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Abstract. The optical and photoelectrical properties of heterostructures (HS) 
SnO2ТTTC60Ag are investigated. The additional absorption of HS ТTT and C60 is 
revealed in comparison with those for their components, which testifies to the formation 
of complexes between the ТTT and C60 molecules near the ТTT-C60 interface. Current-
voltage characteristics (J-V) of a dark current is symmetric, as well as corresponds to the 
Ohm law for the voltages of 0 to 0.4 V. In the voltage range of 0.4 to 1.0 V, the branch of 
J-V at the positive polarity (I+) goes above that at the negative polarity (I−) at a SnO2-
electrode. Thus, in the double logarithmic scale, I+ and I− are described by direct lines 
with the angular factors 1.77 and 1.37, accordingly, and exponents in the half-logarithmic 
coordinates (log I−U). The open-circuit voltage Voc has a positive polarity at the SnO2-
electrode irrespective of the illumination direction of a sample. Photovoltage is caused by 
antiblocking bends of bands for holes and electrons near the SnO2- and Ag-electrodes of 
ТTT and C60 films, accordingly. The dark effective specific resistance of the HS 
SnO2ТTTC60Ag is equal to 5·107 Ohm·cm.  
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1. Introduction 

The prospects for using the organic materials as 
converters of a solar energy into electric one has been 
shown even more than 20 years ago [1, 2]. But the most 
intensive period of researches of organic solar cells 
(OSC) began only for the recent years [3-5]. This 
process has coincided with a fast development of 
nanotechnologies [6, 7]. 

In spite of the achieved progress in the OSC 
development (especially for the thin plastic OSC), up to 
date rather important problem is the formation of the 
photo-injecting electrode.  

From our viewpoint, the method of the problem 
decision may be the use of more conducting (than the 
basic material) organic materials. It is possible to deposit 
this organic material film on the transparent layer. 
Because of its rather great conductivity, this film will not 
influence the electric characteristics of OSC. A presence 
of the conducting film can significantly expand the 
spectral region of OSC on account of, for example, photo-

injection of charge carriers. To check this idea, we have 
created HS ТТТС60. ТТТ and С60 are the organic semi-
conductors of hole and electronic types with the specific 
resistance 104 [8] and 106-108 [9] Ohm·cm, respectively. 

The aim of this work is to study the formation 
conditions of photo-injecting electrode basing on the 
analysis of optical and photoelectrical properties of HS 
TTTC60. 

2. Experimental 

Thin films C60, TTT and TTTC60 were produced using 
the thermal deposition in 6.5 mPа vacuum onto silica 
substrates. Thicknesses of these films were measured 
with an interference layer thickness meter МИИ-4. 
Absorption spectra of the films were obtained using a 
spectrophotometer Perkin Elmer Lambda 25 UV/VIS at 
a slit spectral width of 1 nm and at the room tempe-
rature. 

Current-voltage characteristics (J-V) of a dark 
current of sandwich structures SnO2TTTC60Ag were 
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measured at the setup that consisted of a source of the 
stabilized constant voltage, a measuring cell with a 
sample, and the amplifier of direct current У5-9 with a 
recorder or the digital voltmeter at the output. 

Spectral dependences of a short-circuit current Isc 
were measured as follows. Light from an iodine 
incandescent lamp with a capacity of 120 W got onto a 
monochromator МДР-4 (ЛОМО) through a focusing 
system of two quartz lenses, a modulator (modulation 
frequency 80 Hz) and a corresponding optical filter.  

Then the monochromatic light was focused on a 
window of the measuring cell, in the center of which a 
sample was placed. The voltage on a loading resistance, 
or Voc, was measured with a lock-in nanovoltmeter of the 
model Unipan-232В with a high-resistance preamplifier 
of the model 233-7 of the same firm. For synchronous 
detecting, we used the reference signal from a photon-
coupled pair of the light-emitting diode – photodiode 
placed on the modulator. From the nanovoltmeter 
output, the signal was come to a computer through the 
interface card (ЕТ-1050). Spectral distribution of a lamp 
intensity was measured using a pyrodetector that was 
placed instead of the sample, and the measured spectra 
Isc were normalized for the equal quantities of incident 
quanta of light. 

3. Experimental data 

Dependences of the optical density D(E) in the spectral 
region of 1.24 to 6.0 eV for films of C60, TTT and 
TTTC60 are resulted in Fig. 1. The film C60 with the 
thickness of 200 nm strongly absorbs in UV region 4.14 
to 6.0 eV (curve 1). It was not possible to determine a 
peak position of this absorption, as their peak intensities 
Dmax > 3 and exceed the maximum permissible optical 
density that the device can measure. The longwave part 
of the film C60 consists of three bands with the peaks at 
2.00, 2.61 and 3.50 eV. 
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Fig. 1. Spectral dependence of the optical density: С60 (1); 
ТТТ (2); С60 + ТТТ (3) and ТТТС60 (4). 
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Fig. 2. Spectral dependences of the short-circuit photocurrent 
(1) and optical density (2) for the HS TTTC60. 
 

In the absorption spectrum of ТТТ films with the 
thickness of 200 nm, five bands at 1.64, 2.61, 2.88, 4.32, 
and 5.28 eV are observed (curve 2). Two longwave 
structural bands at 1.64 and 2.61 eV have vibrational 
peaks with the frequency 1410 cm−1 [10]. 

Curve 3 corresponds to the sum of curves 1 and 2 
concerning the straight line D = 0.68 (the least value D 
for the film C60), and curve 4 – to the spectrum 
absorption of ТТТC60. 

The spectrum Isc when illuminating the sandwich 
structure SnO2TTTC60Ag through a SnO2-electrode by the 
modulated light is resulted in Fig. 2 (curve 1). It is visible 
that the photoresponse is observed at the photon energy of 
Е ≥ 1.77 eV. Here, Isc strongly grows within the range of 
2.60 to 3.10 eV. At the longwave edge, two bands Isc are 
observed at 2.07 and 2.46 eV. The band 2.46 eV is shifted 
into the longwave part relatively to the absorption band of 
HS TTTC60 at 2.61 eV (curve 2). In the region of 2.26 to 
2.76 eV, the Isc spectra and absorption of HS TTTC60 
anticorrelate. It was not possible to measure Isc spectra at 
illumination of HS TTTC60 from the Ag-electrode owing to 
small transparency of this electrode. 

Table summarizes the data on the values Isc 
normalized on a power unit of modulated light for the 
sandwich structures SnO2TTTC60Ag at their illumination 
by the modulated radiation of various photodiodes 
without taking into account the transparency of SnO2- 
and Ag-electrodes. 

 
Table. The values Isc in sandwich structures 
SnO2TTTC60Ag.  

Isc, mA/W Characteristics 
of light-emitting diodes Direction of 

illumination 
Color Photon 

energy, eV 
Light 

power, nW 
SnO2 Ag 

Dark blue 2.64 750 9.2 4.50 
Green 2.18 100 10.0 2.00 
Red 1.90 230 4.3 0.86 

Infra-red 1.32 1440 0.7 0.06 
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Fig. 3. Current-voltage characteristics of HS TTTC60 for 
positive (1) and negative (2) polarities at the SnO2-electrode.  
 

Comparison of the values Isc for red and infrared 
light-emitting diodes testify that, in the longwave region, 
the photoresponse is the order less than that for 
Е > 1.90 eV. 

J-V of the sandwich structure SnO2TTTC60Ag is 
shown in Fig. 3. In the voltage range 0.4 to 1.0 V I+ > I−, 
where I+ and I− – dark currents for positive (curve 1) and 
negative (curve 2) polarities at the SnO2-electrode, 
respectively. 

In the double logarithmic scale, the branch I+ 
consists of two sections. The initial section with the 
angular factor к1 = 1.0 corresponds to the Ohm law. It 
passes into a superlinear section with к2 = 1.77. For I−  
к1 = 1.0 and к2 = 1.37. For both branches of the voltage 
the transitions from ohmic to a superlinear section are 
identical and equal to 0.4 V. The dark resistance of 
ТТТС60 is determined in the ohmic section. It equals 
8 kOhm. When the area of contacts is 25 mm2 and HS 
thickness ≈400 nm, the effective specific resistance ρ is 
equal to 5·107 Оhm·cm, which is the same order with 
that for the film С60 [9]. 

In the half-logarithmic scale (log I−U) in the 
voltage range 0.4 to 1.0 V, the experimental points of 
J-V fit a direct line well. For I+ its inclination is more 
than that for I−. Voc has positive polarity at the SnO2-
electrode and negative polarity at the Ag-electrode 
irrespective of the direction of illumination. 

4. Discussion of experimental data 

In the literature [11-13], the C60 weak band of 2.00 eV is 
identified as a ζ-band (hu → t1u – a transition with the 
energy of 2.00 eV). Structural absorption of the film С60 
in the region 2.43 to 3.03 eV is caused by overlapping of 
closely-located bands A and B (h1u → t1g – transitions with 
the energies 2.41 and 2.70 eV, accordingly). The nature of 
the band C observed as a shoulder at 3.2 eV in the 
spectrum (Fig. 1, curve 1) is not discussed in the literature. 
The absorption band at 3.65 eV is identified as a D2-band 
(gg → t1u – a transition with the energy 3.54 eV). All the 

absorption bands of the film С60 within the spectral region 
1.24 to 6.20 eV fall into that of the excited states of ππ*-
type. From them, the ζ-, A-, В-bands are caused by tran-
sitions of electrons from the level of the most occupied 
molecular orbital, and all the others – from lower occu-
pied orbitals into the levels of antibinding orbitals [13]. 

In the absorption spectrum of the ТТТ film (Fig. 1, 
curve 2), two longwave structural bands are caused by 
transitions of the valence electrons of sulfur (S) atoms 
into the first two unoccupied levels (l1π*1- and l1π*2-
excitations, accordingly). All the other bands belong to 
the electronic transitions from the lower occupied levels 
[10]. 

Comparison of the absorption spectra of HS TTTC60 
(Fig. 1, curve 4) and the sums of those for separate ТТТ 
and С60 (Fig. 1, curve 3) shows that, in the region of the 
first and second singlet transitions of ТТТ, an additional 
absorption is observed. That points to the interaction of 
ТТТ and С60 molecules near the interface of ТТТ and С60 
layers with formation of their complexes. 

A source is the photovoltage. The data on the work 
function A for ТТТ, С60, SnO2 and Ag, which are equal 
4.47 [14], 4.53 [9], 5.15 and 4.3 eV [15], accordingly, 
are used to study the nature of the photovoltage. 

Energy diagrams of electronic levels at the near-
electrode regions and interface ТТТ-С60 were considered 
in the band-to-band approximation assuming that 
Еg(ТТТ) ≈ Eg(С60) = 2.0 eV [9, 14]. As A (SnO2) > 
> A (ТТТ) and A (Ag) < A (С60), at the contacts SnO2-
ТТТ and Ag-С60, bends of ТТТ and С60 bands are 
antiblocking for holes and electrons – the basic charge 
carriers in the films ТТТ and С60, accordingly. Thus, 
near the contacts, space charges of equilibrium holes and 
electrons are formed (Figs 4а and b, respectively). 

At the interface A (ТТТ) < A (С60), the antiblocking 
bend of bands for electrons is formed only in the layer 
С60, if to take into account that ρ (ТТТ) << ρ (С60) 
(Fig. 4с). In the ТТТ films, the bands are flat. 

For an estimation of the penetration depth of light 
into the ТТТ and С60 films, we used the Lambert-Beer 
law: 
I = I0e− α d,     (1) 
where I0 and I − the intensities of falling light near the 
electrode and at a distance d from the contact; α − the 
absorption factor. 

From the equation (1) we determine the trans-
mission factor of the film Т: 
T = I /I0 = e−α d.      (2) 

The penetration depth of light may be estimated 
with taking the logarithm (2), believing that Т ≤ 0.1. 
After transformations, we obtain  
d0 ≥ 2.3/α.      (3) 

The value α is determined from the absorption 
spectra of the ТТТ and С60 films (Fig. 1, curves 1 and 2) 
at Е = 2.61 eV. It is found that α (ТТТ) ≈ α (С60) = 
2.5·104 cm−1 and, according to (3), makes ∼10−4 cm = 
1000 nm. 
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Fig. 4. Energy diagrams of electronic levels of the contacts: 
SnO2-ТТТ (a), Ag-С60 (b), ТТТ-С60 (c). 
 

What this means is light passes through the 
transparent SnO2-electrode up to the opposite electrode. 
The same isn’t true for Ag-electrode, as its transparency 
is insignificant. 

At illumination of an unbiased HS, electron-hole 
pairs are photogenerated, if Е > Еph, or carriers of one 
polarity are photogenerated at Е < Еg. Nonequilibrium 
holes diffuse to a SnO2-electrode, electrons – to an Ag-
electrode. For the mode Voc SnO2 is charged positively, 
and Ag – negatively, irrespective of the illumination 
direction, which are in agreement with the experiment. 

A current flow through the structure 
SnO2TTTC60Ag may be ascribed as follows. If SnO2 is 
biased positively relative to Ag, the injected from SnO2 
and Ag holes and electrons drift accordingly to the 
ТТТ / С60 interface and recombine here. At the negative 
bias on SnO2, the through current changes direction, and 
the interface will be again a place of recombination. The 
observed experimentally inequality I+ > I− is caused by 
that, at the negative bias of SnO2, the injection of 
electrons and holes is limited by the small potential 
barriers: for holes – near an Ag-electrode and electrons – 
near SnO2-electrode. 

Thus, in this work, the possible mechanisms of a 
current flow and a photovoltage in the film structures are 
described. Some additional researches are necessary to 
understand better the nature of these mechanisms and 
evaluate how much would the use of these HSs as solar 
elements be perspective. 

5. Conclusions 

The additional absorption of HS ТTTC60 in comparison 
with the sum of those for its separate components points 

to the formation of the molecule complexes of ТTT and 
C60 near the interface of these layers. 

At illumination of the HS ТTTC60, Isc is caused by 
a photovoltage that arises near the SnO2- and Ag-
electrodes owing to the antiblocking bends of bands for 
the nonequilibrium holes and electrons in the ТTT and 
C60 films, accordingly. 
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