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Electric field induced phototransport in dye-doped semiconducting polymer
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Electric field induced phototransport of regioregular poly(3-hexylthiophene) [P3HT] and squaraine (SQ)
dye-sensitized samples are studied in this paper. The relative variation of photoresponse spectra shows that
the trap energetics and charge transport are modified in the presence of 1 wt% SQ dye. In the doped sample,
the S(V)/S(60V) ratio at 2.1 eV increases by a factor of 21 at 1800 V/cm, with a substantial increase in the
photoresponse. The redistribution of the trap energy levels and enhancement in transport is associated with the
variations in transit and relaxation times of carriers in the presence of the dye. The phase part of the signal
consisting of photocapacitance is reduced and becomes less dependent on the optical energy in the doped
sample. This is consistent with the absence of space charge contribution in dye-doped samples. The deconvoluted
photoresponse signal by using Gaussian functions indicates that the trapping-detrapping processes are altered by
the dye since only three Gaussian peaks are observed in the dye-doped sample. The deconvoluted photoresponse
in the dye-doped sample indicates that the modified trapping-detrapping processes have enhanced the transport,

which results in three Gaussian peaks.
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I. INTRODUCTION

In recent years, there has been considerable interest in
semiconducting polymers from both basic science and indus-
trial aspects because of their applications in electronic and
photonic devices [1-5]. Facile and low-cost processing of
semiconducting polymers facilitated a wide range of products
[6-9]. However, the presence of intrinsic disorder and its role
in charge transport is yet to be fully understood, as it limits the
carrier mobility in these systems. Since it is known that traps
play a major role in charge transport, the electric field depen-
dent transport of photogenerated carriers provides insight into
the fundamental conduction mechanism of carriers in these
materials.

Phototransport is a complex phenomenon that includes
optical absorption, photocarrier generations, and the electri-
cal transport of generated carriers, in which recombination,
trapping, and detrapping of carriers limit the performance in
many devices [10]. The photogenerated carriers either recom-
bine or contribute to photovoltaic signals depending upon the
carriers’ lifetime and the distribution of spatial and energetic
trap sites [11]. The electric field dependent phototransport can
investigate the role of energetic disorder that limits the overall
transport mechanism [12]. Since the trapping-detrapping pro-
cesses in these disordered quasi-one-dimensional polymeric
chains are quite complex and sensitive to nanoscale morphol-
ogy, the peaks and tails associated with the spectra can give
insight into trap dynamics related to the energetic disorder and
transport processes.

The onset of the increase in conductivity occurs near the
absorption edge, and it subsequently decreases at a lower
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wavelength. This is observed to be field dependent even at low
fields. The photoresponse can systematically follow the vari-
ations in both field and spectral wavelength. While the direct
band-to-band transition is a fundamental characteristic of the
materials, the trap density distribution profile can significantly
alter the energetics involved in transport in disordered semi-
conductors. Aside from the primary photoexcitation features
in the semiconductors, the transport of carriers in the trapping-
detrapping processes controls the photoresponse, and its field
dependence can probe the transport mechanism.

In this paper, the effect of the electric field dependence
of photoresponse of both pristine and dye-doped regioregular
poly(3-hexylthiophene) [P3HT] is carried out in the spec-
tral range 300-850 nm. The measurements are carried out
in the linear four probe configurations. The photovoltage is
measured in the inner two probes by a lock-in amplifier, as
the electric field is applied to the outer two probes, in this
four-probe method. Even at low field variations, a system-
atic change in the photoresponse can be observed; and this
is significantly altered by adding a small volume fraction
of a photosensitizer. The variation in the signal with field
can probe the role of space charge and associated trapping-
detrapping processes in phototransport, as the presence of
squaraine (SQ) molecules alters the trap-related processes
involved in the transport. The field dependence of photo-
capacitance is decreased in the presence of the dye. The
deconvoluted spectral features in pristine P3HT by Gaussian
functions give insight into the shallow, intermediate, and deep
trap states profile. The qualitative features in the trap dynam-
ics can be evaluated by using this analysis.

The goal of this paper is to develop a four-probe method
to investigate phototransport in semiconducting polymers,
and this could improve the understanding of photophysics
in semiconducting polymers. Since it is known that a wide
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range of distribution of trap states in any disordered semi-
conductors can significantly affect the phototransport, this
method can accurately measure the real and imaginary parts
of the signal, representing photoconductivity and photoca-
pacitance, respectively. In this paper, the feasibility of the
four-probe phototransport is shown in both pristine and
dye-doped samples. Furthermore, the quantification of the
trapping-detrapping times, transit time, and activation energy
is expected to give more insight, and this is aimed at future
work.

II. EXPERIMENTAL METHODS
A. Materials and experimental design

Regioregular P3HT (Merk) solution of concentration
3.5 mg/ml is prepared in chlorobenzene. In the P3HT-SQ
sample, 1 wt% SQ dye is added to the P3HT solution. The
solution is drop-casted on a 1 cm x 1cm glass substrate for
samples of thickness 1-10 um. The transmission spectra of
both pristine and dye-doped samples are shown in Fig. S1
within the Supplemental Material (SM) [13]. Four colinear
aluminum (Al) contacts of thickness 100 nm are deposited
by thermal evaporation using a shadow mask, with contact
separations of 1 mm {as shown in Fig. S2(a) within the SM
[13]}. Outer probes are used to apply an electric field, whereas
light source from a monochromator (300-850 nm) incidence
on the gap between two inner probes. Electric field-dependent
photoresponse is measured using standard photomodulation
techniques, as shown in the supplementary information [13],
Fig. S3. Acton-2300i monochromator with a 150-W tungsten-
halogen source is used to illuminate the sample in the energy
range 1.5-4.0 eV. The monochromatic ray from the exit slit
of Acton-2300i is chopped at 19 Hz using an optical chopper
(model SR 540) before the incidence on the sample surface.
The optically chopped monochromatic light ray is focused
using a converging lens with a beam spot size of 1 mm on
the gap between the two inner probes in the sample. The DC
voltage across the outer electrodes is applied using a Keithley
source-meter unit (SMU 2400), and the photovoltaic signal
is detected by using a lock-in amplifier (SR830). The pho-
tovoltaic signal is collected by sweeping the monochromatic
wavelength at a fixed electric field. The whole experimental
setup is controlled, and data is acquired by the LabVIEW
program connected to a PC (see Fig. S3 within the SM [13]).

B. Equivalent model

The equivalent circuit of electric field dependent photo-
conductivity measurements is shown in Fig. S2(b) within the
SM [13]. The photovoltage response across the inner electrode
S(V) can be calculated as

Ry 1
SVy=Va—-Vy=V| 57— — =
2R;+Rm 3
_ 2VR,’Rau (Rill - Rd) 0
(2Rs + Rn)*> \\ RuRy

where Vj; is the illuminated sample voltage and V; is the
voltage when the sample is in the dark. V is the applied DC
voltage. When the variation in the resistance of the sample in

the dark (R;) and in illumination (Rj;) becomes small, i.e.,
R; = Ry; Eq. (1) can be approximated to

S(v) = 2yR,(Ru—Ra )
— 9 Y\ TRyrs )

The difference in the conductance caused by the illumina-
tion is given by

Rin — Ry _ 1 98WV)
(—> = Rdl _Riul =3 : &)
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Equation (3) is used to calculate the change in conductance
value at different electric fields. The detailed discussion about
the four-probe experiments is given within the SM [13].

II1I. RESULTS AND DISCUSSIONS
A. Photoresponse and comparision

Figure 1(a) shows the increase in photoresponse at the
absorption edge of P3HT and its variation with the electric
field. The systematic increase in photovoltage can be observed
as the electric field is increased from 600 to 1800 V /cm. The
sharp onset of the photovoltaic signal at 1.8 eV is observed
in Fig. 1(a), indicating the m—x* transition. The increase in
peak shows that more carriers contribute to the photovoltage
at the higher electric field. The increase in sharpness of the
photovoltage at higher fields indicates that the distribution of
the time scales involved in the trapping-detrapping processes
is less broadened. The calculated change in (R;' — Ry;') in
P3HT by using Eq. (3), as a function of optical energy at
different electric fields, is shown in the inset of Fig. 1(a). The
maxima in (R, — Ry;") increases with electric field (600 to
1000 V/cm), and then it decreases slightly at higher fields
(1000 to 1800 V/cm), as observed in the inset of Fig. 1(a).
This decrease at higher fields is attributed to the formation of
the space charge within the bulk of the sample. Figure 1(b)
shows the variation in the phase part of the signal, arising
from the capacitive contribution of the photogenerated carriers
and this is associated with the trapping-detrapping processes
when the optical energy and electric filed are varied. As
the electric field increases, more carriers are detrapped and
contribute to the photovoltage. The inset of Fig. 1(b) shows
the corresponding increase in photocapacitance with the field,
near the absorption edge. The photogeneration of carriers and
associated trapping processes is observed as a peak in the
photocapacitance at the band edge, as shown in the inset of
Fig. 1(b). Also, the increase in photovoltage is mainly because
of the enhanced carrier mobility at higher fields, although the
variation of field is only by a factor of three. The decay in
photovoltage in Fig. 1(a) indicates that the trapping of carriers
is becoming more dominant; at the same time, the phase data
in Fig. 1(b) change sign to negative values. However, the small
values of the phase angle in Fig. 1(b) suggest that the photo-
capacitance contribution is less dominant when compared to
the photovoltaic signal.

It is known that the SQ dye shows absorption maxima
at 1.92 eV, which is rather close to the absorption peak in
P3HT (see the transmission spectra in Fig. S1 within the SM
[13]). Hence, SQ dye is an ideal photosensitizer for P3HT,
and it mixes well with P3HT at low-volume fraction [14].
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FIG. 1. (a) Electric field induced photoresponse of P3HT. Inset shows the variations in the optical energy (R{;1 — R') at different electric
fields. (b) The phase difference during phototransport measurements. Inset shows the photocapacitance contributions during phototransport

measurements.

This provides a route to investigate the variation in photo-
transport in P3HT in the presence of photosensitizer. The
electric field induced photoresponse for SQ dye-sensitized
P3HT is shown in Fig. 2(a). This effect can be observed even
at the low-volume fraction of 1wt% of SQ. In P3HT-SQ,
the measured photoresponse increases with the electric field
and the onset of this increase occurs at 1.9 eV, associated
with the absorption caused by dye molecules altering the
m—n* transition [15]. The effect of the electric field on the
tail part of the photoresponse is prominent, and it broadens
in the presence of dye. For instance, at 1800 V/cm, the tail
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part of the signal is quite well separated from the rest. This
indicates that the effect of the electric field in phototransport
is becoming more dominant, as the dye molecules facilitate
more efficient energy transfer that affects trapping-detrapping
processes. The calculated change in (R;' — Ry;') in P3HT-SQ
by using Eq. (3) is shown in the inset of Fig. 2(a). In this
case, the maxima in (R(;1 — RiTll) consistently increases with
the field, and it becomes more prominent at 1800 V/cm. This
variation in the inset of Fig. 2(a), compared to the spectra in
the inset of Fig. 1(a), is because of the diminished role of
space charge in trapping-detrapping processes in the doped
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FIG. 2. (a) Electric field induced photoresponse of P3HT-SQ. Inset shows the variations with in optical energy (R(;1 - Riﬁ') at different
electric fields. (b) The phase difference during phototransport measurements. Inset shows the photocapacitance contributions during photo-

transport measurements.
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FIG. 3. The change in S(V)/S(60 V) ratio in the electric field induced photoresponse of (a) P3HT and (b) P3HT-SQ samples.

sample. The variation of the phase part of photoresponse is
shown in Fig. 2(b), which is quite distinct from Fig. 1(b);
and it hardly shows any significant variation with the energy,
even at a higher electric field. The inset of Fig. 2(b) shows
the photocapacitane contributions to the photoresponse. The
maximum value is only 0.3 nF, much less than in P3HT, i.e.,
4 nF. The nearly flat response of the phase signal in Fig. 2(b)
indicates that trapping and detrapping processes are attaining
a sort of quasi-equilibrium. This shows that photosensitization
is a good method to investigate energy transfer and charge
transport mechanisms in semiconducting polymers.

The effect of the electric field on the photoresponse be-
comes more relevant after normalizing the data with respect to
the low field data at 600 V/cm, as the relative variation in the
phototransport can be observed in this method. The relative
changes in photovoltage [(S(V)/S(60 V)] for the entire spec-
tral range at different electric fields are shown and compared
in Figs. 3(a) and 3(b), for both P3HT and P3HT-SQ samples.
With the increase of the electric field, the S(V)/S(60 V) ratio
of the photoresponse increases in both films, as observed in
Figs. 3(a) and 3(b). In the P3HT sample, as shown in Fig. 3(a),
a slight increase in this ratio can be observed near 2.0 eV, and
it increases at 1800 V/cm. However, in the P3BHT-SQ sample,
the peak at 2.04 eV is clearly seen, and this becomes more
prominent at higher fields. The tail part of the data beyond
2.2 eV, in Fig. 3(b), becomes more flat, compared to Fig. 3(a).
The maximum relative changes in photoresponse for P3HT
at 180 V is only by a factor of 3.5, whereas for P3HT-SQ,
this value is 21. This substantial increase by a factor of six
in the latter is caused by the redistribution of the trap en-
ergetics, and this enhances the charge transport in the entire
bulk of the sample. This clearly shows that the dynamics as-
sociated with trapping-detrapping processes have undergone a
major change in the presence of the dye, plausibly associated
with the time constants involved in the transport mechanism,
and this aspect needs more detailed investigations in the
future.

B. Electric field dependence

In the spectra in the inset of Fig. 1(a), (R;1 — Ri’ul) changes
as a function of both optical energy and the electric field, as in
Eq. (2); and the selected values in the range 2.06-2.75 eV are
used to fit the data as a function of the electric field. The plot of
S(V) vs electric field for P3HT is shown in Fig. 4(a). The data
shows two different slopes as a function of electric fields. This
change in slope in the power law fit [S(V) o F"] at around
1000 V/cm is attributed to the role of space charge in charge
transport at higher fields. The value of » in the fit changes
from 0.83 to 1.45 at the lower field, while n = 0.25-0.60 at
higher fields in the log-log plot. This change in slope at the
higher field is associated with the variation in carrier transit
time compared to the relaxation time. At the lower electric
field, the carrier transit time is more compared to the dielectric
relaxation time, whereas, at the higher electric field, the carrier
transit time reduces with respect to the relaxation time. These
characteristics in charge transport are already known from
previous impedance study [16]. The plot of S(V) vs electric
field for P3BHT-SQ is shown in Fig. 4(b) and the value of n =
2.0-2.5, in the log-log plot, with no change in slope as a func-
tion of the field. This shows that the carrier transit time and
relaxation time are becoming constant and become compara-
ble throughout the bulk in the dye-doped sample. As a result,
the trapping-detrapping processes attain a quasi-equilibrium
state, and this corroborates with the nearly flat response in
the phase part of the signal, as a function of the field [see
Fig. 2(b)]. This becomes more evident from the S(V)/S(60V )
plot as a function of the electric field, at different optical
energy values, as shown in Fig. 4(c). The photoresponse signal
increases with the electric field in both P3HT and P3HT-SQ
samples, as observed in Fig. 4(c). In the dye-doped sample,
the rate of increase is rapid, compared to the pristine P3HT
sample. At 1800 V/cm, the ratio of the S(V)/S(60V') signal
is enhanced by a factor of 6, at 2.06 eV optical energy. This
enhanced phototransport in the dye-doped sample is plausibly
associated with the attainment of a quasi-equilibrium state,
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FIG. 4. Photoresponse at different illuminated optical energy as
a function of electric field for (a) P3HT and (b) P3HT-SQ sam-
ple. This is fitted using power law, S(V) o< F". (c) The change in
S(V)/S(60V) ratio with the electric field for different illuminated
optical energy values.

as the carrier transit time and dielectric relaxation time are
altered, and this improves the phototransport.

C. Trapping-detrapping dynamics

The deconvoluted S(V') spectra of P3HT at 1800 V/cm
is shown in Fig. 5(a). The best fit is obtained by using four
Gaussian functions, as shown in Fig. 5(a); the inset shows the
fitted Gaussian peak energy position values. In these materi-
als, because of complex nanomorphology, it is known that the
traps consist of shallow, intermediate, and deep states with
overlapping Gaussian profiles. Hence, use of the Gaussian
equations to fit the data is quite appropriate [17-20]. The
energetics involved in this wide range of trap distributions
can be identified from the peak energy positions in the fit, as
shown in the inset table of Fig. 5(a). The peak energy positions
can be approximately identified with deep, intermediate, and
shallow trap distributions. Since P3HT consists of both crys-
talline and amorphous phases with a wide range of interchain
interactions, the categorizations of these broad distributions
of the trap states by using the Gaussian profile are quite
appropriate [21]. The peak value and shape of the profiles
give an approximate estimate of these distributions and their
influence on the phototransport processes. The deconvoluted
S(V) spectra of P3BHT-SQ at 1800 V /cm is shown in Fig. 5(b).
In this case, only three Gaussian functions are required for the
cumulative fit in the S(V) spectra. The inset of Fig. 5(b) shows
the peak energy position of Gaussian fittings. This shows that
the energetics involved in phototransport are modified in the
presence of the dye. The variation from four to three Gaussian
profiles in the dye-doped sample shows that a redistribution
of the energetics involved among the trap states has occurred.
Peak 1 at 2.18 eV in the pristine sample is mixed up with peak
2 in the dye-doped sample, with modifications in the other
profiles, and its effects are observed in the phototransport.

The peak positions in the deconvoluted Gaussian functions
at 2.03, 2.18, 2.44, and 2.84 eV [see inset of Fig. 5(a)]
represent the variation in the trap-related energetics in the
phototransport. These energy values give provide insights into
the roles of various activation processes, although they are not
directly measured. This also corroborates with the full width
at half maxima (FWHM) of the Gaussian functions. The peak
position and FWHM of the spectra give a qualitative descrip-
tion of the various contributions to the photoresponse. For
instance, the FWHM is less broadened in the case of shallow
traps, whereas it broadens more in the case of intermediate
and deep trap states. The FWHM of the Gaussian function is
more broadened in the case of deep traps, as it requires more
activation energy, compared to the deconvoluted signals of 1
and 4. This shows that the relative variation in the activation
energy is more in 1 while compared to 4 [see Fig. 5(a)].
This analysis is also consistent in the P3HT-SQ sample, as in
Fig. 5(b). These deconvoluted Gaussian spectra represent the
distributions of the random trap energy sites, which is quite
ubiquitous in semiconducting polymers. The first Gaussian
function is attributed to the fundamental = — 7™ transitions,
whereas the second, third, and fourth Gaussian functions are
mainly because of the shallow, intermediate, and deep trap
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FIG. 5. Photoresponse spectra at 1800 V /cm as a function of optical energy is deconvoluted by using Gaussian functions for (a) P3HT and
(b) P3HT-SQ samples. Insets show the peak energy values for fitted Gaussian functions.

states distributions, which arise from the nanoscale morphol-
ogy in semiconducting polymers. With the addition of dye,
the improved energy transfer processes is the main reason
for the merging of peaks 1 and 2, as the energetics involved
in 7 — * transitions and the shallow trap distribution gets
convoluted. This analysis corroborates with the S(V')/S(60V )
plots, as shown in Figs. 3(a), 3(b), and 4(c). It is observed
that as optical energy increases the contributions from the
intermediate and deep trap states reduce, and this results in
the tails of the S(V')/S(60V) spectra, as shown in Fig. 3(a).

IV. CONCLUSIONS

The effect of the squaraine dye in the phototransport of a
semiconducting polymer (P3HT) is investigated by applying
an electric field with a significantly improved signal-to-noise
ratio by using a four-probe method. The modification of field-
dependent spectra of phototransport in the presence of dye
shows that the energetics associated with trap states alter
the bulk transport. The S(V)/S(60 V) ratio at 1800 V/cm in

the P3HT-SQ sample increases by a factor of 21 at 2.1 eV,
which is nearly six times larger than in the P3HT sample.
The onset of space charge is observed in the P3HT sample at
around 1000 V/cm, and this feature is absent in the dye-doped
sample. The electric field dependence of photoresponse data
in P3HT-SQ fits S(V) o« F", with n = 2.0-2.5, and this is
associated with the quasi-equilibrium of carrier transit time
and dielectric relaxation time. In the deconvoluted spectra
of the P3HT-SQ sample, three Gaussian functions can fit
the photoresponse data with modified peak profiles, which
is associated with the redistribution of trap energetics. This
shows that the presence of a small percentage volume of dye
molecules enhances the energetics and charge transport in
semiconducting polymers.
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