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Organic photoconductors: Dark and
photoconduction studies in two
p-dimethylamino styryl dyes derived from
pyridine-2 and pyridine-4

P. K. NARASIMHARAGHAVAN*, HARI OM YADAV, T. S. VARADARAJAN
Centre for Advanced Studies in Applied Chemistry, Department of Chemical Technology,
University of Bombay, Matunga, Bombay 400019, India

L. N. PATNAIK, S. DAS
Department of Chemistry, Ravenshaw College, Cuttack 7563 003, India

Results of our experiments on the dark and photoconduction studies in two p-dimethylamino
styryl dyes derived from pyridine-2 (PDMS-P2) and pyridine-4 (PDMS-P4) in their pure form
without any dopant or additive are reported. Measurements on surface-type (raster pattern) cells
show that the dark and photocurrents are dependent on the applied potential, temperature, and
the photocurrent on the intensity of the incident radiation and the wavelength. Action spectra of
the samples could not be recorded as the intensity of the monochromatic radiation from the
monochromator reaching the sample was too low to induce any noticeable photocurrent. The
compounds show a low dark conductivity. The dark and photocurrents show a perfect ohmic
behaviour in the temperature range studied (288-328 K). Since photoconduction could only be
observed in a vacuum, this clearly indicates that the compounds are n-type semiconductors. The

observed rise and decay kinetics of the photocurrents indicate the presence of traps in the
forbidden zone. The dyes show an enhanced photoconduction on illumination with visible
radiation only. The marked open circuit voltage and the short-circuit current observed in these
compounds indicate a possible application in solar photovoltaics.

1. Introduction
Two factors which are essential for a material to be
a good photoconductor are high absorption in the
visible spectrum and chemical stability. Recently there
has been an increased interest on the organic pig-
ments, especially the phthalocyanines [1-4], which
are characterised by a variety of colorant and non-
colorant properties, and the cyanine dyes [5] for their
possible applicaton in memory devices. The possible
application of phthalocyanine derivatives (as catalysts
in fuel cell ;‘bathodes [6], as photoconductors in photo-
electrochemical solar cells [7, 8], as xerographic
photoreceptors, and as vedicon television pickup
tubes [2, 97) makes it a potential candidate for future
research. However, the photoelectric sensitivity of the
phthalocyanines may be restricted by a low probabil-
ity of the photogeneration of the free carriers as a
result of a small Onsager distance [10]. Therefore, the
power conversion efficiencies of the phthalocyanine
photovoltaic devices probably cannot approach those
of the inorganic semiconductors [11-14].

Because efficiencies of the order of 10% may not be
excluded in organic solar cells by any theoretical

means [2, 15-18], systematic studies of various com-
pounds are necessary. It is hoped that such studies
would provide further insight to the principles govern-
ing the charge carrier generation process and the car-
rier transport properties of the organic molecular
solids which can be considered as candidates for use in
photovoltaic devices.

A potential candidate in this line would be the
cationic dyes which have been explored for their ap-
plication as photosensitizers [19-21], photoconduc-
tors [22-247] and as solar photovoltaics [27, 28]. The
aim of these studies was to produce a simple and
inexpensive solar cell having conversion efficiencies
nearer to the theoretically predicted value (10%). As
mentioned earlier, a proper understanding of the
nature of the processes leading to the observed dark
and photoconduction in these compounds is lacking
at the present time.

Usually, the spectral sensitivity of the photoconduc-
tors is measured by the discharge of surface charge on
the film using the xerographic method [29]. The sens-
itivity is expressed as the reciprocal of the exposure
energy for a half discharge. This method does not
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seem to include the photoconduction process, but
only the carrier generation process, because, the car-
rier transport takes place near the irradiated region.
A high absorption coefficient suggests that the carrier
generation layer is very thin. Then the photoconduc-
tion process is almost totally controlled by the
non-irradiated high-resistive region. Therefore, the
photocurrent is strongly dependent on the absorption
coefficient and the film thickness. This problem can
be overcome to some extent by using a surface-type
raster cell arrangement [30].

Certain donar-acceptor molecules, such as dimethyl-
amino benzonitrile (DMBN), exhibit a peculiar
twisted internal charge transfer state (TICT) [31-33].
In the ground state, the molecule is planar due to the
conjugation between the lone pair nitrogen of the
dimethylamino group and the benzonitrile cycle. The
excitations in the charge transfer band gives rise to
a planar excited state with a weak dipolar character by
a vertical (Frank-Condon) process.

The occurrence of this twisting process appears
attractive for molecular switches, since there is an
almost perfect orbital decoupling in the TICT state.
We consider that the coordination complexes contain-
ing redox sites linked to this kind of molecule could
be a good model for testing the possibility of molecu-
lar switches. The DMBN and its derivatives can be
used as ligands through their nitrile end and J. P.
Launary et al. [34] have suggested that some peculiar
photophysical properties may exist in these com-
plexes.

Patnaik and Das [35] have studied the structural
conformation and stability of PDMS-P2 and PDMS-
P4 and have developed a theory based on the results
obtained from the above mentioned study on the basis
of perturbative configuration interaction using local-
ised orbitals (so-called PCILO method). They have
also reported similar twisted states in these com-
pounds.

In this paper we report the first results of the studies
of dark and photoconduction studies in PDMS-P2

Structure
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Figure I The structure and the electron flow in PDMS-P2 and
PDMS-P4. The flow of electron (intra-Molecular) is shown by
arrows.

and PDMS-P4 without any dopant or additive. The
structure and the electron flow in these compounds
are shown in Fig. 1. It is a part of our investigations on
the conductivity of cationic styryl dyes derived from
different heterocyclic nuclei. The studies have been
carried out with an aim of finding out any possible
structure-semiconductivity relationship that would
aid the design and synthesis of dyes with prefixed
semiconducting properties.

2. Experimental details

The two p-dimethylamino styryl dyes, PDMS-P2 and
PDMS-P4, kindly supplied by L. N. Patnaik in their
purest form (column chromatographed), were used
without any further purification. Surface-type raster
cells employing silver paste contacts with electrode
distance of 0.02 cm have been used for studying the
electrical properties. This is shown schematically in
Fig. 2. The raster cell has 35 gaps and the inter-
electrode distance was maintained at 0.02 cm. The
raster cell was prepared by photo-etching the alumi-
nium coated (by vacuum sublimation at 104 torr) on
carefully cleaned transparent quartz slides. The dye
was sublimed at vacuum better than 10~ % torr on
these gaps for the purpose of the conductivity
measurements.

The samples were investigated under vacuum at
~107° to 107° torr in the temperature range
288-328 K using an electrical heater. To avoid the
backstreaming of the oil vapours, the oil diffusion
pump was used in combination with a liquid nitrogen
trap. The sample temperature could be maintained
and measured to an accuracy of +0.5 K using a tem-
perature indicator in combination with a temperature
controller.

The construction of the condutivity set-up has been
discussed elesewhere [36]. A schematic diagram of the
experimental set-up (block diagram) showing the con-
ductivity arrangement is shown in Fig. 3. Dark and
photocurrents were registered with a digital picoam-
meter (Model EA5600, Electronic Corporation of
India). In addition, the rise and decay kinetics of the
photocurrent have been studied using the picoam-
meter in combination with a fast recorder.

The light source consisted of a 500 W xenon arc
lamp (Kratos, West Germany) focused by a well de-
fined system of quartz lenses on to the photoelectric

Figure 2 A Raster cell pattern (enlarged for convenience). The dis-
tance between the successive electrodes is 0.02 cm.
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Figure 3 A schematic representation of the experimental set-up
showing the different components. Key: (A) digital temperature
indicator, (B) programmable temperature controller, (C) d.c. power
supply to heater, (D) ice (reference temperature 0°C), (E) X-Y re-
corder, (F) digital picoammeter, (G) stabilized power supply, (H)
condensing system, (I) water column, (I) monochromator or filters,
(K) sample holder (with heater), (L) liquid nitrogen cylinder, (M) to
vacuum pumping system, (N) thermocouple (temperature sensing),
and (S) source (xenon arc lamp).

cell. A water column (a quartz cell containing distilled
water) was used to filter out infra-red radiation from
the lamp. Quartz neutral density filters were used for
studying the intensity dependence of photoconduc-
tion. Home-made quartz neutral density filters were
calibrated using a ultra-violet/visible spectro-
photometer (Pye Unicam SP8000). Visible and u.v.
radiation could be obtained separately from the lamp
source by using u.v. and visible cut-off filters.

Out-gassing of the samples was carried out by cyc-
lically heating and cooling the samples under vacuum
conditions.

3. Results and discussion

3.1. Dark conductivity

The variation of dark current (/) with temperature,
measured in the surface-type cells of PDMS-P2 and
PDMS-P4, can be described by the equation

I, = Aexp(— AEp/kT) (1)

where k is the Boltzmann constant, T is the absolute
temperature. A is the pre-exponential factor, and AEp
is the thermal activation energy of dark conduction.
The parameters derived from the plots of the log-
arithm of dark current (logI},) against the reciprocal
of the temperature (Figs 4 and 5) for the compounds
are shown in Table L

The increase in the dark current with increasing
temperature corresponding to Equation 1, is typical
for organic semiconductors [11, 30]. It may arise from
a direct generation of the charge carrier across the
energy gap (in the case of intrinsic semiconductors) or
by an excitation of the donor or acceptor states (in the
case of extrinsic or impurity semiconductors). The
observed values of AE, being very small, the possibil-
ity of AEp, being equal to the band gap is ruled out. No
data are available on the ionization energy (Ic) and
the electron affinity (A¢) of the compounds. Con-
sequently, testing of the intrinsic nature of the com-
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Figure 4 The temperature dependence of dark current of PDMS-
P2 at 288 K < T'< 328 K (surface-type raster cell arrangement)
at different applied potentials: (O} 30, (A) 50, (OJ) 90, (@) 120 and
(A) 150 V.
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Figure 5 The temperature dependence of dark current of PDMS-
P4 at 288 K < T < 328 K (surface-type raster cell arrangement) at
different applied potentials: (@) 20, (¥) 50, (A) 100, and (H) 150 V.

pounds, for example, by comparing the AEp values
with the quantity I — A¢ [30] is not possible. Hence,
it can be stated that the values AEp merely give the
depth of the traps from the conduction band from
which the charge carriers are liberated during the
thermal process.

The two activaton energies observed for PDMS-P2
may be explained as follows. In both the cases the
conduction is extrinsic. The change of slope merely
indicates a change from AEp/kT in the lower temper-
ature range to AEp/2kT in the higher temperature
range, caused by a change in the number of excited
carriers n, relative to the number of impurity levels N,
where N is less than the total number of carriers N..

In this context, it is remarkable that the dark cur-
rents for PDMS-P2 and PDMS-P4 increase with in-
creasing applied potential (Figs 6 and 7) according to
the relation

ID = aUS (2)

where U is the field, a is a constant and s is the power
factor. From the logarithmic plot of the dark current



TABLE 1 Thermal activation energy of dark conduction (A Ep) and the activation energy of photoconduction (AE,,) at different intensities

of illuminations for PDMS-P2 and PDMS-P4

Compound AEp AE,;, (V)
V)
100% 63% 52% 29% Visible only u.v. only
PDMS-P2 0.3278-0.3062
(288-303 K) 0.2943 0.2703 0.3228 0.3071 0.1959 0.2423
0.5146-0.6816
(303-328 K)
PDMS-P4 0.1332-0.1660 0.2417 0.2318 0.2408 0.2580 - -
(288-328 K)
TABLE II s values of dark conduction and s values of photoconduction in PDMS-P2 and PDMS-P4
Compound s values of s’ values of photoconduction
dark
conduction 100% 63% 52% 29% Visible only u.v. only
PDMS-P2 0.9918 0.9858 0.9794 0.9622 09712 0.9698 09744
PDMS-P4 0.9846 0.9649 0.9905 0.9838 0.9746 0.9843 0.9371
1 -~
3x10 1011 z
2 -
C
-
171 — =
gl —_ -
- o
6+ ~ o
L =
it
§ 10‘12 -
= 2+ < o
G 8 -
2,512
€10 -
5 8 ZX]O-B i 1 Lol 1 } 1111111
S 6 102 103 104
S s Applied field (Vem™')
Figure 7 Dependence of dark current on applied potential (or field
2 strength) in PDMS-P4, at different sample temperatures: (@) 288,
(O) 298, (V) 308, (A) 318, (1) 328, and (M) 332 K.
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Figure 6 Dependence of dark current on applied potential (or field
strength) in PDMS-P2 at different temperatures: (O) 288, (H) 298,
(A) 308, (@) 318, and ((J) 328 K.

against the applied potential (field), the values of s can
be evaluated.

The parameter s~ 1 for both the compounds,
which has been observed at the potentials used for the
measurement of the current up to the temperature
range studied, clearly points at the ohmic conductivity
and the observed current is due to the thermally gen-
erated charge carriers. Therefore, injection of charge
carriers from the electrode does not seem to be
present.

It is seen from Figs. 6 and 7 that the dark current of
both the compounds in the present discussion range

between 10~ '3 to 10711 A. The low conductivity is
possibly due to a relatively broad forbidden zone
between the valance band and the conduction band.
The thermally excited charge carriers are very low in
number and the conductivity might be due to the
influence of the iodide anion acting as donor impurity.
This can be declared from the fact that some charge
transfer interaction is present between the dye cation
and the iodide anion in the case of 1,1’-diethyl 2,2’
thiocarbocyanine iodide [20] and the same is expected
to be present in the compounds under discussion.

3.2. Photoconductivity

Analogous to phthalocyanines [37, 38] and cationic
dyes [22-24], the photoconductivity of PDMS-P2
and PDMS-P4 increases rapidly (within 1 second) on
irradiation with light radiation, of which, the visible
part is more effective in inducing an appreciable
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photocurrent compared to its u.v. counterpart. In dis-
cussing the photoresponse of PDMS-P2 and PDMS-
P4, the following relationships should be taken into
account:

1. The surface-type photocell was irradiated through
the dye surface. Figs 8 and 9 represent the dependence
of photocurrent (I,,) on the light intensity (Ig). The
photocurrent increases with the increasing light
intensity according to the relation

Iw = blg 3)

where b is a constant and vy is the intensity parameter.

For PDMS-P2 and PDMS-P4, with polychromatic
light from the 500 W xenon arc lamp, the values of the
intensity parameter y ranges between 0.637-1.0283 for
PDMS-P2 and has values between 1.7425-2.1778 for
PDMS-P4. In both compounds, the v values increase
with increasing applied potential. This type of intens-
ity dependence of photocurrent is evidently due to the
presence of 'several defect states that control the
charge carrier recombination [39, 40]. The results also
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show that the photogeneration process is one photon
process. With the change of applied potential, the
value of ¥ changes slightly. In PDMS-P2 at 10 V the
value of vy is 0.8215 and at 150 V it increases to 0.7942,
the sample temperature being 288 K. Similarly, at
328 K, the value of v for 10 V is 0.6725 and it increases
to 1.0283 at 150 V. This change might be due to the
presence of a potential barrier, which is lowered by the
increase in applied potential. Due to the decrease of
the potential barrier the electron concentration in the
depletion region decreases. The rate of recombination
then becomes less important compared to the rate of
trapping. Thus the dependence of I, on Iz may be
expected to change from a sublinear to a linear de-
pendence with increasing field [41]. Pal et al. [42] also
report a similar change-over from a square root de-
pendence to a linear dependence with increasing ap-
plied field in Astacin sandwich cells.

In the case of PDMS-P4, we observe values for
v greater than 1, showing a superlinear dependence of
photocurrent with respect to the intensity. In other
words, the photocurrent grows faster than the increase
in the light intensity. The superlinear dependence of
photocurrent on the light intensity may be due to the
influence of several defect states with different elec-
tronic behaviour. The electron and the hole concen-
tration, which grow with the light intensity, shift their
quasi-fermi level towards the conduction and valance
band, respectively. Following a series of subsequent
steps, the original recombination centres are replaced
by the defect centres produced by electronic doping,
which eventually leads to an increase in the photocur-
rent more strongly than that expected from a linear
dependence. The value of y = 2 observed for PDMS-
P4 results, where the bimolecular recombination of
the carriers produced by singlet excitons is negligible.

100V
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Figure 8 Dependence of photocurrent on light intensity in PDMS-P2. The sample temperature and the applied potential at which it is drawn
are given. I (unfiltered; 100%) 12 mW/sample. (a) at different applied potentials. (Q) 50, (A) 100 and ([J) 150 V; (b) at different temperatures:

(®) 298, (1) 308, (A) 318, and (O) 328 K.
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2. The photocurrents increase with the increasing
voltage (field), according to the relation

I, = aU* @)

where & is constant and s is the power factor,
the values of which are given in Table II. Plots of
the logarithm of photocurrent against the logarithm
of the applied potential (field), for the two com-
pounds are shown in Figs 10 and 11. The para-
meter § =0.9618 — 1.0023 for PDMS-P2 and
s =0.87 — 099 for PDMS-P4 is well within the
agreeable limits of the ohmic character of the photo-
current.

3. The presence of oxygen quenches the photocon-
ductivity, and the observed photocurrents were orders
of magnitude lower in the presence of oxygen than
that in vacuo for PDMS-P2 and PDMS-P4. Hence,
both PDMS-P2 and PDMS-P4 can be characterized
as n-type semiconductors [43], which is in agreement

2x1078
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5x102

with the predictions of Nelson [22] that cationic dyes
are n-type semiconductors.

4. The estimation of the photoconductive gain G, de-
fined as the number of charge carriers passing through
the sample per absorbed photon [2], according to the
equation

Ion/e

C =77 )

where [I,, is the photocurrent at a particular
wavelength, applied field and temperature, e is the
electronic charge, I, is the number of photons
absorbed by the sample and V is the volume of the
sample, gives the wvalue of G (A=472nm,
U =1500Vem ™! and T = 328 K) approximately as
6.05 x 10°* for PDMS-P2 and 8.6 x 107 for
PDMS-P4. Comparing these values with those values
already reported by Meier [38, 44], by Dalburg and
Musser [25, 26] and Chamberlin [27], PDMS-P2 and
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Figure 10 Dependence of photocurrent on applied potential (field) in PDMS-P2. I (unfiltered 100%). 12 mW/sample. (a) for 100% intensity
at temperatures: (@) 288, () 298, (A) 308, (O) 318, and (M) 328 K; (b) for 29% intensity at (@) 288, (LJ) 298, (M) 308 K, and for 52%

intensity at (A) 308, (A) 318, (O) 328 K.

TABLE III r values of photoconduction and the dark current and photocurrent maxima in PDMS-P2 and PDMS-P4. The temperature
and the applied potentials at which the values are obtained are given in parenthesis

Compound  Value Dark current

Photocurrent maxima

of v maxima (1079 A)
(10712 A)
100% 63% 52% 29% Visible u.v.
PDMS-P2  09635-0.7835 17.14 14.83 8.45 5.75 441 1.21 0.78
(150 V,332 K) (150V,332K) (150V,332K) (150V,323K) (150V,323K) (150V,323K) (150V,323K)
PDMS-P4  1.8705-2.1973 85 16.31 6.1 425 1.175 4.09 1.02

(150 V,328K)

(150,328 K) (150V,328K) (150V,328K) (150V,328K) (150V,328K) (150V,328K)
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Figure 11 Dependence of photocurrent on applied potential (field)
in PDMS-P4. Iy (unfiltered 100%). 12 mW/sample. (a) at 100%
intensity and (b) at 63% intensity, for different temperatures:
(@) 288, (O) 298, (A) 308, (V) 318, and ([J) 328 K.

PDMS-P4 can be considered as organic photocon-
ductors with moderately good photoelectric sens-
1tivity.

For steady state photocurrents we can give the
photocurrent equation as

Ion = (enla VutU/L)(1 — exp(— L/pU)) (6)

where U is the field strength, L is the distance between
the electrodes, i is the mobility, 1 is the carrier life time
and n is the quantum efficiency of carrier generation.
Taking ptU < L (which shall be proved later), Equa-
tion 6 can be rewritten

G

It

nutU/L 0

J 4
A
> -4
_'O
-6.8
20
4
-7.2 -
=14 rrrvrJrroorJ i qtvrryrrrrreg
2.5 30 35 40 45
Log U

Figure 12 Plot of the product of the photoconductive gain (G) and
the distance between two successive electrodes (L) against the
applied field (U) for PDMS-P2 at 472nm and T = 328K.
I, =3 x 10*! photons cm™28" 1,

Logging both sides of Equation 7 gives

logGL = lognut + zlogU (8)

wheré z is a constant.

A logarithmic plot of the product of the gain and
the electrode distance against the field is shown in
Fig. 12 and is linear.

If we take into consideration, the field dependence
of the gain, the mean distance of the carrier drift (given
as Schubweg, utU, carrier range pt) can be derived
from the above plot. The parameters derived from the
above plot are given in Table IV.

Additional information may be derived from
a study of the intensity and temperature-dependence
of photocurrents.

The sublinear intensity-dependence of the photo-
current density (J,,) in the ohmic region [39] for
PDMB-P2 can be given by the equation

Jin = (enU/L)[(flesH) "< DI INET D] (9)

where e is the electronic charge, f is the number of
excitations per cm?, v is the thermal velocity, s is the
capture cross section of the carriers, H is the volume

TABLE IV The values of photoconductive gain (G), the carrier life-time (1), the Schubweg (utU), and carrier range (ut), value of z (Equation
8) in PDMS-P2 and PDMS-P4. The value of Schubweg is calculated at a field U = 5% 103Vem ™! at A = 472 nm

Compound Photoconductive Schubweg¥*, Carrier range, Value
gain, G ptU pt of z
(x 107%) (107% x cm™?) (1078 x cm™2V™Y)
PDMS-P2 6.05 2.4984 4.9967 1.03125
(T'=328K, A =472 nm)
PDMS-P4 8.60 - -
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density of trapping states and N¢ is the effective
density of states.
Equation 9 can be rewritten:

Jon = (f/usH)[NE'T] (10)

where fph = (fph x L/epU)Te+DiTc,
Logging both sides of Equation 10:

log,n = logf/usH + [(T/Tc)logNe]l (11)

A plot of log J , against T/T would give the effective
density of states N from the slope and the value of the
carrier life time t (= l/vsH) from the intercept
(Fig. 13).

The following values of N¢ and f/vsH could then be
obtained: Nc = 1.2712 x 10!, which is in agreement
with the characteristic density of states for wide band
semiconductors [11,30] and f/vsH = 1.1258 x 108,
from which the value of the carrier life time can be
calculated. The value of T obtained from the above
relationis =3.75266 x 10”8 which is lower than that
estimated from Equation 8.

5. The temperature dependence of photocurrent can
be given by

Iy = A’exp(— AE,/kT) (12)

where A’ is the pre-exponential factor and AE; is the
activation energy of photoconduction. From the plots
of log I, against 1/T (Figs 14 and 15), the value of
AE,;, could be calculated and the values of AE, are
given in Table I. The value of AE,, ranges between
0.270-0.32 for PDMS-P2 and between 0.231-0.258 for
PDMS-P4. The difference in the activation energies in
the dark and under illumination is evidently due to
the change in the charge carrier density and its distri-
bution in different energy states and traps after illu-
mination. Alternatively, the activation energy of

9.0 b R O N R B T LI AL BN AN SN BN M |
0 01 0.2 03
TIT;

Figure 13 Plot of logJ,, against T/Tc. (T¢ is the characteristic
temperature). L = 0.02cm. V=100 V. p =001 cm? V™ gL
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photoconduction is the energy needed for the produc-
tion of the excitons and may be either the energy
difference between the transport band edge and the
highest exciton level or just the depth of the traps.

6. A typical rise and decay transient of photocurrent
consists of an initial steep rise to the maximum fol-
lowed by a plateau and a steep decay followed by
a tail. The shape and the reproducibility of the transi-
ents were found to depend critically on the purity of
the compound and the sample preparation. Samples
prepared in a vacuum of less than 10™* torr showed
varying levels of darkconductivity and dispersion of
transients. By contrast, when the samples were pre-
pared in a vacuum better than 10~ torr and studied
in a vacuum better than 107 % torr, after proper de-
gassing, highly reproducible results could be obtained.
The rise time for PDMS-P2 and PDMS-P4 are of the
order of one second and their decay times are of the
order of 2-3s. These values are in good agreement
with the values reported by Nelson for cationic dyes
[22-24]. The rise and decay times of this order clearly
suggest the presence of traps in the forbidden zone.
The possibility of charge carrier injection from the
electrodes is ruled out. This is evident from the steady
state I, against V characteristics shown in Figs 10
and 11. The decrease in the rise and decay times with
increasing temperature lends support to the thermal
release of the charge carriers from the traps. Further
experiments using the time of flight technique (TOF)
to measure the drift mobilities would throw more light
on this fact.

The rise and decay transients were reproducible, but
their reproducibility below 10> Vem ™! was not satis-
factory. No measurable change in the rise and decay
time with increasing electric field could be observed,
which clearly indicates that the drift velocity (v = pU)
is independent of the field. This result can be verified
from the TOF experiments. The relatively long tail
may result because of a small fraction of the charge
carriers getting localized for a relatively long period in
the traps.

The near-rectangular transients (Figs 16 and 17)
reported here indicate a narrow charge dispersion
compared with what is typically reported in the liter-
ature [30]. Because of the narrow dispersion, the tran-
sients can more clearly be demonstrated and analysed
in the linear current I,; against the time scale, instead
of the usual plots of log I, against log t. The transients
clearly indicate a second order kinetics.

The transients recorded under a variety of condi-
tions can be analysed by comparing the normalised
current shapes. The current I, is normalised to its
initial value I, (maximum value) in the plateau region
and the time ¢ is normalised to its value t;,,, which is
the time when the current drops to half of I (defined
as the transit time) (see Fig. 18). This method nor-
malises the overall numbers of the carriers and the
transit time of the charge distribution peak. The
length of the normalised current tail then reflects
the ratio of the spacial spread of the charge packets to
its mean position and is then defined as a measure of
the relative dispersion of the transisting carriers.
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Figure 14 Temperature dependence of photocurrent on applied potential in PDMS-P2 surface cell. L = 0.02 cm. (a) At different illumina-
tions, I5: (O) 29% (30 V), (1) 29% (50 V), (A) 52% (30 V), (@) 52% (60 V), (W) 52% (120 V), (A) 63% (50 V), (V) 63% (100 V), (©) 63%
(120 V), (V) 100% (100 V), (1) 100% (120 V), and (®@) 100% (150 V). (b) at A = 472 nm (visible radiation): (O) 150, (A) 100, ((1) 50 V and at
A = 337 nm (u.v. illumination): (@) 100, (A) 50, (H) 30 V.

TABLE V Values of the photocurrent rise and decay times, the open circuit photovoltage (V,.), the short circuit photocurrent (I,.), the
absorption maxima and the ratio of the photocurrent to darkcurrent observed in PDMS-P2 and PDMS-P4. The absorption spectra were
recorded in spectral grade methanol

Compound Photocurrent Voo I, Absorption Iw/Ip
Rise time Decay time (mV) (nA) maximum
{s) (s) (nm)
PDMS-P2 0.65-0.8 1.0-3.0 73.0 0.34 475 80-125
PDMS-P4 1.0-2.0 1.5-3.0 1270 0.88 470 1725-2000
7. It has been shown that a relationship exists be- viz. silver halide, which is capable of being strongly

tween the number of laws governing the conductivity adsorbed by the latter and an interchange of charge
of the dyes and their spectral sensitization properties. carriers is physically possible [45,46]. PDMS-P4
A dye can be a suitable sensitizer of a photoconductor, shows a higher photoconductivity compared to
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PDMS-P2, and is found to be a strong sensitizer [47].
The planarity of the molecule which is a precursor
for a good photosensitizer [45, 46, 48] supports the
result.

8. Photovoltaic effect is characterized by the appear-
ance of a photoelectric potential and current in the
absence of an applied potential. Maximum open cir-
cuit photovoltage (V) and short circuit photocurrent
(I.) have been measured and the values clearly indi-
cate that PDMS-P2 and PDMS-P4 can be used in
solar photovoltaic devices with good efficiencies
(Table TV).

9. The absorption spectra of PDMS-P2 and PDMS-
P4 were recorded in methanol. Both PDMS-P2 and
PDMS-P4 showed a high extinction coefficient in the
visible region. To study the effect of u.v. and visible
radiations separately on the photoconduction of the
compounds, visible and u.v. cut-off filters were used.
Both the compounds showed a higher photoconduc-
tion on illumination with visible radiation, which aug-
ments the higher extinction coefficients observed in
the compounds.

Accordingly with a good photoconductive gain,
higher photoconductivity in the visible part of the
solar spectrum and a good sensitizing effect, the listed
compounds can be considered a potential candidate

Sample temperature = 298 K 1
1oL Ilumingtion intensity = 1910 %
£ Sensitivity = 200 pV cm
5 Chart speed = 2s e
£ Light of
z 5 1
E 5r - ‘1 )1 “
5 2
: )
2 | Light 1
& on
O I A 1 ! L 1\ A\ \
0 1 2 3 4 5 6 7 8 g 10 M
{b) Time (s)

Figure 16 Photocurrent transients (rise and decay time curves) for PDMS-P2 (a) at different temperatures: (1) 303, (2) 308, and (3) 318 K; and
(b) at different applied potentials: (1) 50, (2) 75, (3) 100, (4) 125 and (5) 150 V. Iy, 12 mW/sample, unfiltered.

'~ Semple temperature: 308K [
[ Sample temperature: 308 K
: :
g )
g gl
sk af
£ £l
0 1 12 0 1
{a) Time (s) (b) Time (s}
Figure 17 Photocurrent transients (rise and decay time curves) for PDMS-P4 at different applied potentials. (a) (—) 0, )1, (———)
25, and (———) 50 V; and for (b) (——) 100, (----) 125, and (———) 150 V. I, 12 mW/sample, unfiltered.
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Figure 18 A plot of the normalised photocurrent transient for
(a) PDMS-P2 (308K, 100V, 100%) and (b) PDMS-P4 (298 K,
150 V, 100%). The curves are the normalised transients of Fig. 17,
For the definition of normalisation, see text.

for solar photovoltaics with reasonably good conver-
sion efficiencies.

4. Conclusion
In summary, the following conclusions can be drawn:

1. The dark and photocurrent dependence on the
applied field and temperature suggests that discrete
trapping levels are involved in the charge carrier gen-
eration and the dominant trapping levels are different
for dark and photoconduction.

2. The study of the intensity dependence of photocon-
duction, clearly points out that the photogeneration of
charge carriers is one photon process, but is trap-
limited and the charge carrier generation is by ex-
citons. The mobility being field-independent, there is
at least one kinetically important process which is
field-dependent; it may either be the detrapping of the
charge carriers from the occupied traps or the de-
crease in the rate of recombination of the charge
carriers with increasing fields.

3. The charge carrier transport can be explained on
the basis of band model with different trap levels in the
forbidden zone.

4. The results presented in this paper indicate a reas-
onably good photoelectric sensitivity for PDMS-P2
and PDMS-P4. In sandwich type photoresistance
cells under the influence of moderately high
(~ 10° Vem 1) field strengths, photocurrents in the
order of a few microamperes can be achieved.
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