
Contents lists available at ScienceDirect

Physica B: Condensed Matter

journal homepage: www.elsevier.com/locate/physb

Photoresponse properties of poly(3-hexylthiophene) (P3HT) based
photodiode

Zulfiye Ilter
Firat University, Faculty of Science, Chemistry Department, Elazig, Turkey

A R T I C L E I N F O

Keywords:
Photodiode
P3HT:PCBM:GO and photoresponse

A B S T R A C T

A photosensor based poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester
(PCBM):graphene oxide (GO) (P3HT:PCBM:GO) was prepared by spin coating method. Poly(3-hexylthiophene)
based composite was prepared by FYTRONIX nanomaterial production system. The photoresponse character-
istics of the poly(3-hexylthiophene) (P3HT):phenyl-C61-butyric acid methyl ester (PCBM):graphene oxide (GO),
(P3HT:PCBM:GO) based photodiode was measured under various solar illuminations. The photocurrent-voltage-
time characteristics of P3HT:PCBM:GO/p-Si diode exhibits a photodiode behavior with photocurrent para-
meters. The rise and drop time values of the diode were obtained under various illuminations. The ratio of
photocurrent to dark current was obtained to be 1.38 × 103 under 100 mW/cm2. The interface behavior of the
diode was analyzed by capacitance-voltage characteristics. The charge separation of the diode is changed with
light illuminations. The optoelectronic characteristics of P3HT:PCBM:GO diode suggest that the studied is a
promising photosensor for optoelectronic system applications.

1. Introduction

Polymer materials are a group of semiconducting materials due to
their functional properties. Now, the semiconductors based devices
such solar cells, diodes, photodiode, photosensor and transistors need to
new functional materials such as polymers, polymer composites and
organic semiconductors [1–3]. The polymer materials are semi-
conductor materials due to their conjugation properties. The conjuga-
tion makes the polymers as semi conductive materials. The electrical
and optical properties of the polymers can be improved with conjuga-
tion order and various dopants. The polymer materials can be prepared
as composite, blend material and doped polymer materials to make
function material. In recent years, the polymers have been used in
fabrication of solar cells, photodiode and photosensors. The photo-
response properties of polymer based photodiode can be improved
using various dopants as graphene, small molecule organic materials.
One of the promising polymers is poly(3-hexylthiophene) (P3HT) with
exhibited electrical and optical properties. Also, phenyl-C61-butyric
acid methyl ester (PCBM) is a promising an organic semiconductor
material with electronic properties. To obtain high photoresponse
photodiode, the composite organic material can be prepared using
various polymer, organic semiconductors and carbon based materials.
With this aim, in present study, a polymer based material was prepared
using poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid

methyl ester (PCBM) and graphene oxide materials.
The photoelectrical and photocapacitance properties of P3HT

polymer based photodiode were investigated under solar light illumi-
nations. The diode properties of the device were analyze by current-
voltage-time and capacitance-time-voltage characteristics under 1 SUN.

2. Experimental details

In present study, the used materials are poly(3-hexylthiophene)
(P3HT) and phenyl-C61-butyric acid methyl ester (PCBM):graphene
oxide (GO). The composite of P3HT:PCBM:GO was prepared by using a
FYRONIX 7000 Nanomaterial production system (Fig. 1a). The nominal
values of poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid
methyl ester (PCBM):graphene oxide (GO) were taken into FYRONIX
composite preparation holder using a chlorobenzene solvent. The
system applied ultrasonic wave for 10 min and stir the solution for
30 min using a FYRTONIX ultrasonic sonicator. After 30 min, the
composite system removed the solvent of the material. The obtained
powder was dried at 55 °C for 5 h. The nominal value of the prepared
composite was prepared in chlorobenzene. The prepared solution was
irradiated by 100 W ultrasonic wave for 5 min.

The film of the composite material was prepared on p-type silicon
wafer having ohmic contact using FYTRONIX FY 7000 static/dynamic
spin coater (Fig. 1b). An ohmic contact was prepared by evaporation of
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Al back side of the silicon with 570 °C annealing for 5 min. The coating
time is 30 s and the coated Si wafer was dried at 50 °C for 30 min. The
top electrode of the diode was prepared onto composite film by eva-
porating of Al using a thermal evaporation system at about 10−5 Torr.
The device contact area was found to be 7.8 × 10−3 cm2. The geo-
metrical diagram of the polymer based photodiode was schematically
shown in Fig. 1. The photoelectrical and photocapacitance behavior of
the diode was analyzed using A FYTRONIX FY-7000 electronic device
characterization system (Fig. 1c) including a solar simulator, source-
meter and LCR meter. FYTRONIX FY 7000 solar simulator is a full
automatic cold light solar simulator (Fig. 1d).

3. Result and discussion

The electrical characteristics of poly(3-hexylthiophene) (P3HT) and
phenyl-C61-butyric acid methyl ester (PCBM):graphene oxide (GO)
(P3HT:PCBM:GO)/p-Si were investigated under dark and various light
intensities. The photoconducting behavior of the diode under reverse
and forward biases was determined from current-voltage characteristics
and obtained I-V characteristics of the diode is given in Fig. 2. It was
seen in Fig. 2 that the current at negative voltages of the diode is
smaller than that of forward biases. This behavior is determined as
rectifying manner. The rectification ratio of the diode is obtained from
saturation reverse current and forward currents. For the studied diode,
it was determined to be 1.96 × 105 at ∓2.

Fig. 1. Images of FYTRONIX systems a) Nanomaterial production system b) spin coater c) FY-7000 electronic devices characterization system d) Solar simulator.
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This value indicates that the diode pass through the current in a
direction. Whereas, the diode do not pass through the current in reverse
direction. This charge transport mechanism of the diode is governed by
thermoionic emission. In this mechanism, the electrons move from a
potential barrier [4,5]. The charge transport mechanism in reverse
biases is the space charge limited mechanism.

Under solar light illumination, an increase in the current of the
diode was observed with increasing solar light illuminations from
20 mW/cm2 to 100 mW/cm2. The solar light illumination creates a
photocurrent. The formation of the photocurrent is due to separation of
charge carriers in reverse direction. In positive voltages, the current did
not change with solar light illumination.

The photocurrent measurements indicate that the diode exhibited a
photoconducting behavior. This behavior is analyzed by I-V char-
acteristics under solar light illuminations. The dependence of the pho-
tocurrent to solar light intensity is shown in Fig. 3. The diode exhibits a
linear photocurrent behavior, as shown in Fig. 3. The photocurrent
dependence of solar light illumination is expressed by the following
relationship [1,6],

= +lnJ lnJ mlnPph pho (1)

where Iph is the photocurrent, P is the light intensity, m is an exponent,
Ipho is a constant. m is an exponent. The photoconducting mechanism of
the diode is analyzed by obtaining m value. The plot of lnIph vs lnP for
the diode is shown in Fig. 4. m value for the diode was computed from
the slope of Fig. 4 and found to be 0.85.

The m exponent suggests that the photoconducting mechanism of
the diode is controlled by mono molecular recombination. In this
photocurrent mechanism, the single carrier recombines with a hole.

In order to analyze the light switching-off-on characteristics of the
diode, the photo transient characteristics were measured under various
solar illuminations. Fig. 4 shows the rise and fall phototransient time
characteristic of the diodes. It is seen that the diode is switched by solar
light. The polymer based photodiode is solar light switching device. The

switching behavior of the diode is controlled by various switching time.
The rise and fall time plots indicate that the diode is switching off and
on in a short time. This suggests that the diode can be switched for
various optoelectronic applications.

The interface properties of the polymer based diode were analyzed
by capacitance-time characteristics. The plotted C-t plots of the diode
under various solar light intensities indicate that the capacitance is
switched by solar light. The diode gives the maximum capacitance
under 1 SUN. The change in the capacitance of the diode is due to the
solar light. This change suggests that the polymer based photodiode
exhibited a photocapacitance behavior. This behavior is controlled by
the interface charge carriers. The solar light generates the photocarriers
and this causes the photocapacitance.

The characteristics of capacitance (C) and conductance (G) of the
diode was analyzed as a function of voltage (V). The C-G-V plots of the
polymer based photodiode are shown in Fig. 5. The interface char-
acteristics of the diode are switched by low and high frequencies.

In positive biases, the capacitance did not change with applied
electric field. As seen in C-V plots, a peak was formed due to interface
charge carriers. The frequency of applied field changes the peak mag-
nitude. A decrease in the peak magnitude was observed with increasing
frequency. The peak also is formed due the existence of interface charge
carriers and series resistance. The interface behavior of the polymer
based photodiode can be corrected by the interface conductance and
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Fig. 2. I-V plots of the polymer based photodiode under dark and various il-
luminations.
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Fig. 3. Plot of Iph-P of the polymer based photodiode.
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Fig. 4. The transient photocurrent plots of the polymer based photodiode.

Z. Ilter Physica B: Condensed Matter 565 (2019) 40–43

42



capacitance by using the following expressions [1,7],
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where Cm and Gm are respectively measured capacitance and con-
ductance, Cadj and Gadj are respectively adjusted capacitance, and ca-
pacitance and a is a parameter given by Refs. [1,7],

= − +a G G WC R( ( ) )m m m s
2 2 (4)

where Rs is the series resistance. The conductance of the diode was
corrected by series resistance and are given in Fig. 6. As seen in Fig. 6,
the corrected capacitance changes with negative voltage, whereas it did
not change with positive voltages. Also, we corrected the capacitance
with series resistance. It was observed a peak in the interface capaci-
tance. A change in the peak magnitude was obtained with frequency.

The interface states causes a formation of the capacitance and a
decrease in peak magnitude was observed with increasing frequency.
The change in peak intensity is due to the numbers of interface charge
carriers.

The width of depletion layer of the polymer based photodiode is
changed with applied voltage. In order to analyze the structure of de-
pletion layer, we plotted capacitance-voltage plots in the form of C−2

vs. V, as shown in Fig. 7. The change in C−2 vs. V plots refers the width
of the depletion layer. The change in the plots indicates the change of
depletion.

Consequently, it is evaluated that poly(3-hexylthiophene) (P3HT)
and phenyl-C61-butyric acid methyl ester (PCBM):graphene oxide (GO)
(P3HT:PCBM:GO) based photodiode can be used as a photosensor for
optoelectronic applications.

4. Conclusions

Poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid me-
thyl ester (PCBM):graphene oxide (GO) (P3HT:PCBM:GO) was prepared
by nanomaterial production system. The studied diode was prepared
using a P3HT:PCBM:GO and p-type silicon wafer. The photoelectrical
and photoconducting properties of the diode was analyzed in detail.
The diode exhibited a photoelectric behavior with obtained photo-
responsivity parameters. The polymer based photodiode can be used as
a sensor to control solar tracking systems.
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Fig. 5. C- V plots of the polymer based photodiode at the various frequencies.

-4 -2 0 2 4

0.0

5.0x10-4

1.0x10-3

1.5x10-3

2.0x10-3

2.5x10-3

G
(S
)

Voltage (V)

10 kHz
50 kHz
100kHz
200kHz
300kHz
400kHz
500kHz
600kHz
700kHz
800kHz
900kHz
1 Mhz

Fig. 6. G-V plots of the polymer based photodiode at the various frequencies.
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Fig. 7. Variation of depletion region of the polymer based photodiode at the
various frequencies.
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