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A BHJ-thin-film/liquid-electrolyte based
electrochemical-sensor for visible light-detection

Ali Sephar Shikoh,? Zubair Ahmad, @ *® Farid Touati,? R. A. Shakoor, ©° Jolly Bhadra®
and N. J. Al-Thani®

The current study presents a new type of inexpensive and very sensitive bulk heterojunction (BHJ) organic
photo-sensor (OPS) configuration that incorporates a layer of liquid electrolyte into the conventional BHJ
photodiode arrangement. Initially, a P3HT:PCBM blend based photo-anode was deposited onto ITO
substrates using spin coating. Then the semiconductor coated photo-anode was attached to a Pt/ITO
counter electrode. A 40 um gap between photo-anode and counter electrode was filled with a liquid
(iodine based) HI-30 electrolyte. Various electrical parameters including ideality factor, series and shunt
resistance were extracted from the current—voltage characteristics under dark and light conditions. The
value of mobility measured under dark conditions was found to be 25.58 x 107® m? V=1 s In addition,
the samples were found to have a series and shunt resistance of 133.33 Q and 74.70 kQ, respectively.
Under illumination, the fabricated photodiodes exhibited a linear current—irradiance relationship, with
a rapid response time, when exposed to transient light, thus making the newly proposed hybrid BHJ

rsc.li/rsc-advances

Introduction

Organic photo-sensors (OPSs) have attracted a lot of attention in
recent years, owing to their flexibility, low cost, light weight,
easy fabrication techniques and broad spectral response.* In
addition, they also create a possibility of processing on a large
active area by means of several deposition methods including
roll-to-roll and ink-jet printing.>* Among others, OPSs are being
used in bioelectronics, infrared light detection, data trans-
mission and numerous analytical applications. These detectors
can be divided into two major groups i.e. two-terminal photo-
diodes and three-terminal phototransistors.* Although the
photodiodes are not as sensitive as phototransistors, their
linearity in response can, however, make them more attractive
in applications involving simple light meters.®

Bulk heterojunction (BH]J) is considered as one of the leading
organic photodiode configurations, being employed today.*® A
typical BHJ configuration involves the use of a homogeneous
blend of donor (D) polymer and acceptor (A) molecules, that
forms an interpenetrating network, with nanoscale hetero-
junction interface.*® This interpenetrating network facilitates
the charge collection at respective electrodes by making sure
that all photo-generated excitons reach the D/A interface. When
operated in reverse biased mode, the same BH]J device structure
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photo-diode configuration a potential alternative to the conventional photo-sensors.

employed in organic solar cell (OSC) can be operated as organic
photodiode (OPD).® However, in case of BH] photodetectors,
emphasis is paid on parameters like linearity, responsivity,
sensitivity etc. rather than power conversion efficiency (required
for solar cell performance characterization), since precise and
sensitive detection of a signal originating from the sensing film
is of key importance for photodiode's performance evaluation.”

For a better operation, it is crucial that the charge transfer
process is optimized in order to favor the transfer of photo-
induced electrons to the external circuit over recombination
with holes. One such approach deals with improving the
kinetics of cathode interface. In case of dye-sensitized-photo-
sensors (DSPSs), the cathode interface kinetics are immensely
dependent on the electrolyte (redox couple based), which
provides ionic conductivity between the positive and negative
electrodes and is responsible for two main factors: (1) retarda-
tion of the recombination process, (2) efficient transportation of
charge carriers between the active semiconductor layer and
cathode.*® When integrated into a BHJ photodiode configura-
tion as an intermediate layer, the electrolyte (redox based) can
serve the same functions, thereby improving various photo-
detection/sensory parameters including short circuit current
(Isc), open circuit voltage (V,.), and sensitivity. Further, with the
addition of electrolyte, the charge transport mechanism
becomes dependent on the contained ion species, thereby
waiving off the constraint of making the active layer of precise
thickness and eventually making the fabrication simple, fast
and economical. Nevertheless, the use of electrolyte would also
eliminate the need of high cost and time consuming counter
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electrode deposition process that limits the use of BH] OPDs in
many industrial applications.*®

In the present work, keeping in view the advantages of the
organic BHJ and DSPS structures, a hybrid BHJ/DSPS configu-
ration has been introduced. The current study aims to fabricate
inexpensive and high yield hybrid BHJ photodiodes by means of
an additional electrolyte layer sandwiched between the semi-
conductor and cathode. Initially, a semiconductor layer based
on PCBM:P3HT blend was spin coated onto ITO substrates.
These substrates were later integrated with Pt-based cathodes to
fabricate hybrid BHJ-OPDs. Iodolyte HI-30 liquid electrolyte
based on17/I;” redox ion species was utilized for transportation
of charge carriers between the semiconductor layer and cathode,
owing to its high performance and low viscosity. Finally, the
fabricated hybrid PDs (ITO/P3HT:PCBM/electrolyte/Pt) were
characterized for various performance criteria under dark and
light conditions.

Experimental

Regioregular  poly(3-hexylthiophene-2,5-diyl) (P3HT) and
phenyl-C61-butyric acid methyl ester (PCBM) chemicals were
purchased from Lumtec, Taiwan. 1 wt% solutions of both n-type
(PCBM) and p-type (P3HT) materials were prepared separately,
in chloroform. To attain homogeneous solution, the vials

View Article Online

Paper

containing PCBM and P3HT solutions were stirred at 1000 RPM
for 24 hours. The preparation of photo-anode started off with
the cleaning of ITO slides. The ITO coated glass substrates
(purchased from Lumtec) were submerged in acetone and
sonicated for a duration of 15 minutes. Later, the slides were
washed with acetone and distilled water. At the end of the
cleaning process, the slides were dried using a warm air blow
dryer. It was made sure that no impurity-induced strains were
visible. For the deposition of a PCBM:P3HT BHJ semiconductor
layer spin-coating was utilized since it is a simple and relatively
easy process; adopted worldwide to deposit thin and uniform
coatings on a variety of substrates." The homogenized PCBM
and P3HT solutions were mixed together in 1:1 ratio. To
deposit the PCBM:P3HT BHJ films, 100 pl of the mixed
solution was spread on the whole surface of each ITO substrate
(size 2.5 cm x 2.5 cm) and spin-coated at 1000 rpm. The thick-
ness of the deposited BHJ films was noted to be in the range of
110 + 10 nm. Later, the photo-anodes were annealed at 110 °C for
a duration of 30 min (Fig. 1).

For the photo-sensor fabrication, a sealing mask (Solaronix)
was fixed around the edges of the photo-anode BHJ layer and
attached to the drilled counter electrode (Solaronix), containing
ITO and platinum (Pt) catalyst coatings. The whole assembly
was heated at 100 °C, to form a sealed device. It was made sure
that cells were properly sealed (without any imperfections) to
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Fig. 1
fabrication of the final configuration of the BHJ photo-diode.
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(@) Molecular structure of PCBM and P3HT, (b) energy band diagram, (c) step involved in the preparation of the photo-anode and
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prevent electrolyte leakage, that would have proved detrimental
to the long-term performance of the sensor. For the hole
transportation between the semiconductor layer and counter
electrode a high performance Iodolyte HI-30 electrolyte was
used that is based on I'/I;~ ions species (ionic liquid) and
comprises of additives including lithium salt, pyridine deriva-
tive, thiocyanate dissolved in acetonitrile. The electrolyte was
poured into the vacant space between the photoelectrode and
counter-electrode, using a vacuum syringe. Finally, the drilled
hole (used for pouring electrolyte) was sealed using Meltonix
(Solaronix) sealing mask. The fabricated sensors were subjected
to performance tests for the characterization of various sensory
parameters (including photo-sensitivity and responsivity) under
light and dark conditions, using Sunlite solar simulator
(manufactured by Abet Technologies) and Keithley 2400 SMU.

Results and discussion

Electrical characteristics

The dark I-V characteristics of the fabricated hybrid photo-
detector are depicted in Fig. 2. In the present scenario, the
forward bias corresponds to positive potential applied to Pt
electrode with respect to ITO. The measured I-V characteristics
exhibited a non-linear, asymmetric and rectification behavior.
At low voltage levels, the I-V characteristics of the hybrid
photodetector showed an exponential increase in the current,
whereas at higher voltage (above 0.25 V) the current-voltage
relationship was quasi-linear, mainly because of the minimi-
zation of the depletion layer, which in turn made the organic
film act as a resistor.”” The value of turn-on voltage (V,,), esti-
mated from the linear part of the forward biased I-V curve
region, was found to be 0.25 V. The rectification ratio (RR)
determined using the ratio of forward current to reverse current
(Ig/Ig), turned out be 55.5 at +0.4 V. The inset in Fig. 2 shows
a graph between V and In I measured in the dark conditions. As
observed in the forward biased region, the I-V characteristics
were almost linear at low voltage levels. However, at higher
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Fig. 2 Forward and reverse biased -V characteristics under dark
conditions measured at room temperature, for the fabricated BHJ thin
film/electrolyte photo-detector. Inset shows the graph between V vs.
In /'in the dark.
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voltage levels the characteristics started deviating from linearity
and became quickly overpowered by the series resistance pre-
sented by the contact wires or bulk resistance of the organic
semiconductor material, resulting in a curve at the end of the
forward biased region. As soon as the diode became reverse
biased, a current was produced due to the diffusion of minority
carriers across the potential barrier, which should ideally
remain at a constant value until the reverse voltage reached the
breakdown limit. This constant current that remained unaf-
fected by the applied potential is called the reverse saturation
current (I,).** In the current case, a I, of 2.74 pA was found
graphically as shown in the graph in the inset of Fig. 2.

The ideality factor (also known as a quality factor) is a figure
of merit for a semiconductor diode which provides the infor-
mation about quality and performance of a semiconductor
diode.* The ideality factor is mainly dependent on the locus of
the recombination of the charge carriers (i.e. electron-hole
pairs).” For an ideal diode, with no charge carrier traps and
absence of recombination (or occurrence of recombination in
the neutral region of p—n junction), the ideality factor should be
equal to 1. However, in the case of non-ideal diodes, the ideality
factor is greater than unity because of the occurrence of trap
facilitated recombination of electrons and free holes, in the
space-charge region. If the recombination occurs in the space
charge region, mediated by recombination centers in the band
gap, the ideality factor increases to 2. Ideality factor can also be
greater than 2 and values as high as 20 have been quoted by
various studies, in the past.’ Since in dark conditions a BH]J
based solar cell/photo-sensor behaves as a diode, therefore the
equation describing current (I) as a function of applied voltage
(V) for the Schottky junction can be used to calculate the ideality
factor, eqn (1). Using eqn (1), the ideality factor was found to be
2.43 = 0.09. Numerous factors including series resistance,
tunneling effects, non-homogeneous thickness of organic film,
presence of native oxide layer on electrodes, organic layer effect,
voltage drop across interfacial layer and Schottky effect, might
be potential reasons of the high ideality factor.">*”
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Fig. 3 Graph between junction resistance and voltage, presenting the
values of R, and Rg, inset depicts the log /-log V characteristics of the
cell.
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1)

1= 1 {exp(:k—l;) — 1}

Series (Rg) and shunt resistance (Rgp) play a major role in the
performance and reliability of the semiconductor diodes and
can be determined by plotting junction resistance (Rj) values as
a function of the applied voltage, as shown in Fig. 3. The
maximum Rj value (in the reverse biased region) can be
considered as a shunt resistance (Rgp). On the other hand, the
series resistance (Rs) is the lowest R; value occurring in the
forward region. The R, and R, resistance values were estimated
to be 120.19 Q and 74.71 kQ, respectively. The abrupt peaks seen
in both forward and reverse biased region might be the resul-
tant of any changes occurring in the electrolyte/bulk interface
charges under the applied voltages.

Indeed, the transportation of charge carriers in semi-
conductor diodes involves a series of different conduction
mechanism. These mechanism are usually described using
a double log I-V graph, in terms of various transport regimes,
namely; ohmic, space charge limited current (SCLC) and trap
charge limited current (TCLC) regimes. In ohmic region, the
current is directly proportional to the applied voltage. In the
case of SCLC region, a quadratic relationship exists between
current and voltage. This region can be noticed in two situations
i.e. with partially filled traps (trapping parameter: ® < 1) or fully
filled traps (® = 1)."® TCLC regime exists in-between the ohmic
and SCLC region with a V" dependence of current density on
voltage. Higher order dependence of current on voltage can also
occur in regimes where mobility is dependent on electric field
density. The double logarithmic I-V plot is shown in the inset of
Fig. 3. Varied slopes of different regions signify that the
conduction mechanism altered with the applied potential
difference. The transition between the regions can also be seen
clearly. At voltage levels, lower than the turn-on voltage (Vr) the
slope of the characteristic curve was found to be 1.8. Due to the
small magnitude of the applied voltage in this region, the
number of injected electrons are lower than the number of
thermally generated electrons.” As a result, the injected elec-
trons are incapable of filling any of the traps located in the
organic semiconductor layer. Thus, the injected carriers skip-
ped between the deepest energy traps, making the current
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almost proportional to the applied potential difference. With
further increase of the biased voltage, the slope increased to
3.97, indicating a V* dependence of current on voltage. There-
fore, the region (ranging from 0.17 V to 0.38 V) can be regarded
as TCLC region. The higher magnitude of applied potential
difference resulted in an increased number of carriers being
generated, that can fill the lower energy traps, facilitating the
transport of additional carriers in higher energy traps and thus
resulting in a higher current (to voltage) increasing ratio. The
slope of the third and final region turned out to be ~2, repre-
senting an SCLC region, where all the traps get occupied and
the carriers are transported in the organic material without any
restriction. The only entity that limited the carriers’ trans-
portation is the space charge.
In SCLC region, the charge transport mechanism can be
explained by using the Child's law (eqn (2)).
J = 9e,0uV?)8d’ ®)
where, ] is the current density, ¢ is the permittivity, 6 is the trap
factor, u is the mobility and d is the film thickness, respectively.
I,

2
densities at the beginning and at the end of the of square law
region, and its value can be calculated from the ratio of current
density values J; and J,, lying at the beginning and end of region
111, respectively.”® Using eqn (2) the mobility (1) was calculated
which turned out to be 25.47 x um?* (V"' s ).

The trap factor “0 = is defined as the ratio of current

Photo-sensor characteristics

Fig. 4(a) shows the current-voltage characteristics of the
sensors, as a function of varied irradiance levels. As seen, the
magnitude of generated current increased linearly from 0.1 mA
to 0.6 mA. When the photo-sensor is illuminated, electron-hole
pairs are generated in the P3HT and diffused into the
P3HT:PCBM blend interface and split apart due to the built-in
electric field. As known, the HOMO level of PCBM is lower as
compared to P3HT, thus the holes are transferred from P3HT to
PCBM and later to the electrolyte and finally reach to the
respective electrode. A similar explanation can be given for the
electron transportation. This difference between the HOMO
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level of PCBM and P3HT is the main reason behind the upsurge
in the number of excited electrodes produced, thereby
enhancing the photocurrent generation, with respect to
increased irradiance levels.** Typically, the trend of increased
photocurrent followed, until a saturation point was reached i.e.
maximum number of photoelectrons is being produced, and
transferred to the photo-anode. In the case of open circuit
voltage (V,.), a similar trend is noted.

To analyze the hysteresis in I;. and V,., forward and reverse
step irradiance measurements were performed. Initially, the
irradiance was increased from 11 mW m > to 100 mW m >
(forward) and the resultant I, and V,. values were noted. The
same procedure was applied in reverse, with the irradiance now
decreasing from 100 mW m~> to 11 mW m™>. When taking
measurements in ascending order, the current was seen to rise
in a linear fashion, Fig. 4(b). However, the diode started devi-
ating from the ascending irradiance part, owing to the fact that
the diode remained saturated till 80 mW m™>. At 80 mW m >
irradiance level, maximum difference of 65.32 pA was observed.
This difference began to diminish as the irradiance was further
decreased, until the two lines converged at the 11 mW m ™2 A
linear trend was also noticed for the forward and reverse V. vs.
illumination cycles, Fig. 4(c). However, the voltage saturation at
higher irradiance levels (i.e. 90 mW m~> and 100 mW m ™) was
seen. In contrast to the current measurements, lower V. levels
were observed in the reverse cycle. Further, the difference
between the V. values among the two cycles started increasing
for reduced irradiance values and this difference reached the
highest value at 11 mW m™? irradiance.

Fig. 5, shows the photocurrent produced as a function of
time under the illumination and dark conditions when 0.15 V
potential difference was applied. As seen from the figure, when
the sample got excited in the presence of light, a spike is
generated indicating the generation of both types of charge
carriers. One species of the charge carrier produced recombined
at the respective electrode, whereas the other traveled through
the active area at a constant velocity, resulting in the plateau
region in the transient curve. When the light was ceased, the
number of electron-hole pair generated sharply declined,
resulting in a tail in the transient current. With the passage of

Average Peak Current ~ 0.18 mA
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Fig. 5 Transient response of the photo-detector.
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Table 1 Comparison between various photo-sensor parameters

Response Reset

Configuration time (s) time (s) Ref.
Li et al. Glass/PC/PCBM:P3HT/Pt 1.32 3.73 24
(2014)
Li et al. Glass/PCBM:P3HT/Pt 0.89 3.61 24
(2014)
Present Glass/ITO/P3HT:PCBM/ 0.35 0.23
work electrolyte/Pt

time, the number of charge carriers (generated upon illumina-
tion) started to decrease. In the second cycle the current peaked
at a relatively lower value, and started stabilizing comparatively
quickly. The subsequent transient cycles were almost identical
in nature, with an average peak current (measured after stabi-
lization) equal to 0.18 mA. For the stable current cycles, an
average transient time constant of 0.43 x 10~ was found by
measuring the slope of the transient cycle's tail area. The
response time () and reset/recovery time (¢.) which are defined
as the time required for the photo-current to reach a stable peak
value and vice versa, were found to be 0.35 s and 0.23 s,
respectively. Further, the responsivity (R) which is the ratio of
the photocurrent to illumination power, in the photoconductive
mode, was found to have an average value of 1.03 x 107 AW .
To determine photoconductive sensitivity, eqn (3) was used.**

IphXT

§= PxAxXV (3)

where I,;, is the photo-current generated, T is the thickness of
the device, P is the power of the incident light, A is the active
area of the diode and V is the applied voltage. The sensitivity
was found to be equal to 0.17 pS m W, It is evident from the
obtained parametric values, that apart for reasonable sensitivity
and responsivity values, the samples also show prompt changes
in photocurrent states, as a function of transient irradiance
input. Table 1, establishes a comparison between photodiode
parameters, obtained by a study of similar nature. As seen, the
in-house fabricated OPDs exhibit a reasonably good perfor-
mance. Since such photodiodes have a maximum absorption in
the wavelength range between 400 nm and 650 nm therefore the
sensor implemented is suitable for application related to the
detection of light in the visible spectral region.>

Conclusion

In the present study, a new type of hybrid BH]J/electrolyte
photodetector configuration has been investigated. I-V charac-
teristics exhibited a non-linear, asymmetric and a rectification
behavior. The R, and Ry, resistance values turned out to be
120.19 Q and 74.71 kQ, respectively. Under illumination, the
photodiodes depicted reasonable photosensitive characteristics
with open circuit voltage (V,.) and short circuit current (I) vary
in a linear fashion with respect to stepped irradiance. Further,
the sensors were noted to have a prompt response to any
changes in irradiance. The response time and reset/recovery
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time were found to be 0.35 s and 0.23 s, respectively. These
results depict that the new hybrid photo-diode sensor works in
an efficient way and can be considered a promising contender
in the photo-detection industry.
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