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The process of photogeneration of charges and the temperature of the
transition to the viscous-flow state (7,) in thin films of polyepoxypropyl-
carbazole PEPC—-Cg4, composites fabricated by means of toluene-solution
casting in strong external electric fields are investigated. Consistent and
correlated changes in the temperature of the transition of the sample ma-
terial to viscous-flow state (T',) and in the effective temperature of the
quantum yield of photogeneration (T'y) are found out. As shown, the dif-
ference between T, and T, for the PEPC-C;, composites does not exceed
10% of these values, when the concentration of Cg, fullerene changes.
This indicates changes in the molecular structure and, consequently, die-
lectric constant in the vicinity of the centre of photogeneration of elec-
tric-charge carriers.
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Hocaigsxeno mporec doToreHepairii 3apsapiB i TemmepaTypy mIepexomy [0
B’A3KomIMHHOTO cTaHy (7,) V TOHKHX ILIiBKaxX IOJIieIOKCHUIPOIiIKapb6aso-
apHUX ITEITK—Cg)-KOMIO3UTiB, OfeP/KaHUX JUTTAM 3 TOJYOJHHOTO POBUUHY
B CHJIBHUX 30BHIIIIHiX €JIEKTPUUYHUX TOJISAX. BUABJIEHO MOCJIiOBHI Ta Kope-
JbOBAHI 3MiHM TeMIepaTypHu IIepexoay MAaTepisay 3pasKa y B’A3KOILINHHUN
cran (T,) Ta edeKTMBHOI TeMIlepaTypu KBaHTOBOTO Buxonay QoToreHeparii
(T,). Ilokazano, mo piskauia misk T, i T, komnoauris IIEIIK—-Cy, He mepe-
Bumye 10% mux 3HaueHb i3 3MiHOI0 KoHIeHTpanii dyanepeny Cg,. Ile BKa-
3ye Ha 3MiHW MOJIEKYJAPHOI CTPYKTYpPH i, AK HACJIIJOK, AieJeKTPUYHOL
IIPOHUKHOCTU B OKOJIi IIeHTPYy (PoToIr'eHepallil HOCIIB eJIeKTPUYHOTO 3apALY.

Key words: amorphous molecular semiconductor, fullerene, photogenera-
tion, electric charge, current density.
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1. INTRODUCTION

The magnitude of the quantum yield (n) of photogeneration of elec-
tric charge carriers in light-sensitive amorphous molecular semi-
conductors (AMSs) is one of the basic parameters that determine
the fields and possibilities of their use. For the development of pho-
tosensitive media, the determining parameter is the amplification of
signals using selective plasmon resonance electromagnetic fields.
These effects appear in the development of AMSs for solar batter-
ies, reversible layers for the registration and analysis of their 2-
and 3-dimensional amplitude—phase optical information, and optical
sensors [1-4].

According to the literature [56—7], the quantum yield of photogen-
eration depends significantly on the molecular composition and
structure of the material. In the AMSs, the photogeneration process
[2, 5—T7] is determined by the features of the structure of the photo-
sensitive medium directly in the centre of charge photogeneration.
The mobilities of charge carriers of different signs differ signifi-
cantly. In particular, PEPC and polyvinylcarbazole (PVC) sensitized
by electron-acceptor impurities have linear dimensions of the zone,
beyond which the movement of twin charge carriers ceases to be
correlated, and the charges become independent of each other and
are determined by the Onsager radius.

At the same time, there is no satisfactory explanation of the lin-
ear dependence of the logarithm of photocurrent (Jp,c) on the in-
verse thermodynamic temperature (T') of the medium [8]. This
phenomenon is observed under strong (pre-breakdown) electric



RELATIONSHIP BETWEEN RHEOLOGICALAND PHOTOGENERATION CHARACTERISTICS 95

fields. There is no explanation of the nature of the characteristic
temperature (T,) [8, 9]. By means of the analysis of the quantum
yield of photogeneration of charge carriers and their mobility, the
temperature is renormalized, i.e., T is replaced by Ty =T "' -T," .
According to Ref. [8], the occurrence of T, is determined by the
relative probabilities, when overcoming the Coulomb barrier of the
charged centre of localization of a mobile charge due to the activa-
tion and tunnelling transitions. In Refs. [2, 3, 10], the temperature
T, was registered; however, the physical factors that caused this
phenomenon were not discussed. Therefore, it is necessary to find
out which characteristics (local or integral) of a sensitized AMS de-
termine the process of photogeneration of charge carriers and to
investigate the dependence of the effective temperature on the
structure and parameters of the material.

The aim of the work was to study the dependence of the effective
temperature (7T,) in the layers of PEPC doped with Cg, fullerenes on
the concentration of dopants, and to determine the correlation be-
tween T, and the temperature of the transition of the material into
the viscous-flow state.

2. EXPERIMENTAL TECHNIQUES

Samples of PEPC films doped with Cg, fullerene were investigated,
which were produced by the techniques of toluene solution casting
and deposition by thermal evaporation in vacuum. It was taken into
account that the properties of nanocomposites are determined by
the characteristics of their constituents and the method of their
production [8]. The photoluminescence spectra of the PEPC + Cq,
composite also indicate significant differences in the production of
the samples. Therefore, the use of a certain technology for obtain-
ing samples provides a specific nature of their properties and the
interaction of existing structures in the PEPC + C4, composite.

With aim to prepare cast samples, a fixed amount of C4, was pre-
viously dissolved in toluene heated up to 50°C. After the fullerene
powder had been completely dissolved, the solution was weighed,
which made it possible to determine its weight and volume concen-
tration. PEPC powder was used for the preparation of composite
samples. The PEPC powder was dissolved in toluene without heat-
ing. The prepared solutions were mixed with each other in such a
way that the concentration of the composite was equal 0; 0.5; 0.7;
2.5 and 3 wt.%. Then, these solutions were cast onto a rigid base
with a thickness of d=0.9-1.2 pym to produce thick films. After
casting, the samples were dried in a thermal cabinet at 80°C for 4
hours. Rigid rectangular 1 cmx2 cm quartz plates were used as sub-
strates. A translucent conductive SnO, (ITO) layer with a resistance
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of 30 Ohm per square centimetre was applied to the surface of the
substrate. The surface AMS layer was applied on the plate from the
SnO, side. A conductive silver contact was deposited onto the free
surface of the AMS layer. The optical absorption spectra were ob-
tained at a Specord M-40 spectrophotometer. The photocurrent den-
sity of the samples was measured when they were irradiated with
monochromatic light of the visible range. An incandescent lamp
with a set of light filters was used to irradiate the samples. The
light intensity was varied using neutral light filters and was in the
range of 0.2—5 W/m?. The electric field strength between the silver
contacts and SnO, was measured in the range of (1-20)-10” V/m.
The kinetics of the current during irradiation and after turning off
the light was recorded using a memory oscilloscope.

The melting point was measured by the well-known optical meth-
od of determining the rheological characteristics of thin films [10].
The block-diagram of the device is shown in Fig. 1.

According to the method of [11], the layer of AMS material was
electrically charged to the pre-breakdown potential difference. Dur-
ing heating, the thin film reaches the temperature of the transition
to the viscous-flow state. Therefore, it becomes possible to form a
phase diffraction grating on the free surface of the sample due to
the ponderomotive forces caused by the electrocapillary effect.

The melting point of the sample was measured using optical
method [3]. The method consists in measuring the logarithmic dec-
rements (w) of the change in the amplitudes of the harmonic relief

Fig. 1. Block diagram of device for measuring melting point: 1—thin film;
2—Sn0,; 3—glass; 4—measuring probe; 5—unit for measuring the poten-
tial of thin film; 6 —high-voltage generator; 7—block for isothermal heat-
ing of thin film; 8—LG-38 laser; 9—Fourier lens; 10—15—photoreceivers;
16—electric contacts.
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(k) formed on the free surface of the thin AMS film deposited on a
planar substrate and heated above the glass transition temperature.
The values of w depend on both the rheological characteristics of
the material and the spatial frequency (k) of the relief on the free
surface of the layer [3]. The dynamics of & changes over time ac-
cording to the law

h(k,t) = h,exp (w(k)t) sin(ky), (1)

where h, is the amplitude at the moment ¢ = 0.

The logarithmic decrement of the change in the deformation am-
plitude of an electrically neutral layer of deformed material is de-
termined by the forces of surface tension and viscosity and can be
written as [4, 8]:

w(k) = -2 {

o (2)

0.5sh(2kd) — kd
ch?(kd) + (kd)? |’

where A is the coefficient of surface tension of the sample, n is the
dynamic viscosity of the sample, and d is the sample thickness.

A harmonic relief formed on the surface of the sample; the dy-
namics of the amplitude of this relief was studied by measuring the
first-order intensity of light diffracted on the grating. The intensi-
ty of the diffracted light, which is proportional to the square root
of the relief amplitude, was taken into account. The rheological pa-
rameters of the sample were determined by analysis of the dynamics
of the diffraction pattern and using relations (1) and (2). Using the
Newton model of the dynamics of heated sample, the kinetics of the
logarithm of the ratio of the intensity of diffracted light I(¢) to the
intensity of light I, at the initial moment of time is described by

the relationship
1n(@jo¢_ét, (3)
I, n

At the temperature T,, the linear dependence (3) begins to break
that indicates the transition of the sample from a viscous to a high-
ly-elastic state [12]. The accuracy of T, measurements is determined
by the minimum value of the registered residual relief. The error of
this method does not exceed 1.5-2%.

With aim to select the wavelength of the excitation light, optical
absorption spectra (A) of composite PEPC + C4, film samples were
measured at room temperature. The results of the measurements
are shown in Fig. 2.

A comparison of curves I and 2 (Fig. 2), which correspond to the
spectra of PEPC without dopants and PEPC with 0.5 wt.% Cq,
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Fig. 2. Absorption spectra of cast samples; radiation source is a hydrogen
lamp, T =300 K, quartz substrate: 1—PEPC; 2—PEPC with 0.5 wt.% Cg;
3—PEPC with 3 wt.% Cg,.

shows that the dopant at small concentrations increases the intensi-
ty of absorption in the short-wavelength region of the spectrum
(A<375 nm) and does not affect the absorption in the long-
wavelength region (A > 375 nm). This may indicate the additive na-
ture of absorption of the components of the composite. When the
concentration of the dopant increases (at least up to 1 wt.%), the
absorption spectra change significantly: a wide diffuse band appears
in the region A > 375 nm. This effect can occur due to the formation
of new absorption centres in the region A > 375 nm with dimers in-
volved [13].

The occurrence of bands in the spectra of PEPC nanocomposite
with fullerenes, which are not observed for pure PEPC and pure
Cso» is explained by the formation of charge-transfer complexes
(CTCs) in the PEPC+ C4, system. The formation of these CTCs
should lead to the formation of new energy levels, which form zones
of jump transport of charge carriers [13].

The characteristics of the quantum yield of the photogeneration
of charge carriers were determined by studying the photocurrent.
For a reasonable use of this technique, the following factors should
be fulfilled: the approximation of small charge drift (the field of
volume charge carriers is much lower than the external electric
field E), the blocking nature of the electrical contacts of the sam-
ples, an insignificant contribution of the processes of thermally ac-
tivated generation of charges and recombination to the density of
current through the sample.

The analysis of weak absorption of light passing through the
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sample layer is implemented in the case of ad << 1, where a is the
absorption coefficient of the sample material. When the irradiation
is uniform and the approximation of small charge drift is fulfilled,
the stationary distributions of concentrations of holes p(y) and elec-
trons n(y) inside the sample layer are determined by the equations
(4) and (5). These equations are valid, when the electric field E is
directed along the OY axis:

dn@) _,

G+G,,, —vny)ply) +u,E , 4)

G+ Gy, — YY) P(Y) ~ upEdZ—(y‘I/) =0. (5)

The boundary conditions should take into account the possibility of
injection (or exit) of charge carriers and the volume of AMS; so,
they have the following form:

p(y =0)=p,, (6)
ny=d)=n,. (7)

Here, G is the efficiency of photogeneration of electrons (holes) per
unit time, G4, is the efficiency of thermofield photogeneration of
charge carriers, ny(p,) is the concentration of electrons (holes) in the
near-contact region near the injecting contacts, which determine the
injection current, p,(u,) is the mobility of electrons (holes), y is the
constant of geminate recombination of charge carriers, which de-
termines the intensity of recombination processes and governs the
nonlinear character of transport processes.

The current density passing through the sample without its illu-
mination (j,,.) under a weak effect of recombination processes is
described by the equation

jdark = eMpEpo + e“nEnO + eGdarkd ’ (8)

where e is the elementary electric charge.
When the sample is irradiated, the current density j,,, is deter-
mined by the expression:

Juane = 5 | [, Ep(@) + 1, En() Jy 9)

The solution to the problem (4)—(7) has a rather complex form,
which is significantly simplified by taking into account only expres-
sions, which depend on no more than the first order of y. In this
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case, the following relation holds:

d*Gj d’G?j
i =eGd + i —evldn + dark + dark , 10
Jiight Jaark “/|: oPo 2unupeE2 6HanE2 (10)
(Jaars)”
For a given j,,.,, the maximum possible value n,p, = = —..
Hppe E
Thus, when the following condition is met:
; 2 2y 3,2
eGd + jdark >> ey : d(]da;k) + d GJdark + d G , (11)
wu,E e 2e 6
we have
jlight ~ eGA + jiupy | = jlight — Jaark - (12)

According to this expression, the current through the irradiated
AMS sample is the sum of the injection current and the currents
caused by the processes of thermofield generation and photogenera-
tion of electric charge carriers. To fulfil condition (11), a small re-
combination coefficient, small sample layer thicknesses, and a
strong external electric field are needed. The condition (11) is a cri-
terion for the validity of using the results of the investigation of
stationary photocurrents in flat layers of low-conductive materials
with non-blocking contacts to study the quantum yield of photogen-
eration of electric charge carriers.

3. DISCUSSION

Current density measurements were carried out in PEPC samples
doped with C4, without irradiation. The results of j,,, measure-
ments at room temperature for various d are shown in Figs. 3, a, b.

The values of current density j,,, between the deposited contacts
in the general case were determined by the thermofield generation
of charge carriers and the processes of injection from the metal into
the AMS layer. As can be seen, the current density is weakly de-
pendent on the electric field at E > 7-10°” V/m. This indicates the
dominant role of the thermofield generation of charge carriers, and
the field dependence of the injection currents should be described
by an exponential relationship of the Richardson—Schottky type [4,
8]. A comparison of the plots in Figs. 3, a, b shows that j,,, in-
creases with the concentration of Cg,. This is explained by the clus-
tering of fullerene molecules in the process of forming solid compo-
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Fig. 3. Dependence of current density j,,, on magnitude of applied exter-
nal electric field at room temperature for samples: a—PEPC + 0.7 wt.%
Ceo: 1—d=0.9 pm, 2—d=1.2 pm; b—PEPC+ 2.5 wt.% Cg: 1—d =0.95
um, 2—d=1.17 pum.

sites based on the AMS matrix.

The studies of the dependence of the photocurrent density j on
the intensity of the excitation light (Fig. 4) showed a proportional
relationship between them, taking into account the relationship
(12).

It is shown that the dependence (1) in Fig. 4 was obtained at field
strength E=1.25-10" V/m, and the dependence (2), at E=1.67-10"
V/m. A comparison of the currents in Figs. 3, 4 shows that the re-
lationship g, << jug: holds. This provides an opportunity to use the
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Fig. 4. Dependence of photocurrent for PEPC + 2 wt.% Cg4, sample on pow-
er density of excitation light for different values of field strength.
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measurements of steady-state photocurrents and to investigate the
quantum yield properties of the photogeneration of charge carriers.

Further analysis shows that the dependence of the photocurrent
density (as well as the efficiency of the photogeneration quantum
yield) on the intensity of the applied field is well described by the
following relationship [4, 7, 8]:

iE) = J, exp{w[l 1 ﬂ (13)

k, \T T,

where j, is a value weakly dependent on E, B, = 1/q3 /nseo is the
Poole—Frenkel constant, T is the sample temperature, T, is the ef-
fective temperature, cg, is the dielectric constant of the material,
and kz is the Boltzmann constant. This dependence well describes
the features of the behaviour of the photocurrent density of previ-
ously studied samples of fullerene-containing polymers with various
sensitizers. The following expression was used for the analysis of
the experimental data (13):

In j(E) oc\/EBkﬂ(%—Tij. (14)

As can be seen, the value of the Poole—Frenkel constant depends
on the dielectric constant of material. For thin-film PEPC + Cg,
composites produced by toluene solution casting, this parameter is
not precisely determined. Therefore, the value of the Poole—Frenkel
constant was calculated for several values of the dielectric constant:
£=3, 3.5 and 4.

Based on these calculations, the dependence of the product of the
Poole—Frenkel constant on the difference between the inverse tem-

perature and the inverse effective temperature 6 = Bﬂ[l —lj on
By \T T,

the value of the effective temperature (this value determines the

inclination angle of the dependence Inj(E)) was determined. The re-

sults are shown in Fig. 5.

As seen from Fig. 5, the angle of inclination of the dependence
Inj(E) depends significantly both on the dielectric constant of mate-
rial and on T,. Using the dielectric constant 3, which is close to the
value for pure PEPC [4], the theoretical dependence Inj(E) for PEPC
samples with various concentrations of fullerenes was calculated.

The calculated and experimental dependences, Inj(E), were com-
pared. The angle of inclination of the theoretical dependence
changed due to the change in T,. The T, value was chosen in such a
way that the root-mean-square difference between the theoretical
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Fig. 5. Dependence of parameter & on value of effective temperature for
various values of dielectric constant: 3, 3.5 and 4.

and experimental curves was minimal. The results of this compari-
son for the PEPC + C,, nanocomposites with different fullerene con-
tent are shown in Figs. 6, a, b. Using the experimental and theoret-
ical results, the effective temperature of the samples was deter-
mined.

As can be seen from the above data, the effective temperature for
PEPC samples with different concentrations of fullerenes increases
with Cg, content, which may indicate decreasing role of tunnelling
processes in the electron—hole pair separation [2, 8].
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Fig. 6. Dependence of theoretical (solid line) and experimental (red
squares) of photocurrent density j logarithm on applied field for samples:
a—PEPC + 0.7 wt.% Cq,, for dielectric constant ¢ =3, temperature 300 K,
effective temperature 360 K; b—PEPC + 2.5 wt.% Cg, for dielectric con-
stant € = 3, temperature 300 K, effective temperature 380 K.
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Fig. 7. Dependence of temperature of transition into viscous-flow state on
fullerene content in composites.

The temperatures of the transition to the viscous-flow state T, of
PEPC samples with 0, 0.7, 2.5, and 3 wt.% C4, were determined;
the results are shown in Fig. 7.

Figure 7 shows that the temperature T, increases with Cg, con-
tent. This indicates either an increase in the intensity of intermo-
lecular interaction, or the formation of undeformed hard nanostruc-
tures that contain Cg); the size of these nanostructures depends on
fullerene content. It is worthwhile to note that the T, values coin-
cide with the values of the effective temperature with an accuracy
of 10% (T,=~T,). This effect may indicate that the effective tem-
perature, as well as the melting point, are determined by the forces
of intermolecular interaction in the nanocomposite, or both these
parameters are determined by the processes of Cg;, coagulation in
the polymer matrix.

4. SUMMARY

At low concentrations of fullerenes in the PEPC matrix (less than
0.5 wt.%), the absorption spectrum in the visible region is formed
by independent optical transitions in PEPC and Cg. When the con-
centration of Cy, dopant increases (above 1 wt.%), new bands appear
in PEPC composites with fullerenes. This non-linear nature of the
effect of Cg, concentration may indicate the dominant role of the
interaction of PEPC molecules with Cg;, dimers. The dependence of
the density of photocurrent generated in volume of PEPC + Cg, films
on the electric field is consistent with the modified Poole—Frenkel
law, which indicates a jump mechanism of the transport of charge
carriers during their photogeneration. The modified Poole—Frenkel
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constant depends on the Cg, concentration that indicates a change in
the local dielectric constant in the vicinity of the photogeneration
centre when the C4, concentration changes.

The temperature of the transition to the viscous-flow state in the
PEPC + C4, composite samples depends on the C4, concentration; it
increases with concentration, which indicates increasing intensity of
intermolecular interaction, or the formation of undeformed hard
nanostructures containing C4,. The characteristic temperature coin-
cides with an accuracy of 10% with the value of the melting point
of the PEPC + Cg, composite that indicates that the photogeneration
of charge carriers and melting depend on the same processes.
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