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polymer chain ordering which in turn decides the PV performance. The suppression of exciton recombination,
improved charge carrier separation, large carrier diffusion length can be achieved by improving the packing
density of the n-r stacking, polymer chain length and chain ordering. The high packing density n-r stacking can
be formed through enhancing the percentage of crystallinity of the semiconducting polymer layer. This can be
achieved by optimizing the processing parameters. This work gives some insights on the spinning time of active
layer (P3HT:PCg1BM) on the structural, optical and solar cell performance. P3HT:PCg1BM crystalline properties
were studied through grazing incidence X-ray diffraction (GI-XRD). Optical absorption of the active layer was
studied by the UV-visible spectrometer. The trap density of states of the solar cells processed at various active
layer spinning condition is evaluated. From the obtained result it is noted that device fabricated with longer
spinning time showed higher power conversion efficiency over shorter spinning duration. These changes in the
device performance could be due to solvent evaporation kinetics, chain alignment in the polymer thin film.

Further, the mechanism of trap states formation based on the active layer processing condition is explained.

1. Introduction

The advancement in engineering and technology always looks for
miniaturization and flexibility. In the last two decades, organic elec-
tronic undergone drastic improvement towards to commercialization
(Liu et al., 2020; Sun et al., 2020). Organic solar cells emerges as an
energy harvesting technique with short payback time. In the last three
decades polymer solar cells have attracted researchers due to many
advantages which are cited in literature elsewhere. The soft matter
electronics devices find critical issues due to low charge carrier mobility.
The low charge carrier mobility of soft matter materials are due to its
localized electronic states and disordered nature of it. The degree of
localization/delocalization of electronic states depend on chain align-
ment, conjugation length, degree of disorder, inter-chain interactions,
oxidation level of the conducting polymer. In addition to the structural
properties, the molecular level forces such as inter and intra molecular
forces plays a role in the charge carrier mobility in these types of ma-
terials. Moreover, weak intermolecular interaction hinders the charge
carrier mobility (Liu et al., 2020). Due to these reasons the organic
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semiconductors faces poor mobility values, the mobility for such con-
jugated organic semiconductors varies from 10 to 1 ecm? Vs~ (Sun
et al., 2020). Basically, organic semiconductors (OSC) have low dielec-
tric constants (¢) approximately 2 to 5. Therefore, electron and hole
have a strong Coulombic interaction and results a small exciton called
Frenkel exciton. These types of excitation usually same order as unit cell
size and the energy of such exciton are 0.2 eV to 1.4 eV. In such kind of
low dielectric materials light photon interaction generates Frenkel
exciton. Therefore, dissociating Frenkel type exciton is necessary to get
high power conversion efficiency in case of the organic solar cell device
(i) exciton generation (ii) exciton diffusion (iii) exciton dissociation and
(iv) exciton recombination (Zhang et al., 2019). In general, polymer
solar cell requires the following properties (i) wide range optical ab-
sorption (ii) higher charge carrier mobility and so on. Optical absorption
can be improved by synthesizing low band gap polymeric semiconductor
(Lu and Yu, 2014; Kesavan et al., 2019), increasing degree of crystal-
linity of the polymer (Zhang et al., 2019; Nellissery Viswanathan et al.,
2022), increasing thickness of the active layer. But increasing active
layer thickness will increase series resistance and also. Crystallinity in
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the conjugated polymers can be obtained by (i) using co-solvent to
fabricate the active layer, where the crystallinity has been improved by
rearrangement of polymer chains and by improving conjugation length.
Moreover, co-solvent film forming method also increases n-n* stacking
between inter chain (Zhang et al., 2019; Lu and Yu, 2014). (ii) thermal
annealing of regioregular poly(3-hexylthiophane-2,5-diyl) (rr-P3HT)
layer enhances edge-on oriented polymer chains for the optimal tem-
perature and time (Liu et al., 2020; Kesavan et al., 2022). (iii) vapor
annealing. Vapour annealing and thermal annealing methods allows
polymer chain mobility within the thin film layer. These processes
modify the spatial reorganization of the polymer chain and fullerene
molecule. Solar cell device performance mainly depends on the active
layer deposition condition from its blend solution and post deposition
process such as solvent selection, thin film solidification rate, thermal
annealing of solidified film, vapor annealing of active layer (Kesavan
et al., 2019; Rao et al., 2018). Either pre-deposition process or post
deposition process, the ultimate goal is to improve crystallinity in the
blends layer and to get the optimum phase separation in P3HT and
PCg1BM. Since, efficiency depends on the exciton life time and diffusion
length optimum phase separation. In molecular materials mobility of the
charge carriers are strongly depends on density of -t stacking in the
thin film. However, the molecular orderings or packing influences both
optical absorption and electronics properties such as mobility, carrier
life time. In case of semiconductors polymer optoelectronics applica-
tions enhancement in these two properties are required. As the crys-
talline orderings increases in active layer, optical absorption increases as
well the mobility and carrier life time. Polymer semiconductors are
amorphous in nature. Optical absorption in polymeric semiconductors
are strongly dependent on difference between HOMO-LUMO/bandgap,
crystalline domain size or degree of molecular orderness present in
active layer. Various transport layer were adopted to improve device
performance to serve the purpose of transport properties, device sta-
bility, improve the transmittance properties improve (Koo et al., 2018;
Kesavan and Ramamurthy, 2017; Kesavan et al., 2017). In this work,
active layers were grown at different solidification time and their con-
sequences on the device on the device performance were investigated.
The growth induced changes in crystallinity and their influence on de-
vice performance were accessed based on crystallinity and disorder
induced trap states in the semiconductor layer. In bulk hetero-junction
(BHJ) photovoltaics, the phase separation of donor and acceptor
should be of the order of nanometer scale. In this work, disorder induced
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electronic defect states was investigated and the materials properties
were correlated with the device performance.Fig. 1..

2. Experimental details: photovoltaics fabrication and
characterization

The photovoltaics fabrication process is as follows. The indium tin
oxide (Xin yan Technology Limited, China) was cleaned by the standard
procedure (labolene soap solution, acetone, IPA) and dried with N, gas.
The dimension and sheet resistance of the ITO is 1 in. by 1 in. and 20 Q.
sq’l. Then, ITO was ultraviolet-ozone treated for 20 min at room tem-
perature. The poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS from Heraeus Epurio Clevios) was deposited on ITO at
3000 rpm for 60sec and then the layer was annealed at temperature
110 °C/10 min. Annealed samples were transferred into the nitrogen
filled glove box. The active layer solution was prepared by dissolving
P3HT (Rieke metals, USA) and PCg;BM (Nano-C Inc., USA) in the 1:0.8
ratio for the total weight of 40 mg in 1 mL of 1,2-dichlorobenzene. The
prepared solution was kept stirring for overnight at 50 °C. The obtained
solution was filtered and spin coated over PEDOT:PSS layer at the speed
of 1000 rpm for all the samples (30sec, 60sec and 200sec). All the
samples were annealed at 140 °C for 15 min inside the glove box. Then,
the cathode contact was prepared by evaporating Al at the rate 1 Asec™!
to obtain of 100 nm thickness contact. In this work, the devices are
referred as device-A:ITO/PEDOT:PSS/P3HT:PCq1BM(30sec)/Al, device-
B:ITO/PEDOT:PSS/P3HT:PCqBM(60sec)/Al and device-C:ITO/PEDOT:
PSS/P3HT:PCg1BM(200sec)/Al. Time 30sec, 60sec and 200sec repre-
sents the time allowed for spinning the active layer and layer at 1000
rpm.

The optical absorption characteristics of the active layer were stud-
ied by Perkin Elmer Lambda35 UV-Visible spectrometer. The active
layer crystallinity was studied by Rigaku diffractometer with X-ray
diffractometer. P3HT:PCg1BM stacking was studied by Raman spec-
troscopy. The device electrical characteristics was studied by Keithley
4200SCS. External quantum efficiency (EQE) was measured using
Enlitech Quantum efficiency measurement system.

' PEDOT:PSS

Fig. 1. (a) Schematic of the architecture, (b) energy level diagram (c) surface optical micrograph of P3BHT:PC¢;BM active layer processed at 30sec, 60sec and 200sec.
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3. Results and discussion
3.1. Crystallinity analysis of P3HT:PC¢;BM

P3HT is a semi-crystalline conducting polymer and it crystallizes in
monoclinic crystal system based on the processing method. The lamellar
orientation and the crystalline domain size of P3HT depends on the film
processing conditions, solvent use to prepare the solution preparation,
molecular weight of the polymer and some extent surface treatment of
the substrate. The crystalline properties also depends on the surrounding
PCs1BM acceptor in the P3HT:PCgBM mixture. Strength of P3HT
PCe1BM interaction influence the domain size of the P3HT in the
mixture (Lilliu et al., 2011; Shen et al., 2016). For the high performance
of organic solar cell, organic light emitting diode and photodiode re-
quires high mobility in the orthogonal to the substrate direction. The
charge carrier mobility is high along the P3HT backbone and conduction
occurs by hopping from z-n stacking direction. By improving the crys-
tallinity, the conductivity along the vertical direction can be improved.
The thermal annealing of P3HT:PCs;BM mixture crystallizes both P3HT
and PCg;BM individually. To achieve larger P3HT domain with nano-
scale morphology is critical in the OPV fabrication. Fig. 2 shows the
GIXRD pattern of P3HT:PCgBM active layer thin film processed at
30sec, 60sec and 200sec. Diffraction studies of samples were done using
Rigaku diffractometer with X-ray wavelength of 1.541 A. The XRD was
done from the 2 theta angles from 2° to 30° with step size of 0.01°. The
diffraction at 5.3° 2 theta angle corresponding to the (100) peak. The
FWHM of 30sec, 60sec and 200 sec is 0.534, 0.461 and 0.493 respec-
tively. Significant reduction in the FWHM and increase in the (001)
peak intensity of P3HT implies that active layer processed with 60sec
has larger z-r staking ordered domains. For the prepared P3HT and
PCe1BM ration and concentration, high crystallinity is observed for the
spinning time of 60 sec and 140 °C. The crystalline done favors the
charge carrier mobility and improve the optical absorption (Wie et al.,
2014).

3.2. Raman and UV-Visible spectroscopy

Fig. 2 shows the measured Raman spectra for P3HT:PCs;BM blend
thin films. Raman spectra were recorded by using 514 nm LASER as light
sources. The Raman peak at 1380 em ! and 1440-1450 cm™! corre-
sponds to the -C—C- skeletal stretching (vc.¢) and -C=C- symmetric
stretching (vc—¢) respectively. Full width at half maximum (FWHM)
value of -C—=C- symmetric stretching of device A, device B and device C
are 32.3cm ™}, 31.4 cm ™! and 31.6 cm ! respectively. Relative intensity
of the device-A, device-B and device-C are 2212 counts, 2550 counts and
2420 counts respectively. Reduction in FWHM of C—=C peak and in-
tensity enhancement in symmetric stretching of C—=C suggests that
enhanced delocalization of z-electrons. C=C shifts to lower energies are
infers increased z-electrons delocalization on C—=C bonds between the
fused-thiophene units and thiophene, infers a reduction in the inter unit
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bond dihedral angle between these units (Nalwa et al., 2011; Tsoi et al.,
2011; Miller et al., 2008).

3.3. Mott-Schottky analysis

The capacitance-voltage study gives the information about the mid-
gap states and the nature of depletion region formed in the semi-
conductor devices. Capacitance-voltage characteristic of devices is
shown in the Fig. 3(a). C-V study was carried out by setting perturbation
ac voltage of 20 kHz and 0.01 V. Capacitance values are measured in the
voltage range between —2V to 2 V with step size of 0.1 V. Applying small
signal ac frequency activates trapped charge carriers. Detailed proper-
ties of the depletion nature of the devices was studied by Mott-Schottky
analysis. The carrier concentration and bulit-in potential was obtained
by Mott-Schottky study. Depends on the biasing condition either reverse
bias (RB) or forward bias (FB) to the device. By studying the device at
various biasing condition, one can evaluate the behavior depletion re-
gion. The Mott-Schottky relation (Carr and Chaudhary, 2013) is given in
equation (1),

2(Vbi - V)

1/C* =
/ eqNA?

®

where, A - contact area, e- semiconductor permittivity, N - carrier con-
centration q - electronic charge, Vy,; - built-in-potential. Under forward
bias, slow decrease in capacitance is noted. Flat band condition is ach-
ieved when V = Vy; due to the elimination of depletion region thereby
diminishing the contribution of depletion capacitance giving rise to a
maximum at Vp;. Under operational condition built-in voltage was
calculated using Mott-Schottky characteristics and all the devices
showed value of 540 mV. Calculated carrier concentration for device-A,
device-B and device-C is 9.574 x 10'® em™3, 2.316 x 10'® cm™2 and
3.981 x 10'® ¢cm™3. The carrier accumulation progresses until the
applied voltages reaches the peak voltage value (Vpeak) then charge
carrier overcomes the barrier and follows the continuous injection. As
the charge carrier accumulation is high recombination rate is also high.

3.4. C-f and trap DOS analysis

Capacitance-frequency characteristic was measured to derive char-
acteristics of the trap states in the device. C-f was done under dark
condition at 0 V DC bias and it is shown in Fig. 3(c). Capacitance values
as a function frequency was measured from 1000 Hz to 10 MHz. Polymer
solar cell offers capacitance is a strongly dependent on frequency. In
lower frequency region, capacitance spreading occurs and as frequency
increases towards the higher region, exponential decreases in capaci-
tance dispersion occurs then saturates at sufficiently very higher fre-
quency. Measured capacitance value in the lower end frequency at the 2
kHz device-A, device-B and device-C is 8.545 x 107 Fm 2, 1.934 x 10°
10Fm~2 and 1.034 x 10"1° Fm~2 respectively. The device-B exhibits low
density of trap states and this should be due to high crystallinity of the
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Fig. 2. (a) X-ray diffraction P3HT:PCs1BM semiconductor, (b) Raman characteristics of semiconductor, and (c) UV-visible spectra of semiconductor.
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Fig. 3. (a) C-V plot, (b) Mott-Schottky characteristics, (c) C-f plot, (d) trap DOS plot, (e) solar cell characteristics and (f) external quantum efficiency spectra.

P3HT:PCs1BM layer. Since, all the device processing parameter is same
except the active layer spinning time, any change in the device prop-
erties should be due to the active layer contribution. Further, the trap
properties were studied by C-f characteristics spectrum. Dynamics of the
trapped charge trapped can characterized by attempt to escape fre-
quency. In the low frequency region trap DOS can contribute to capac-
itance. However, under the perturbation of the ac small signal, the
deeply trapped charge carrier can contributed capacitance. Without the
perturbation frequency mostly shallow level trap can contribute to
capacitance. Trap states near HOMO level of the polymer show high
response at high frequencies and trapped charge which are far away
from HOMO level will response slowly. The Trap DOS was studied based
on the assumption of Gaussian distribution of states (Street et al., 2016).

_ B Vi 2idC
Ni(E,) = qAd kT dw 2)
E, = kT.In(wo/2f) 3

In the high frequency region all device capacitance falls into negative
region. The device-A, device-B and device-C respectively exhibits the
negative capacitance at the frequency of around 3.654 MHz, 5.205 MHz,
5.199 MHz. It is observed that negative capacitance falls off faster in
device-A and device-C. Rapid fall of capacitance in the device-A and
device-C should be due to one of the following reasons minority charge
carrier t, interface trap states, slow transport time of interface carriers,
trapped charges, space charge (Gommans et al., 2005). The distribution
width of the trap states of device-A, device-B and device-C is 0.0484 eV,
0.0441 eV and 0.0682 eV respectively. The increase in the disorder
states or marginally less crystallinity of the device-A and device-C active
layer should be the cause of the increased trap state distribution width.
To reduce the trap distribution width either crystallinity of the active
layer can be improved or active layer should be optimized to attain the
same. Trap distribution width maxima located at the energy value of
0.3382 eV, 0.3152 eV and 0.3169 eV respectively for device-A, device-B
and device-C. The shifting of the trap energetic maxima towards the
higher energy region indicates the trap location is moving towards the
deep trap region end. This also indicates the increased number of deep
trap states in the device. The total trap DOS is 1.109 x 10 eV ecm ™3,

5.879 x 10'° eV cm 2 and 7.696 x 10'° eV cm 3.

Photovoltaics property of the devices are shown in the Fig. 3(e) and
the quantum efficiency of the devices are shown in Fig. 3(f). The short
circuit current density of the devices-A, device-B and device-C are 7.256
mA cm ™2, 8.147 mA cm™2, 7.511 mA cm ™~ respectively. The open cir-
cuit voltage of the devices is 0.56 V and it is same for all the devices. Fill
factor of the device is 45.9 %, 48.2 % and 47.2 % respectively for device-
A, device-B and device-C. The efficiency of the device-B (2.202 %) is
higher device-A (1.828 %) and device-C (1.981 %). Enhancement in the
efficiency comes from the improvement Jgc and FF. Jgc enhancement in
the device-B should be due to the high crystallinity of the active layer
than device-A and device-C. The high percentage of the crystallinity of
the active layer improve the optical absorption and also facilitates the
charge carrier mobility. Enhancement in these two properties contrib-
utes to the Jsc improvement. Fill factor improvement should be due
improvement in the series and shunt resistance of the device.

4. Conclusions

The effect of photoactive layer processing condition was studied. As
the active layer spinning time changes the properties of the n-n stacking
of the P3HT polymer changes and results in the change optoelectronic
properties of the active layer. It is observed that spinning time changes
the active layer properties drastically mainly the packing density of the
crystalline region. The change in the crystalline nature of the semi-
conductor layer impact the photovoltaic properties. The crystallinity
change in semiconductor layer also influences the shunt and series
resistance. These resistance change alter the resultant Jsc. While the
enhancement in the crystallinity contributes to enhanced optical ab-
sorption. The modification of the active layer properties through pro-
cessing condition modifies the fill factor changes in the device-B shows
that. It is noted that when the spinning time of the active layer changes
optimized time, the crystallinity reduces. When deviating from the
optimized spinning time the density of trap states also increase in the
devices. The optoelectronic properties change of semiconductor is
correlated with the crystallinity of the P3HT polymer. The result suggest
that the crystallinity variation also modifies the total density of trap
states.
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