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Thekinetics of photoelectric processes
near interfaces of Cgo/liquid crystals
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The interface between vacuum deposited Cg, fullerene films and layers of nematic liquid crystals
(LC), such as pentylcyanobiphenyl (5CB) or the BL055 mixture has been studied. In order to understand
the processes of barrier formation at the Cg/LC interface, the kinetics of the dark current, short-circuit
photocurrent and photovoltage caused by short pulses of light (~60 sec, hv = 1.88 €V) were investigated.
Initial barrier height at the Cgo/LC interface and its increase caused by ion diffusion to electrodes under
the action of an internal electric field or light are determined. A fast component of the short-circuit photo-
current and photovoltage was observed. This component was probably due to the presence of a partly
filled acceptor-like deep electron level associated with an interaction between Cq, molecules and oxygen.
The occupancy of the local states depends on molecular interactions at the interface. Their effect on the
processes of ionic polarization and depolarization is discussed.

Key words: fullerene Cq; liquid crystal; interface; photocurrent

1. Introduction

Heterostructures (HS) formed by fullerenes and liquid crystals (LC), with a poten-
tial barrier at their interface, represent a new type of systems that can be applied in
optical devices such as spatial light modulators [1]. To make their application possi-
ble, the mechanism of formation and properties of the potential barrier at the
fullerene-LC interface has to be known.

The formation of potential barriers at interfaces between liquid crystals and or-
ganic or inorganic media, in contrast to solid-state structures, depends on the material
properties of the photosensitive layer, on effects of ionic polarization and on the dif-
fusion and deposition of ions on the electrode and photosensitive film surfaces. Due
to al these factors, simple measurements of steady-state (time-averaged) characteris-
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tics of heterostructures do not allow one to separate nor analyze these different
contributions.

In order to determine the mechanism and features of potential barrier formation
near the interfaces, we have studied the kinetics of dark current (1), short-circuit pho-
tocurrent (ls) and photovoltage (V) in HS consisting of Cg, and nematic LC (5CB and
BL055) under irradiation with pulses of ared LED (hv = 1.88 eV).

2. Experimental

Films of Cg were prepared by thermal vacuum deposition (10 Pa) onto glass
substrates, coated with conductive (180 Ohm/cm?) and transparent (80%) SnO, layers
deposited by the pyrolytic technique. The substrate temperature was 300 K. The re-
sulting Cq layers consisted of hexagonal crystallites with Wurtzite structure in which
the C-axis was oriented perpendicular to the substrate. The thickness of the Cg, films
was controlled by an actuator and was equal to 400 nm.

Structures containing undoped L C and L C doped with Cg with symmetrical ohmic
SnO, electrodes were also prepared for comparison. Dielectric spacers ten microns
thick set the thickness of the LC layers.

Measurements of the time evolution of |, I and V were carried out with an elec-
trometric DC amplifier, their values being recorded by a computer every 250 ms. The
amplifier allows both 1. measurements (time constant < 1 ms) and V measurements
(time constant < 0.5 s) to be carried out. An external voltage was supplied with a cali-
brated voltage source. In order to study the processes of depolarization (trapping and
recombination of charge carriers) after the illumination of the sample or after a volt-
age pulse (duration of ca. 60 s), the sample was connected directly to the amplifier
input and the kinetics of current decay and depol arization voltage were measured.

3. Results and discussion

3.1. Dark current kinetics and C-V characteristics

It should be first noted that to diminish the influence of charge carrier injection [2]
and conventional currents [3] which are usually observed for voltages higher than
3-6V [2, 3], the measurements were carried out in the voltage range up to 2 V. The
contribution of potential barriers is usually maximal in this voltage range; at higher
voltages, the barriers are compensated by an external electric field.

In the control cells consisting of undoped L C and symmetrical SnO, electrodes, af -
ter an external voltage impulse U is applied the dark current | rises rapidly to a value
lo and then, due to polarisation processes (the motion of ions to electrodes), slowly
(3060 s) approaches a steady-state value |s (Fig. 1, curve 1), as observed earlier
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Fig. 1. Kinetics of the dark current in symmetrical 5CB LC cells (1)
and Cg solution in 5CB (<0.17 wt. %) (2) under applied voltage of 0.4 V

[4, 5]. The half-time of the decay was ca. 4 sec for cells with 5CB, and ca. 3 sec for
those with BL055. The dependence of |, on voltage is practically linear for these cells
(Fig. 2a, curve 1), i.e. no observable potential barriers form on the SnO./LC inter-
faces.
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Fig. 2. Steady-state dark current—voltage characteristicsin: @) symmetrical LC cells
with 5CB (1) and Cg solution in 5CB (<0.17 wt. %) (2); b) heterostructures Cgy/5CB (3, 4)
and Cg,/BL055 (5, 6) for positive (3, 5) and negative (4, 6) polarity on LC

The dark current kinetics of Cg/LC HS is generally similar to the kinetics of LC
cells with ohmic SnO, electrodes, although both the initial (lp) and steady-state (ls)
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currents, and also their relaxation times, depend on the value of U and its polarity. For
voltages up to 1.5 V of both polarities the dependence 14(U) has a poorly expressed
exponential character, being almost symmetrical (weakly depending on the polarity of
U). It is similar to characteristics of two counter-connected equivalent diodes with
alarge series resistance rs. At voltages between 1.5 and 2.0 V, Io(U) becomes almost
linear, allowing rs to be estimated. For the structures studied, rs= (10-40) MOhm. An
extrapolation of the linear part of 1o(U) gives a cut-off voltage of 0.35+ 0.05V for HS
with BLO55 and ca. 0.2 V for HS with 5CB. One may thus estimate the initial band
bending (initial barrier height, Y;) to bein the range of (0.2-0.4) eV.

The voltage dependences of steady-state current (ls) are clearly exponentia in HS
of both 5CB and BL055 (Fig. 2b). Extrapolation of the linear parts of 1s(U) depend-
ences yields cut-off voltages of 1.03 (‘+ on LC) and 1.07 V (‘= on LC) for
Ceo/BLO55 HS, and 1.10 and 1.15 V for Cg,/5CB HS. The obtained cut-off values are
probably approximately equal to the sum of the barrier heights in these HS. This is
equal to a first approximation to the sum of the initial barrier height in the darkness
before supplying external voltage Y, and an additional band bending Y,. The latter are
formed due to the diffusion and adsorption of ions on the electrodes, usually called as
the polarization process [4]. The total barrier in Cg/LC is more than 3 times higher
than that obtained for CdSSe/BL055 HS[5].

Most surprising for us was the fact that I(U) was almost symmetrical, although
the Cg layer was deposited onto one electrode only. It was thus supposed that 14(U)
would be asymmetrical, as earlier observed for CdSSe/LC HS [5]. An analysis of
possible reasons for this feature has shown that it was most probably caused by a poor
solubility of Cg in LC, which we were unable to observe earlier. After the cell prepa-
ration, a part of the Cg molecules diffused from the film to the LC and then precipi-
tated on the opposite ‘clean’ SnO, electrode (on which we did not deposit any Cgo
layer). Naturally, the precipitation process would occur only when there is no quasi-
stationary equilibrium. Before this equilibrium established, part of the molecules in
the LC layer formed ions or charged complexes consisting of Cg, and LC molecules.
This model seems to be confirmed by an increase of |, (in the cells containing LC
doped with 0.17 wt. % of Cg it is 2.4 times larger than in those containing undoped
LC—cf. Fig. 1, curve l).

Since Cg molecules are strong acceptors (trap centres for electrons) [6], it is rea-
sonable to assume that the concentration of negative ions will increase in the LC
layer. Therefore, potential barriers of practically identical height but of opposite po-
larities are formed at both electrodes of HS.

To check experimentally our hypothesis, we measured |(U ) characteristics in acell
with two symmetrical SnO, electrodes, between which LC doped with <0.17 wt. % of
Ceo (Mmaximum solubility at 300 K) was placed. The measured 1(U) dependence for
such acell, presented in Fig. 2a (curve 2), is dmost symmetrical and has an exponen-
tial character, which confirms our suggestion. The cut-off voltage for this dependence
Y= 095V, i.e isonly 8-15% smaller than the cut-off for the HS in which the Cg
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layer is deposited by thermal vacuum evaporation. The difference may be caused by
differences between the structures of a layer deposited by vacuum evaporation and
formed as aresult of Cg, precipitation onto the surface of SnO, electrodes.

4. Photovoltaic properties

The main attention in the present study was given to measurements of current ki-
netics, since the time constant of the measuring device is small in this mode (<1 ms)
and transitional processes can be recorded more clearly.

A typical | kinetics measured in a Cs/LC HS under the excitation with a pul se of
‘red’ LED (hv =1.88 V) isshown in Fig. 3a, b. I« kinetics for CdSSe/BL055 HS are
also shown for comparison (Fig. 3c).
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Fig. 3. Kinetics of the photocurrent in heterostructures Cqy/ BLO55 (a), Cgo/ 5CB (b)
and CdSSe/BL055 (c) under illumination (hv = 1.88 €V) through LC (1), Cgy or CdSSe (2)

It can be seen that the presence of an Iy, peak with a‘—' on the illuminated surface
(independent of the illumination direction) and the following slow decrease with the
decay time of 20 sec (for HS with BL055) and 100 sec (for HS with 5CB) is common
to all these HS. We were not able to record I for the structure with symmetrical SnO,
electrodes, since L C does not absorb this light.

The peculiarity of Cg/LC is the presence of afast short circuit component of op-
posite sign (l«p). Therise and fall times of 1y, are both approximately 1 sec. The peak
Isp Value for Cgo/BLO55 HS (Fig. 3a) is dmost 5 times greater than for Ceo/5CB HS
(Fig. 3b), i.e. Iy, strongly depends on the LC material.

The presence of |4, in Ce/ LC HS may be caused by the formation of acceptor-like
deep electron levels (filled in the darkness) in Cg (Near the Cgo/ LC or SnO,/ Cq inter-
face), which according to [6] (Fig. 4) are situated at 0.8 eV under the conduction band
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and are probably due to interactions of Cg, molecules with oxygen. Upon illuminating
the Cgo layer carriers are released from these centres. Consequently the concentration
of trapped electrons decreases and therefore the Ig, signal decreases. A decrease in
the occupancy of this impurity level will naturally cause a shift of the quasi-Fermi
level resulting in afast increase of Y,. Naturally, the position of the Fermi level at the
Ceo/ LC interface will depend on the interaction of LC with the Cg, film surface and
even its small shift will strongly change the occupancy of this level and consequently
the peak value of lg,. This may explain the smaller value of Iy, in Cg/5CB HS
(Fig. 3b). This acceptor-like level is probably localized near the Cg/LC interface,
since oxygen is adsorbed on the film surface after its preparation. Consequently, the
concentration of adsorbed oxygen molecules and their complexes with Cg, molecules
will be larger on the free surface of Cg, film.
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Fig. 4. Kinetics of the photovoltage in heterostructures Cqy/ BLO55 (8), Cgo/ 5CB (b)
and CdSSe/BL055 (c) under illumination (hv = 1.91 eV) through LC (1), Cg, or CdSSe (2)

To verify whether such an impurity level is indeed formed in our structures, we
carried out measurements of the surface conductivity of Cg layers in vacuum and in
the ambient atmosphere. The specific resistance of the layers in the darkness in vac-
uum is of the order of 10 Ohm-cm. In the air, due to oxygen adsorption on the free
surface of films, their resistance slowly increases by more than 2 orders of magnitude,
and the photocurrent decreases, in agreement with the literature data [6]. After air is
pumped out, only a partial reversibility of dark resistance and photocurrent is ob-
served, i.e. deep trapping centres (probably charge transfer complexes between Cg
molecules and oxygen) remain. This result confirms that the formation of acceptor-
like levels acting as deep trapping centres on the surface of the investigated Cg, films
can indeed take place.
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As was shown in the previous sections, it follows from the analysis of I(U) de-
pendences that blocking barriers are formed near both electrodes in the studied
Ce/LC HS and the measured structures are similar to two counter-connected diodes.
In this case, | recorded by the meter is:

|$=A<d1—j/1d2) (1

where A is a constant proportiona to the quantum efficiency of the charge carrier photo-
generation and to absorbance (practically equal for deposited and precipitated layers), d;
is the thickness of the illuminated layer, d, — the thickness of the layer near the opposite
electrode, and y; — the coefficient of the decrease in light intensity on the opposite elec-
trode due to its absorption in the first layer and scattering in the LC layer.

Analogously, the measured value under the illumination of the opposite elec-
trodeis:

I;: = A(dz - 71d1) (2

We do not know the thickness of the precipitated layer formed due to diffusion from
the LC layer onto the ‘clean’ eectrode. To estimate it, we have measured I, for the cell
with two symmetrica SnO,electrodes, between which LC doped with <0.17 wt. % of Cg
was placed, and for which the C-V characterigtic is exponentia (Fig. 1b). The vaue of |4
in these structures was more than two orders smaller than that for HS. This s evidence that
d, << d; and that the influence of the precipitated layer in | formation can be neglected
during the further analysis of photovoltaic properties.

A slow decrease of | is observed after reaching the peak value (Fig. 3). A similar
decrease is observed in the kinetics of dark current (Fig. 1). The decrease of both I
and dark current can be explained by the diffusion of LC ions towards the electrodes
and their separation by the intrinsic field of the initial barrier [4, 5]. It is obvious that
the concentration of ions due to their transport to the electrodes will decrease and
simultaneously the additional intrinsic electric field near the electrodes will increase.
The decrease of ion concentration should lead to an increase in the differential resis-
tance of the structure and a decrease of I.. To explain I(U) dependences, we sup-
posed that the barrier height Y and internal electric field increase due to ion diffusion,
which in turn should lead to an increase in lg. From Fig. 1 it is clear that only a de-
crease in |y is observed in the studied HS, i.e. the main contribution to the process
comes from an increase in structure resistance. Because of this, determining the direc-
tion of the internal electric field isimpossible from | kinetics alone.

Since the value of V does not depend on structure resistance, we have carried out a
measurement of its kinetics to solve this problem (Fig. 4).

It can be seen that in both types of Cg/LC HS quasi-steady-state value of V has
the same sign (negative at the illuminated surface). A slow increase in V is observed
in al structures after reaching the maximal value of I, i.e. the directions of the initial
and additional electric fields (barriers) are the same.
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It is possible to estimate the ratio of the heights of the initial barrier and an addi-
tional one, created by ion diffusion (Yo/Y,) by measuring the ratio of fast and slow
components of V, built up under the illumination through LC layer. The Y, /Y, ratio is
0.7-0.8 for Cg/LC HS (for comparison, it amounts to 0.5 for CdSSe/BL055 HS),
being in good agreement with the data obtained from an analysis of the dark current
—voltage characteristics. This confirms that the contribution of ion diffusion is domi-
nant in the formation of internal electric fieldsin the studied HS.

5. Depolarization processes

After the sample has been biased with a voltage, a drift of ions initially concen-
trated near the electrodes towards the middle of the LC layer isinitiated. lons partially
recombine with ions of opposite charge drifting in the opposite direction. Due to this,
acurrent in the opposite direction arises (the depolarization current, |4 [4]) with atime
constant zy close to, but not equal to, the time constant of polarization z,. Naturally,
the ratio of the charge that is released during the depolarization (Qy) to that trapped
during the polarization (Q,) cannot exceed unity, although this does not mean that the
peak value of |4 cannot be larger than the peak value of the depolarization current
lp = (lo —1g). On the contrary, if 7y < 7, (asin the case, e.g., of CdSSe/LC HS) then
l#/1, can be > 1. Therefore, the efficiency of recombination can be correctly estimated
if theratio Q4 Q, isknown.

Typical kinetics of dark current are shown in Fig. 1. In symmetrical LC structures
undoped and doped with Cgp, both 14and Qq are practically independent of the polarity
and are proportional to U at U < 1 V. They also tend to saturate at higher voltages,
while Q, practically linearly depends on U. |4 and Qq also tend to saturate at U >1.2 V
(eU >), while Q, superlinearly depends on U at these voltages. Due to this, the ra-
tios of Q4/Q, and I4/1, markedly decrease in all structures when U increases in the
range U > 1 V. Therefore, the efficiencies of polarization and depolarization in the
different studied structures can be correctly compared using parameters obtained at U
=1V only. They are presented in Table 1.

It can be deduced from the values of the Q4/Q, ratio that 80% of the ions recom-
bine and/or are trapped in deep capture centres during polarization in LC structures
with ohmic electrodes and only 20% of them reach the opposite electrode in these
structures. Even higher fractions of ions (c.a. 90%) recombine or are trapped by deep
capture centres in HS. An observed rise in the efficiency of recombination and trap-
ping of ionsin HS can be explained by the presence of intrinsic electric fields.

Depolarization processes have also been observed in HS after the illumination was
switched off, asiswell seen in Fig. 3. The decay of the depolarisation current in this case
(hereafter denoted |g) is Similar to that of |4 after switching off the voltage. Thus one can
formally use the same formalism to characterize the kinetic processes. In the following, we
shall employ the same parameters marked additionally with the subscript s.
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Table 1. Parameters characterizing processes of polarization
and depolarization for LC cell and HS under 1V voltage pulsein dark

Structure
Parameters| o) 055 | CdSSe/BLOSS5 |  Co/BLOSS | %5CB | 2C0 Ceo/5CB
+0.1% Cqp

U sign + +LC | -LC +LC -LC + + +LC | -LC
lo, NA 467 | 840 | 527 | 200 | 284 | 1508 | 190 62 | 57
R 027 | 011 | 003 | 016 | 015 | 009 | 008 | 028 | 023
(o—D)1| 073 | 089 | 097 | 084 | 085 | 091 | 092 | 071 | 077
Qu/Qo 096 | 078 | 090 | 076 | 081 | 084 | 081 | 065 | 0.72
l/(o—19| 059 | 097 | 110 | 116 | 123 | 056 | 109 | 112 | 0.99
Q/Q, 020 | 007 | 007 | 005 | 005 | 014 | 017 | 011 | 008

It should be noted that the efficiency of depolarization |y, (current of electrons de-
trapped from the surface level upon illumination) and I (which is mainly ionic cur-
rent) differ greatly. 85-90% of the photoexcited electrons in Cg/BL055 HS are
retrapped probably by the same centres (Fig. 3a). The parameters obtained for ion
depolarization are presented in Table 2.

Table 2. Parameters characterizing processes of polarization and depolarization
for HS under illumination with ared LED (hv=1.88 €V)

Structure CdSSe/ BLOS5 Ceo/ BLOS5 Ceo/ 5CB

llluminated side LC SN0, LC SN0, LC SN0,
I 0y NA 1.78 0.10 690 624 1541 983
I g, 0.04 0.06 0.19 0.22 0.45 0.51
Ky = (fo— L)l 0.96 0.94 0.81 0.78 0.55 0.49
Qv Qo 0.90 0.95 0.72 0.66 0.40 0.34
ke = loo/ (lo— g 0.22 0.43 0.12 0.14 0.10 0.14
Q/Q, 0.019 0.026 0.06 0.08 0.105 0.14

A comparison of ion polarization and depolarization parameters in LC structures
and in HS under the action of electric field or light impulses (Tables 1 and 2) reveals
that in the latter case, about 90% of ions recombine or become trapped during the
depolarization in HS. However, the rate of depolarization in this case is noticeably
smaller (zys> 74). This effect can be due to the diminution of the capture efficiency of
nonequilibrium carriers by trapping centres. This probably stipulates the attenuation
of polarization processes (decrease of Q,/ Qo ratios) upon excitation by light.

6. Conclusions
Theinitial bands bending of ca. 0.35 eV existsin Cg/LC HS. This value increases

up to (1.0-1.1) eV due to ion transport to electrodes after applying an external field.
The presence of even a small amount of Cg, Whose solubility in LC is of the order of
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ca. 0.1 wt. % in the studied structures, leads to the diffusion of Cg from the deposited
layer in LC and their precipitation on the opposite SnO, electrode. This results in the
formation of almost symmetrical HS after cell preparation with aimost the same po-
tential barrier heights near both electrodes. Hence the dependences of current on the
external voltage in the darkness become exponential and almost symmetrical, and ion
concentration in LC increases.

Another peculiarity of Ce/LC HS is the appearance of a fast component in the
short-circuit photocurrent and photovoltage, caused by a change in the occupancy of
acceptor-like deep electron levels, whose presence is due to interactions of Cgy mole-
cules with oxygen. The occupancy depends on the interaction of LC molecules with
Cgo molecules near the interface.

80% of the charges recombine and/or become trapped in deep levels during the
process of depolarization in LC structures with ohmic contacts. The efficiency of this
process increases to 90% in HS, practically independently of the excitation method
(illumination or external electric field).
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