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STRUCTURAL, OPTICAL,

AND PHOTOVOLTAIC PROPERTIES

OF TETRACENE THIN FILMS

The structure, absorption spectra, and photovoltaic response of tetracene (Tc) thin films 120
and 200 nm in thickness deposited in a vacuum of 6.5 MPa onto different substrates at room
temperature have been studied. The photovoltaic response is measured by the method of capac-
itor cell. It is found that island films are formed on glass and quartz substrates, whereas solid
polycrystalline films on copper ones, which is a result of the different interaction energies of
Tc molecules with one another and with substrate molecules, molecules of ITO layers, and
carbon atoms on the substrate surface. In quasi-amorphous films at a temperature of 4.2 K,
excited molecules are deformed stronger as compared to those in polycrystalline films and free
molecules at 300 K.

The photo-emf Vs at the front (illuminated) free surfaces of Tc films is negative in the spectral
interval of 1.687-3.258 eV, which testifies to the hole photoconductivity in the films. The
photo-emf V; at the rear surface of 120-nm Tc films (illumination through the ITO electrode,
which directly contacted with the Tc film) changed its sign in the spectral intervals of 2.195-
2.494 and 2.927-3.153 eV as the oxygen concentration in the measuring cell decreased, which
testifies to a change of the energy band bending in the Tc films near their rear and front (free)

surfaces.
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1. Introduction

Tetracene (Tc) is a polycyclic aromatic hydrocarbon
classed to the acene series. Its molecule C;3H7> con-
sists of four benzene rings connected in line. Tc is
an organic high-resistance semiconductor of the p-
type with a wide energy gap E;, > 3.0 €V [1]. In
Al-Tc—Au heterostructures, the direct dark cur-
rent is confined by a space charge and is a result
of the hole injection from the positively charged
Au electrode [2]. The magnitudes of short-circuit
photocurrent Js. and open-circuit voltage V. in
those heterostructures depend on the material of
the illuminated electrode and the illumination di-
rection [2, 3]. The photokinetic response of Tc sin-
gle crystals demonstrates the fast and slow com-
ponents with opposite signs. The spectrum of the
fast component correlates with the absorption spec-
trum, and the slow component manifests itself more
strongly in the interval of weak crystal absorp-
tion [4].
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Tc is applied as an active medium in organic field-
effect transistors (OFETs) [5-10] and organic light-
emitting diodes (OLEDs) [11-15].

The characteristics of solar cells (SCs) created on
the basis of multilayer heterostructures with an ac-
tive Tc/Cgp (fullerene) heterojunction, which can
be found in the literature, are different. This fact
is associated with different structures of those SCs
and different illumination conditions. The best re-
sults (the efficiency n = 2.3% and V,. = 0.58 V)
were obtained under standard illumination conditions
(AM1.5, 100 mW /cm?) . The Te films were found to
be composed of submicronic grains with a rough sur-
face, which increases the effective area of the Tc/Cgo
surface contact for the exciton diffusion and reduces
the recombination rate of photo-generated charge car-
riers [16]. The thermal annealing of those heterostruc-
tures increases their 7, V., and filling factor FF,
which is associated with the growth of both the crys-
tallite dimensions in Tc films and the hole mobility
[17]. If thin Cgp films are sputtered in vacuum on
Tc single crystals, the efficiency of those heterostruc-
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tures turns out substantially lower: n = 0.34% and
Voe = 0.57 V [18].

Multilayer heterostructures with an active
Tc/ZnF16Pc  (zinc fluoro-phthalocyanine) hetero-
junction effectively absorb light in a wide spectral
interval (350-900 nm). At their illumination with
a xenon lamp (AMO, 20 mW/cm?), the following
characteristics were obtained: Jy. = 18 pA/cm?
Voo = 057 V, FF = 0.25, and n = 0.01%. Low
values of those parameters are a result of a high
series resistance of the cells that arises owing to
non-optimal thicknesses of the Tc and ZnF4Pc films.
Moreover, oxygen in air diminishes the conductivity
of ZnF4Pc [19].

The literature data presented above testify that the
photo-electric properties of Tc films and single crys-
tals are intensively studied in order to use Tc as an
active medium in OFETs, OLEDs, and SCs, as well
as to improve the parameters of those devices. Our
analysis of literature data showed that the origin of
the photovoltaic response in condensed Tc has been
studied insufficiently. In this work, the structure, ab-
sorption spectra, and photovoltaic properties of Tc
films of submicronic thickness are analyzed. In addi-
tion, the energy of intermolecular interaction in Tc
films and crystals is estimated.

2. Experimental Technique

Thin Tc films were thermally sputtered in a vac-
uum of 6.5 mPa onto quartz, glass, and copper sub-
strates. The thicknesses of those films were measured
using a MII-4 interference thickness meter. Ab-
sorption spectra were registered on a Perkin Elmer
Lambda 25 uv/vis spectrophotometer at a spectral
width of 1 nm and at room temperature. The spectral
dependences of the photo-emf V were measured us-
ing the method of capacitor cell, which was described
in work [20]. The structure of Tc films was studied
using an optical microscope Carl Zeiss Pernal Inter-
phako and an electron scanning microscope JSM-35
(IEOL, Japan).

3. Experimental Results

The optical microscopy researches demonstrated a
granular structure of Tc films (see column a in Ta-
ble 1). The brightness of grains (crystallites) changed
if the polarizer was rotated around the vertical axis
of the microscope, which testifies to different orienta-
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tions of the optical axes of grains with respect to the
substrate plane.

The electron scanning microscopy revealed that the
surface density of thin crystallites grew in the direc-
tion from the boundary to the center of a Tc film,
and the crystallite length did not exceed 1 pm (col-
umn b). The structure of the central sections of Tc
films was island-like, i.e. a spatial network of crystal-
lites connected with one another arises in the course
of crystallization. Dark sections in the figure (net-
work cells) correspond to the substrate surface cov-
ered with a thin carbon layer, where the crystalliza-
tion was absent. The structure of Tc films on glass
substrates with a conducting ITO layer was found
to be similar to that on substrates covered with a
carbon layer (columns b and c¢). Tc films on copper
substrates were continuous (column d, the upper fig-
ure). Here, light lines mark the contours of sections
with different thicknesses and shapes. Those sections
smoothly transform into one another, and the longitu-
dinal dimensions for the majority of them are close to
1 pm. Submicronic crystallites were formed in some
sections on the surface of the initial Tc layer (col-
umn d, the lower figure). Dark lines in the lower figure
mark defects of the copper substrate.

The analysis of the absorption spectra of Tc films
with various thicknesses d (Fig. 1) shows that, in the
interval from 1.6 to 3.5 €V , where o < 3 x 10 cm ™!,
the spectral distribution of the absorption coefficient
a does not depend on d in the interval 120 nm <
< d < 200 nm, i.e. the Bouguer-Lampert-—Beer law
is obeyed. This law is violated at o > 3 x 10* cm™!

Table 1. Structure of 200-nm Tc films.

Optical microscope image of the film on a clean

glass substrate (x40, polarized light) (a).

Scanning microscope images of the film on a glass
substrate covered with a thin carbon layer

(an electron beam incidence angle of 45° with respect
to the film surface: film edge (b), film center (c).
Scanning microscope image of the center

of the film on a copper substrate (d)
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Table 2. Maximum positions E,,, widths w, normalized amplitudes Dy,n,

and molecular vibration frequencies AE, for the Gaussian components of the So — S1 transition in 200-nm
Tc films on quartz and glass substrates at temperatures of 300 and 4.2 K, respectively

No.

Ts =300 K

T, = 4.2 K [21]

Em, eV

D77L7L7 a.u.

AE,, eV

En, eV

w, eV

D‘rnn7 a.u.

AE,, eV

2.332
2.443
2.600
2.771
2.904
3.077

N O U W N

0.0773
0.0670
0.1003
0.1025
0.1568
0.2424

1.086
1.383
1.000
0.536
0.260
0.146

0.171
0.133
0.173

2.361
2.436
2.605
2.786
2.961
3.142
3.317

0.0744
0.0794
0.1011
0.1066
0.1116
0.1141
0.1215

0.448
0.736
1.000
0.744
0.460
0.308
0.188

0.181
0.165
0.181
0.165

-1

4

o, 10°cm
w
N
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Fig. 1. Absorption spectra of 200-nm Tc films on quartz and
glass substrates (1) and 120-nm Tc film on a glass substrate (2)
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Fig. 2. Absorption spectra of 200-nm Tc films on a quartz
substrate: initial (1), after subtracting the basis line (2), the
sum of Gaussian components (&)
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(the first three long-wave maxima). Such variations
of a may probably be associated with a stronger
light scattering by Tc films, when their thicknesses
grow. Accordingly, the intensity of light transmitted
by the film decreases, and the magnitude of « in-
creases. This effect is more considerable in the inter-
vals, where the absorption is strong.

The intense absorption by polycrystalline Tc films
200 nm in thickness in the spectral interval E >
> 3.5 eV gives a contribution to the long-wave vi-
bronic band (Fig. 2, curve 1). This contribution was
compensated using the method of base line subtrac-
tion from the initial spectrum (curve 1). The ob-
tained spectrum (curve 2) was resolved into Gaus-
sian components. Their sum (curve 3) correlates with
curve 2. The analysis of the tabulated results of cal-
culations shows that the reduced y-square error and
the adjusted R-square coefficient of determination are
equal to 5.844 x 10~% and 0.994, respectively, with
the relative determination errors for the energy max-
imum, the width of the Gaussian components, and
its area not exceeding 0.05%, 1.0%, and 1.0%, respec-
tively. Our calculations of the relative errors for the
peak intensities of separate maxima (curves 2 and 3)
showed that it did not exceed 5.5%.

The obtained data are compared with the results of
the Gaussian resolution of the long-wave vibronic ab-
sorption band measured for amorphous Tc films [21].
Table 2 contains the parameters of Gaussian compo-
nents in the absorption spectra of polycrystalline 200-
nm Tc films. The films were sputtered onto quartz
substrates with the temperature 7y = 300 K = T,,,
where T, is the temperature of absorption spectrum
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registration. The first two Gaussian components with
maxima at 2.332 and 2.443 eV were identified as com-
ponents of the Davydov splitting of the Fp band of
the 0 — 0 transition. This splitting was observed ear-
lier for the absorption spectra of amorphous Tc films
200 nm in thickness, which were sputtered in the vac-
uum onto glass substrates with Ty = 4.2 K = T,. [21],
and Tc single crystals [22]. The next four Gaussian
components with maxima at 2.600, 2.771, 2.904, and
3.077 eV can be classified as a vibronic progression
of the Sy — Sy transition (0 — n transitions, where
n =1,2,3,4). The energy distances between the max-
ima of the second and first, the fourth and third, and
the third and second components amount to 0.171,
0.173, and 0.133 €V, respectively. Hence, in the band
of the Sy — S; transition in polycrystalline Tc films,
there emerge the peaks of intramolecular vibrations
with average frequencies of 0.172 eV (1387 cm™!) and
0.133 eV (1073 cm™1).

When the free surfaces of the 120- and 200-nm Tc
films were illuminated through the front ITO elec-
trode and a teflon layer in air at a pressure of 10° Pa,
the spectra of the front photo-emf V; (Fig. 3, curves
1 and /4, respectively) correlated with the absorption
spectra (curve 3), and V; was negative in the spec-
tral interval of 1.657-3.258 eV for both films. The
photovoltaic response of the 120-nm film was more
intense, and only the short-wave component of the
Davydov splitting at 2.443 eV manifested itself in the
Vi-spectra. At the same time, the vibronic bands of
the 0 — 1 and 0 — 2 transitions in the thinner Tc film
(curve 1) with maxima at 2.624 and 2.835 €V turned
out shifted toward short waves (hypsochromically) if
compared with their counterparts in the absorption
spectrum (curve 3). The band of the 0 — 2 transi-
tion did not manifest itself in the V;-spectrum of the
200-nm Tc film (curve 4). In addition, the Vi-spectra
of both films reveal long-wave low-intensive bands at
1.86 and 2.20 eV. The reduction of the air pressure
in the measurement cell to 10? Pa resulted in a de-
crease of the peak intensities of the bands at 2.624 and
2.835 €V in the V;-spectra of a thin Te film (curve 2)
in comparison with those obtained at an air pressure
of 10° Pa (curve 1).

At the illumination of the 200-nm Tc film surface
through the rear ITO electrode, which directly con-
tacted with the film surface, the rear photo-emf V;
did not change the sign (Fig. 4, curve 4), being pos-
itive in the interval of 1.657-3.258 eV. However, a
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Fig. 3. Spectra of the frontal condenser photo-emf in the 120-
nm (1 and 2) and 200-nm (4) Tc films, and absorption spec-

trum of a 120-nm Tc film (8). Curves 1 and 4 were registered
at an air pressure of 103 Pa, and curve 2 at 102 Pa
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Fig. 4. Spectra of the rear capacitor photo-emf in Tc films.
Notations are the same as in Fig. 3

new long-wave band at 2.171 eV was observed, which
was absent in the absorption spectrum. At the same
time, the rear photo-emf V. of the 120-nm Tc film
changed its sign (Fig. 4, curve 1). It was negative in
the intervals of 2.197-2.341 eV and 2.494-2.927 eV
and positive in the intervals of 2.341-2.494 eV and
2.927-3.153 eV. A similar spectrum of the photo-
voltaic response was observed in work [4], in which
Tc single crystals 50-100 pm in thickness were illumi-
nated with non-modulated light through translucent
Ag electrodes. As the air pressure in the measure-
ment cell was diminished to 102 Pa, the inversion of
the sign and the peak intensity for V; was observed in
the thinner Tc film (Fig. 4, curve 2) in the intervals of
2.197-2.341 eV, 2.341-2.494 eV, and 2.927-3.153 €V,
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and a reduction of the peak intensities for the bands
at 2.581 and 2.811 eV.

4. Discussion of Experimental Results

The analysis of the microscopy data reported above
shows that the structure of Tc films depends on the
type of substrates used for the film sputtering. Poly-
crystalline films are formed on glass substrates at
Ts, = 300 K, as well as on clean substrates or sub-
strates covered with carbon and ITO layers, which
agrees with the results of work [23]. Distinctions be-
tween the structures of Tc films on glass and copper
substrates can be explained by different intensities of
the interaction between Tc molecules themselves and
their interaction with molecules in the substrate and
in the thin carbon and ITO layers. In the case of glass
substrates, the interaction of Tc molecules with one
another prevails, which results in the formation of “is-
land” Tc films in the course of sputtering. The inter-
action between Tc molecules and Cu atoms prevails
on copper substrates, which is responsible for the ini-
tial formation of continuous Tc films with relatively
large crystallites on the substrate. On the surface of
those crystallites, there arise submicronic crystallites,
the appearance of which is associated only with the
interaction of Tc molecules with one another.

It was found [21] that amorphous Tc films consist
of the amorphous and crystalline phases, which are
a result of the long- and short-range intermolecular
interactions, respectively. The presence of the crys-
talline phase in those films makes it possible to assert
that they should rather be called quasi-amorphous. In
Table 2, the parameters of Gaussian components
for polycrystalline and quasi-amorphous Tc films are
quoted. The Gaussian components are described by
the formula

_ 2(E-Em)?

Dn = D'rwne w ) (1)

where D,, and D,,,, are the current and peak optical
densities, respectively, normalized to the amplitude
value D,, for the band of the 0 — 1 transition in
Tc films; E and FE,, are the quantum energies for
D,, and D,,,,, respectively; and w is the width of the
Gaussian band, which is related to the full width at
a half maximum FWHM by the formula FWHM =~
~ 1.1774w.

The analysis of those data shows that the crys-
talline phase manifests itself in the absorption spec-
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tra of quasi-amorphous films as the components of
the Davydov splitting of the 0 — 0 band correspond-
ing to the first singlet transition in a Tc molecule
with maxima at 2.361 and 2.436 eV. The corre-
sponding frequencies of intramolecular vibrations in
those films amount to 0.181 eV (1460 cm™!) and
0.165 eV (1331 cm™1). The indicated values are larger
than their counterparts for polycrystalline Tc films:
0.172 eV (1387 cm™!) and 0.133 eV (1073 cm™1),
respectively. The 0.181-eV and 0.172-eV vibrational
modes are close by energy to the completely sym-
metric 0.177-eV vibration mode (1428 cm™!) of C-C
bonds in free Tc molecules [24]. The nature of vibra-
tional modes with frequencies of 1331 and 1073 cm ™"
remains still unknown. In work [25], the modes with
close frequencies (1382 and about 1000 cm™1!) were
observed in the infra-red absorption spectrum of a
polycrystalline Tc powder pressed in KBr pellets, and
those modes were supposed to be associated with de-
formation vibrations of C—-C and C—-H bonds in Tc
molecules.

The dominant role in the formation of spectral
curves is played by the probability distribution for
transitions from the given vibrational level of the
initial state onto various vibrational levels of the fi-
nal electronic state (the configurational distribution),
which is determined by the Franck—Condon principle
[26]. McCoy and Ross [27] used a harmonic oscillator
model in the Franck—Condon approximation for the
spectra of aromatic molecules with a pronounced vi-
brational structure and obtained a simple expression
for the case of absorption:

I, Epp 2"
IO n EmO 7’L!7

(2)

where Iy and I,, are the intensities of the bands with
the energies F,,0 and E,,,, respectively; the param-
eter z is the ratio between the potential energy of an
elastic deformation of the molecule at its excitation
and the energy AFE, of completely symmetric vibra-
tions, which manifests itself most intensively in the
electron spectrum:

k(AQ)?
= . 3
*T 2B ®)
k is the force constant for the bonds forming the
molecular backbone; and AQ is a shift of the configu-
ration coordinate of a molecule at its excitation. For
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Table 3. Values of Davydov splitting components E and E_, splitting

amplitude AEp, and resonance interaction term L1 in Tc crystals and polycrystalline
and quasi-amorphous Tc films at temperatures of 300 and 4.2 K

T, = 300 K T, =42 K
No. Source
Ei,eV | E_,eV | AEp,eV | (E), eV | L11,eV | E4,eV | E_,eV | AEp, eV | (E), eV | L11, eV

1 2.358 2.445 0.087 2.402 0.026 2.318 2.433 0.115 2.376 0.048 [29]

2 2.366 2.440 0.074 2.403 0.025 2.317 2.429 0.112 2.373 0.051 [22]

3 2.357 2.433 0.076 2.395 0.033 2.317 2.440 0.123 2.379 0.045 [22]

4 2.360 2.439 0.079 2.400 0.028 2.317 2.434 0.117 2.376 0.048

5 2.361 2.436 0.075 2.399 0.025 [21]

6 2.332 2.443 0.111 2.388 0.040 This work

multiatomic molecules, the quantity AQ is equal to
the quadratic mean of length variations of all bonds
in the backbone at the excitation. The value k =
= 750 N/m was selected as for anthracene [27]. The
intensity of the Gaussian band I ~ D,,,w, where
D, is the normalized optical density. The param-
eters z and AQ were determined from expressions
(2) and (3), respectively. On the basis of the data
in Table 2 and the absorption spectra of Tc in ben-
zene [28], the values of z and AQ were found for
Tec molecules in the polycrystalline Tc films (AE, =
=0.172 eV, z = 1.01, and AQ = 8.6 pm), the quasi-
amorphous Tc films (AE, = 0.181 eV, z = 1.60,
and AQ = 11.1 pm), and the Tc solution in benzene
(AE, = 0.171 €V, z = 0.86, and AQ = 7.9 pm). In
such a way, the shift of configuration coordinate AQ,
which determines the intensity distribution of Gaus-
sian components in the absorption spectra and a vari-
ation of the equilibrium distances between atoms at
the excitation of Tc molecules, turned out the small-
est in the benzene solution (free molecules) and the
largest in the quasi-amorphous films. In the quasi-
amorphous films, the most intense is the band of the
0 — 1 transition with an energy of 2.605 eV. In the
polycrystalline films and the benzene solutions, the
intensity is maximum for the band associated with
the short-wave component of the Davydov splitting
and the band of the 0 — 0 transition with energies of
2.443 and 2.620 eV, respectively. Hence, Tc molecules
in quasi-amorphous films sputtered onto substrates
at 4.2 K and excited by light turned out deformed
more strongly in comparison with those in polycrys-
talline films and with free molecules (in the benzene
solution) at 300 K.
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Using formula (2), the positions and the peak in-
tensities were determined for the bands correspond-
ing to the 0 — 0 transition of Tc molecules in the
polycrystalline (Ey = 2.428 eV, D,,0 = 1.38) and
quasi-amorphous (Ey = 2.424 €V, D, = 0.74) films,
whose values are close to the corresponding values for
the short-wave components of the Davydov splitting
in those films (Table 2, row 2). On the basis of the
data obtained, a variation of the interaction energy
between an excited molecule and other molecules (the
dispersion term AW) was estimated as the difference
between the Ey-values quoted above for the Tc films
and the benzene Tc solution (Ey = 2.620 eV). For the
polycrystalline and quasi-amorphous films, the abso-
lute value of AW amounts to 0.192 and 0.196 eV, re-
spectively. These values are close to the value AW =
= 0.200 €V reported in work [24].

For Tc crystals with two nonequivalent molecules
in a unit cell, there are two exciton bands of the first
singlet state. If light falls normally to the plane ab of
the crystal (the wave vector k = 0), the energies of
those bands are determined by the formula [24]

Ey =Ey+ AW + L1 £ Lqo, (4)

where Ey = 2.62 eV is the excitation energy for an
isolated Tc molecule, AW is the dispersion term con-
sidered above, and Lq; and L, are the terms of the
resonance interaction between translationally equiva-
lent and nonequivalent, respectively, molecules. Since
the terms AW, Li1, and L1o are negative by value,
E_ > E, by magnitude. The difference between E_
and E, determines the value of Davydov splitting
AFEp, which is twice as large as the absolute value
of the term Ljs. One-half of the sum E_ + E (the
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average value (F)) equals
(E) = Eo + AW + L. (5)

This equation was used to determine the value of
Li;. The values of E_ | E4, (E), AEp, and the ab-
solute values of L1, are quoted in Table 3. The tabu-
lated data are obtained from the polarized reflection
spectra of free crystals with the thicknesses d > 1 ym
(rows 1 and 2) and thin crystals with the thicknesses
d < 1 pm in the optical contact with quartz (row
3). It was found [22] that the positions of the maxima
of polarized absorption and reflection bands for the
thin Tc crystals 0.13 pm in thickness coincide. If this
coincidence is characteristic of free crystals as well,
the data obtained for Tc crystals and films can be
compared. In this case, it has to be taken into account
that the values of E_ and E for the crystals corre-
spond to the maxima of the a- and b-components,
respectively, of the Davydov splitting. Row 4 con-
tains the average values for crystals, and rows 5 and
6 the average values for quasi-amorphous and poly-
crystalline films, respectively. The E_-values for Tc
crystals and films practically coincide at tempera-
tures of 300 and 4.2 K. Their average value equals
2.438 eV. The E,-values differ more strongly. The
value of AFEp is higher for the polycrystalline films
and lower for the quasi-amorphous ones in compar-
ison with the values for crystals at temperatures
300 and 4.2 K, respectively. In every case, the ab-
solute value of L5 is larger than Lq, i.e. the reso-
nance interaction between translationally nonequiva-
lent molecules is stronger than that between transla-
tionally equivalent ones.

Using the absorption spectra (Fig. 1), the light
penetration length L, was calculated, which deter-
mines the photogeneration region for nonequilibrium
charge carriers and is reciprocal to a. At the quantum
energy ' = 2.443 €V, its minimum value amounts to
214 nm for 120-nm Tc¢ films (curve 2) and to 149 nm
for 200-nm Tc films (curve 1). Hence, for a 120-nm
Tc film, the penetration length L, in the spectral in-
terval of 1.6-3.5 eV is larger than the film thickness
d. The same relation between L, and d takes place
for a 200-nm Tc film, except for a narrow spectral in-
terval of 2.418-2.467 eV and a maximum at 2.332 eV,
where L, < d. This fact means that the photogen-
eration of nonequilibrium charge carriers in both Tc
films, irrespective of their thickness, occurs simulta-
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neously near their free and rear surfaces, under both
frontal and rear illumination.

On the basis of the Bouguer—Lampert—Beer law, a
calculation of the relative absorbed light intensity in
the Tc films, AT/Ij, was carried out (here, Al and I
are the absorbed and initial, respectively, light inten-
sities). It was found that, the 120- and 200-nm films
absorb 39% and 66%, respectively, of incident light in
the interval of strong absorption (at a quantum en-
ergy of 2.422 eV) and 18% and 31%, respectively, in
the interval of weak absorption (E = 3.018 eV). At
the rear illumination (E = 2.422 €V), the fractions
of light absorbed in thin layers (each 20 nm in thick-
ness) located immediately near the rear and free sur-
faces of the film amount to 10.3% and 3.9% in the
case of a 200-nm film, and 7.8% and 5.2% in the case
of a 120-nm film. In the interval of weak absorption
(E = 3.018 €V), the corresponding values are almost
identical for both films and equal, on the average, to
about 3%.

The parameter V; is found negative at the illumi-
nated free surface of both 120- and 200-nm Tc films,
i.e. the photoconductivity in those films is of the p-
type. The origin of V; and its variations in the case
where the Tc films 1.5-2.0 pm in thickness were sub-
jected to an external electric field and illuminated by
light with a constant intensity are explained by a joint
action of three components: the Dember (diffusion)
photo-emf Vp¢ of the bulk nature, the surface-barrier
photo-emf Vi¢, and the photo-emf Vs emerging due
to the separation of free carriers by the field in the
space charge region and the capture of nonequilibrium
charge carriers by donor or acceptor surface states,
respectively [30]. In addition, the calculation showed
that Vps ~ a in the case of monopolar photoconduc-
tivity, i.e. the Vpr and absorption spectra correlate
[31]. The long-wave bands at 1.86 and 2.00 €V, and
the correlations between the V; (Fig. 3, curves 1 and
4) and absorption (Fig. 3, curve &) spectra testify to
the contribution of V4¢ and Vpr to Vy in the 120- and
200-nm Tc films.

It should be noted that the charge on the film sur-
face affects the energy band bending. Therefore, in
what follows, under the term V4 (front or rear), we
will understand a resultant emf of the components
V» and V;. Since Vi does not change its sign in the
long-wave spectral interval, the energy band bending
at the free surface of Tc films is blocking for holes,
which agrees with the results of work [30]. If the
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band bending V4, near the rear ITO electrode is also
blocking, then Vi = Vp¢ 4+ Vir — Vi In this case, the
resulting flux of nonequilibrium holes associated with
their diffusion (Vp) and drift (Vs — Vi) will be di-
rected from the free surface into the bulk of a Tc film
toward the rear ITO electrode. Near the latter, the
nonequilibrium holes recombine with electrons arriv-
ing from the external part of the circuit, and the free
surface of the Tc film is charged negatively, whereas
the front ITO electrode separated from it by a teflon
film is charged positively. The magnitudes of those
charges change with the modulation frequency of ex-
citing light.

The spectrum of V; (Fig. 4, curve 4) for a 200-nm
Tec film is similar to the spectrum of V¢ (Fig. 3, curve
4), i.e. the band bending near the rear ITO electrode
is blocking, and V; = Vp,+ Vi — Vior, where the sign of
Vb, is opposite to that of Vpg. In this case, the diffu-
sion (Vp,) and the drift (Vi — Vi) of nonequilibrium
holes form their resulting flux toward the free surface
and the appearance of a positive charge on it.

In a 120-nm Tc film, the described processes take
place in the interval of strong absorption (2.341-
2.494 eV) (Fig. 4, curve 1). The rear V; is positive
in the interval of weak absorption (2.927-3.153 eV)
as well. Since the energy of light quanta in this inter-
val is close to the Tc energy gap width (E; ~ 3.0 eV
[1]), the positive sign of V; can be a result of the
contribution made by nonequilibrium electrons gener-
ated simultaneously with holes at the autoionization
[32]. Near the ITO electrode, the band bending for
those electrons is antiblocking, which stimulates their
drift in the external electric circuit to the front ITO
electrode and the appearance of a negative charge
on it. Near the free surface, the nonequilibrium elec-
trons recombine with the holes captured by the sur-
face states. As a result, the positive surface charge
and, consequently, the blocking band bending and
Vit decrease. If, besides that, Vp, + Vi, > Vi, then,
in the spectral range of 2.927-3.153 eV, the resulting
flux of nonequilibrium holes is directed to the free sur-
face and leads to the appearance of a positive charge
on it. In the spectral intervals of 2.197-2.341 eV and
2.494-2.927 €V, the voltage V;. < 0 (Fig. 4, curve 1),
i.e. the free surface is charged negatively. In the case
of hole photoconductivity, this is possible provided
that Vpr+Vir < Vit In the interval of 2.197-2.341 eV,
the absorption in a Tc film is weak, and the gradient
of the nonequilibrium hole distribution in its bulk is
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insignificant, which results in a substantial reduction
of Vp;. At Vp, = 0, the inequality presented above
becomes simpler to V;,, < Vi, i.e. the band bending
near the rear ITO electrode is smaller than that near
the film free surface. In the interval of 2.494-2.927 eV,
the growth of the absolute value of V; is connected
with the increase in the number of nonequilibrium
holes, which is confirmed by a growth of the Tc film
photoconductivity in this region [32]. At an energy of
light quanta of 2.197-3.153 eV, the values of V; and
Vt substantially depend on the oxygen concentration
(Figs. 3 and 4, curves 2 and 1). Therefore, the indi-
cated variations can also be associated with tetraox-
otetracene (TOT), which is formed in the course of Tc
film oxidation, and the emergence of charge-transfer
complexes of the Tc-TOT or Tc-Oq types [32].

5. Conclusions

The structure of thin Tc films with the thickness
d < 200 nm is governed by the interaction energy
of Tc molecules with one another, W7, and with the
molecules of substrates and ITO layers, and carbon
atoms on the surface of those substrates, W5. In the
course of thermal sputtering in vacuum onto copper
(W1 < W3) and glass or quartz (W; > Ws) sub-
strates, continuous or island, respectively, polycrys-
talline films are formed. In quasi-amorphous films at
4.2 K, the Tc molecules excited by light are deformed
more strongly in comparison with those in polycrys-
talline films and free molecules at 300 K. In Tc single
crystals and polycrystalline films, the absolute value
of the energy L5 is larger than Lq1, i.e. the resonance
interaction of translationally nonequivalent molecules
with one another is stronger than between transla-
tionally equivalent molecules.

The photovoltaic response at the front, V¢, and
rear, V;, illuminations of Tc films with the thickness
d < 200 nm is the algebraic sum of three compo-
nents: the diffusion (Dember) photo-emf of the bulk
origin and the surface-barrier photo-emfs associated
with the band bending at the free and rear surfaces
of Tc films. In the spectral interval of 1.657-3.258 eV,
the sign of V; at the free surface of those films is neg-
ative, which testifies to their p-type photoconductivi-
ty. Moreover, V; > 0 in the 200-nm Tc film, i.e. its
free surface is charged positively. The photo-emf V;
in the 120-nm Tc film changes its sign in the spec-
tral intervals of 2.193-2.494 eV and 2.927-3.153 eV
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if the oxygen concentration in the measurement cell
decreases, which testifies to a variation of the energy
band bending in the Tc films near their rear and free
surfaces.

The work was carried out in the framework of
projects Nos. 14V /182 and 14VTs/157 of the Na-
tional Academy of Sciences of Ukraine. The authors
are thankful to the senior researchers V.I. Styopkin
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M.II. T'opiwnuti, A.B. Bepbuuyvkuti

CTPYKTVYPA, OIITUYHI
I ®OTOBOJILTATYHI BJIACTUBOCTI
TOHKUX IIVIIBOK TETPALIEHY

Peszmowme

HocniizkeHo CTPYKTYpPyY, CIIEKTPHU MOIJIMHAHHS 1 HOTOBOIBTAI-
YHMI BIAYK TOHKUX IIiBOK Terpaneny (Tc) roBmumuamu 120 i
200 mM, HamopomreHux y Bakyywmi 6,5 mIla ma pisni migkmagku
npu KiMHATHI Temneparypi. PoToBoJbTaIYHUN BiAryK BUMi-
PSIHO KOHJIEHCATOPHHUM METOIOM. BcraHOBIIEHO, IO Ha CKIIs-
HUX 1 KBapIOBUX IIiJIKJIa/IKaX yTBOPIOIOTHCA OCTPIBIEBI, a Ha
MiZJHUX — CYIiJIbHI MOJIIKPHUCTAIIYHI TIJIIBKH, 110 3YMOBJIEHO pi-
3HUMH BeJIUINHAME eHepril B3aemomil mostekys Tc mixk coboio
Ta i3 MoJIeKyIaMu IiaKaaa0K, mapis ITO Ta aromamu KapGoHy
Ha MOBEPXHI IMX MiIKIaI0K. B kBaziamopdHUxX miiBKax 30y-
mxeHi ceiTiom mostekysnu Tc npu 4,2 K nedopmyiorbest cuiib-
Hillle TIOPIBHSAHO i3 TAKMMHU y MOJIIKPUCTAJIIYHUX IJIIBKAX 1 BijTb-
uumu Mosekynamu mpu 300 K.

V cnekrpanbHOMy miamnazoni 1,637-3,258 eB 3nak ¢dpon-
TaJIbHOI KOHJIEHCATOPHOI (POTO-ePC Ha OCBITJIEHIN BLIBHIM 11O-
BepxHi miaiBok Tc Bix'emMHuMit, 110 CBi4uTh PO 1X HipKOBY do-
Tonposinaicts. Tuiabaa doro-epc miiBok Tc ToBmuno0 120 HM
(ocBiTienns uepes ITO-enekTpon, akuit 6e3n0cepeHLO KOHTA-
KTye i3 miiBkoro Tc) 3MiHIOE CBilf 3HAK y CHEKTpaJbHUX Obsa-
crsx 2,193-2,494 1 2,927-3,153 eB npu 3MeHIIIEHH] KOHIIEHTPa~
il KMCHIO y BUMIpPIOBaJIbHIM KOMIPIIi, [0 CBLIYUTH PO 3MiHY
BEJINYHMHY BUTHHIB €HEePreTHIHUX 30H Tc 6is TuabHOI 1 BiabHOT
MOBEPXOHDb IUX IJIBOK.
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