in thickness, 𝐿𝑎 exceeds the film thickness 𝑑
in the spectral interval 1.6–3.5 eV. The same relation-
ship between 𝐿𝑎 and 𝑑 is also characteristic of the TC
films 170 and 200 nm in thickness, except for narrow
spectral intervals near the intensive maxima at 2.344
and 2.461 eV, where 𝐿𝑎 ≤ 𝑑. This fact means that the
photogeneration of nonequilibrium charge carriers in
TC films with all examined thicknesses took place si-
multaneously in the bulk and at their free and rear
surfaces under both frontal and back illumination.

At the frontal illumination of the TC/TCNQ het-
erostructures, light firstly passes through the TCNQ

76 ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1



Donor-Acceptor Interaction

layer, then through the interface between the com-
ponents, and finally through the TC layer. We eval-
uated the ratio 𝐿𝑎/𝑑 on the basis of formula (2) and
the ratio 𝐼/𝐼0, where 𝐼0 and 𝐼 are the incident light
intensity and the intensity of light passed through the
layer, on the basis of the Bouguer–Lambert law. The
evaluation was carried out for the maximum and min-
imum absorptions of the components. For the TCNQ
layer 120 nm in thickness and in the TCNQ ab-
sorption interval, we obtained 𝐿𝑎/𝑑 = 1.9–2.7 and
𝐼/𝐼0 = 0.59–0.69, i.e. the minimum light penetra-
tion depth 𝐿𝑎 exceeded the layer thickness, and the
minimum intensity of light at the interface amounted
to 59% of the intensity incident on the heterostruc-
ture. In the case of back heterostructure illumination
(light passed through the TC layer), we obtained that
𝐿𝑎/𝑑 = 1.7–4.8 and 𝐼/𝐼0 = 0.56–0.81. This means
that the photogeneration of nonequilibrium charge
carriers took place in the whole heterostructure vol-
ume, irrespective of the illumination direction.

It was suggested [4] that, in TC films, 𝑉𝑓 and 𝑉𝑟

are the algebraic sums of three photo-emfs: 𝑉D, 𝑉𝑏,
and 𝑉𝑡. The Dember photo-emf 𝑉D is associated with
the diffusion of nonequilibrium holes toward the dark
surface of the film. Its magnitude can be estimated
by the formula [40]

𝑉D =
𝑘𝑇

𝑞
𝛼𝑑, (3)

where 𝑘 is the Boltzmann constant, 𝑇 the absolute
temperature, 𝑞 the electron charge, 𝛼 the absorption
coefficient, and 𝑑 the film thickness. From this for-
mula, it follows that the 𝑉D-spectrum correlates with
the film absorption spectrum, and the magnitude of
𝑉D increases with the growth of 𝑑.

The barrier photo-emf 𝑉𝑏 is a result of the en-
ergy band bending near the film surface. The surface
photo-emf 𝑉𝑡 is determined by the sign and mag-
nitude of the charge captured at the surface film
states. It has to be noted that the charge at the TC
film surface affects the band bending. Therefore, in
what follows, the sum of the 𝑉𝑏 and 𝑉𝑡 components
will be referenced to as the surface-barrier photo-emf
𝑉𝑠 (frontal or rear).

It was found [41] that the band bending near the
free surface in the TC films is locking for nonequilib-
rium holes. The bend magnitude decreases with the
growth of the illumination intensity 𝐻, so that the

bending can become antilocking at large 𝐻. The as-
sumption was made that those changes result from
the formation of tetraoxytetracene (TOT) and weak
CT complexes TC–TOT and TC–O2.

In this work, we found that 𝑉𝑓 < 0 at the illu-
minated surface. This fact means that 𝑉𝑠𝑓 and 𝑉𝐷𝑓

have the same sign. In addition, 𝑉𝑓 decreases with
the growth of 𝑑 (Fig. 4, curve 2; Fig. 5, curves 2 and
4 ). Therefore, 𝑉𝐷𝑓 ≪ 𝑉𝑠𝑓 , and 𝑉𝑓 changes due to
a reduction of the 𝑉𝑠𝑓 magnitude. The latter takes
place owing to a modification of the free surface mor-
phology and a reduction of the surface charge, when
the thickness 𝑑 of TC films grows.

The electron work function amounts to 4.5–4.7 eV
for ITO [42], and to 5.31 eV for the TC crystal
[32]. This fact means that the energy band bending
in the TC film near the rear ITO electrode is locking
for holes. Near this electrode, nonequilibrium holes
recombine with electrons from the external section
of the circuit, and the front ITO electrode becomes
charged positively, when the free surface of the TC
film is illuminated. Since the signs of 𝑉𝑓 and 𝑉𝑟 in
TC films are mainly negative, this fact testifies that
𝑉𝑠𝑓 provides the dominating contribution to them.

The change of the photocurrent sign was observed
for TC crystals [2] and thick TC films 1.6 𝜇m in thick-
ness [43]. In work [43], this anomaly was explained
on the basis of the transfer equation [1], and the con-
clusion was drawn that, in TC films, either the sur-
face recombination rate of nonequilibrium charge car-
riers is very high or excitons mainly annihilate in the
bulk rather than at the surface of those films. In this
case, the photovoltaic current polarity is determined
by the type of charge carriers and the direction of
their motion.

In this work, the change of the 𝑉𝑟 sign was ob-
served at an air pressure of 105 Pa in the measure-
ment cell, but only for the thinnest (120 nm) TC
film (Fig. 4, curve 4 ). This spectrum considerably
changed, when the air pressure in the cell was low-
ered down to 102 Pa (Fig. 4, curve 5 ). One may as-
sume that 𝑉𝑟 changes its sign in the thinnest films
owing to the formation of CT complexes between TC
molecules and oxygen, which agrees with the results
of work [41] and is confirmed by the existence of a
weak TC+ band at 1.799 eV in the absorption spec-
tra (Fig. 4, curve 1 ). In the case of a thicker TC film,
the absence of this band (Fig. 5, curve 1 ) testifies to
a small number of CT complexes, and no sign change
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was observed for it. The analysis of our results and
the literature data cited above [2, 43] demonstrates
that there is no general approach to the explanation of
the origin of the sign variation in thin TC films. This
anomaly will be studied in our further researches.

Since TC and TCNQ are semiconductors of the
𝑝- and 𝑛-types, respectively, there emerges a dou-
ble electric layer at the interface between the het-
erostructure components, which is formed by elec-
trons and holes from the TC and TCNQ surfaces,
respectively. The electric field of this heterojunction
(HJ) governs the drift of nonequilibrium holes and
electrons toward the rear ITO electrode and the free
surface of TCNQ layer, respectively.

The largest peak values of 𝑉𝑓 and 𝑉𝑟 in heterostruc-
tures with a component thickness of 120 nm were
observed at photon energies of 2.995 and 2.823 eV
(Fig. 6, curves 2 and 4 ). The former value is close
to the forbidden gap width in TC and to the en-
ergy of the first electron transition in the TCNQ0

molecule, i.e. nonequilibrium charge carriers of both
signs contribute to the 𝑉𝑓 - and 𝑉𝑟-values in het-
erostructures at 𝐸 ≥ 2.995 eV. At the same time,
electrons are generated by light in the layers of both
components. Photon energies of 2.823 and 2.843 eV in
the 𝑉𝑓 and 𝑉𝑟 spectra are close to the energy of the
first electron transition in TCNQ− [4, 18, 39]. In het-
erostructures, TCNQ− anion-radicals can be formed
both in the bulk of a TCNQ layer and near the com-
ponent interface (Fig. 6, curves 3 and 5 ). A reduc-
tion of the air pressure in the cell to 102 Pa results in
decreases of the 𝑉𝑓 and 𝑉𝑟 in heterostructures, simi-
larly to the case of TC films (Fig. 4, curves 3 and 5 ),
which testifies that those heterostructures contained
CT complexes of TC with oxygen.

The 𝑉𝑓 and 𝑉𝑟 spectra for the heterostructure with
a thickness of 170 nm for each of its layers (the inset
in Fig. 7) differ by the distribution of peak band in-
tensities from the corresponding spectra in the case
where the thicknesses of the layers amount to 120 nm
(Fig. 6). In the 𝑉𝑓 spectrum for the heterostructure
with thicker layers, the band at 2.828 eV can be as-
sociated with TCNQ−, and the bands at 2.352 and
2.537 eV have the maximum peak intensities. In the
𝑉𝑟 spectrum, this is the band at 2.405 eV. Additio-
nally, long-wave bands are observed, among which
the bands at 1.989 and 2.216 eV should be distin-
guished (by their position, they are close to the
TCNQ− dimer absorption bands (Fig. 2, curve 3 )),

as well as the band at 2.155 eV with the opposite
sign. For the heterostructure under the frontal illu-
mination (the inset in Fig. 7), 𝐿𝑎/𝑑 = 0.9÷2.0 and
𝐼/𝐼0 = 0.33÷0.61), whereas, under the rear illumi-
nation, 𝐿𝑎/𝑑 = 0.88÷3.4 and 𝐼/𝐼0 = 0.32÷0.74. As
a result, 𝐿𝑎 is smaller than the thickness of the
TCNQ layer at the frontal illumination and the thick-
ness of the TC layer at the rear illumination only
in the cases of photons with energies of 2.216 and
2.461 eV. Furthermore, the minimum relative light in-
tensity at the component interface amounts to 32%,
i.e. the photogeneration of nonequilibrium charge car-
riers occurs in the whole volume of those heterostruc-
tures, irrespective of the illumination direction.

It was found that the free surface of the TCNQ
film in the heterostructures becomes charged nega-
tively at the front illumination. This fact means that
nonequilibrium electrons drift to the TCNQ film sur-
face and nonequilibrium holes to the rear ITO elec-
trode under the action of the electric field in the het-
erostructure. We may assume that the photo-emf 𝑉𝐻

dominates in the front and rear photo response of
heterostructures.

In the 𝑉𝑓 and 𝑉𝑟 spectra of the composite (Fig. 7,
curves 1 and 3 ), the intensities of long-wave bands
are larger in comparison with those for the het-
erostructure (the inset in Fig. 7). At the same time,
there is no sign change in those spectra, and the band
at 2.402 eV in the 𝑉𝑓 spectrum and the band at
2.481 eV in the 𝑉𝑟 spectrum have the maximum peak
intensities. The CT complexes of TC with TCNQ also
contribute to the 𝑉𝑓 and 𝑉𝑟 spectra of heterostruc-
tures and composites, which is testified by the TC+

bands at 1.67 and 2.06 eV (Fig. 7). In the 𝑉𝑓 and 𝑉𝑟

spectra of composites, the intensities of the indicated
bands are higher than in the case with heterostruc-
tures, i.e. the number of CT complexes in the com-
posites is larger, which is a necessary condition for
the creation of TC +TCNQ cocrystals.

5. Conclusions

In this work, it is found that the films of TC, TCNQ,
TC/TCNQ heterostructures, and TC+ TCNQ com-
posites, which were sputtered in a vacuum of 6.6 mPa
onto glass substrates, are polycrystalline. The lin-
ear size of crystallites in those films did not exceed
1 𝜇m. Changes in the structure of TCNQ films in the
heterostructures in comparison with the structure of
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TCNQ films on glass substrates occur due to the in-
fluence of molecules in the lower TC layer.

The largest variations of Δ𝐷1 in the absorption
spectra of heterostructures and composites in com-
parison with the sum of absorption contributions
given separately by the components are observed
in the intervals of TCNQ dimer bands at 2.214 eV
(Δ𝐷1 < 0) and in all TC bands (Δ𝐷1 > 0). Those
variations testify to the formation of charge trans-
fer (CT) complexes between the TC (the electron
donor) and TCNQ (the electron acceptor) molecules
at the heterostructure interface and in the compos-
ite bulk. It is found that the TCNQ films have a low
photosensitivity, which is comparable with measure-
ment errors. The spectra of the photovoltaic response
of the TC/TCNQ heterostructure and TC+ TCNQ
composite films at their front and rear illumina-
tion are registered in the absorption interval of TC
films.

Higher intensities of the bands at 1.737 and
2.021 eV belonging to the TC+ cation-radical in the
𝑉𝑓 and 𝑉𝑟 spectra of composites in comparison with
those for heterostructures, as well as the bands at
2.828 and 2.896 eV belonging to the TCNQ− anion-
radical, testify to the formation of TC +TCNQ co-
crystals in the composite bulk, when the TC and
TCNQ components are simultaneously sputtered in
vacuum.

The work was carried out in the framework of the
NASU scientific project No. 14B/186.
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ДОНОР-АКЦЕПТОРНА ВЗАЄМОДIЯ
В ПЛIВКАХ ГЕТЕРОСТРУКТУР I КОМПОЗИТIВ
ТЕТРАЦЕНА IЗ ТЕТРАЦIАНХIНОДИМЕТАНОМ

Р е з ю м е

Дослiджено структуру, спектри поглинання i фотовольта-
їчний вiдгук тонких плiвок тетрацену(Тс), тетрацiанхiно-
диметану (TCNQ), гетероструктур (ГС) Тс/TCNQ i ком-
позитiв Тс+TCNQ. ГС i композити одержано послiдовним
i одночасним вакуумним термiчним напорошенням компо-
нент вiдповiдно. Фотовольтаїчний вiдгук вимiряно конден-
саторним методом. Вперше встановлено, що найбiльшi змi-
ни Δ𝐷1 в спектрах поглинання ГС i композитiв порiвня-
но iз таким для суми поглинання компонент спостереже-
но в областях димерних смуг TCNQ 2,214 еВ (Δ𝐷1 < 0) i
всiх смуг Тс (Δ𝐷1 > 0). Цi змiни свiдчать про утворення
на межi розподiлу ГС i в об’ємi композитiв СТ-комплексiв
(charge transfer complexes) мiж молекулами Тс (донор) i
TCNQ (акцептор електронiв), що пiдтверджується також
появою смуг Тс+ i TCNQ− в спектрах фотовiдгуку ГС i
композитiв. Цей результ є важливим для бiльш глибокого
розумiння принципiв роботи потенцiйно можливих рiзних
пристроїв на основi цих ГС i композитiв (сонячних елемен-
тiв, польових транзисторiв i свiтлодiодiв).
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