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Optical, Structural, and Electrochemical Properties of P3HT:Y6 Photoactive Layer
for Organic Photovoltaics

Abstract

Recently, organic photovoltaics (OPV) have emerged as a promising technology for environmentally
friendly energy production. Achieving high performance in OPV requires the discovery of novel
compounds. This article aims to study the optical, structural, electrochemical, and electrical properties of
a P3HT:Y6 blend. The UV-visible spectra of the blend provided insight into how composition affects the
optoelectronic properties of OPV devices. The optimised P3HT:Y6 ratio (0.6:1) resulted in the largest
redshift and the highest absorption intensity. Raman and X-ray diffraction tests showed low aggregation
and low crystallinity of the polymer P3HT as Y6 content increased. In the OPV devices, the best
performance was recorded at a 0.6:1 ratio, with an effi-ciency of 2.84%.
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Abstract

Recently, organic photovoltaics (OPV) have emerged as a promising technology for environmentally friendly energy
production. Achieving high performance in OPV requires the discovery of novel compounds. This article aims to study
the optical, structural, electrochemical, and electrical properties of a P3HT:Y6 blend. The UV-visible spectra of the blend
provided insight into how composition affects the optoelectronic properties of OPV devices. The optimised P3HT:Y6
ratio (0.6:1) resulted in the largest redshift and the highest absorption intensity. Raman and X-ray diffraction tests
showed low aggregation and low crystallinity of the polymer P3HT as Y6 content increased. In the OPV devices, the best
performance was recorded at a 0.6:1 ratio, with an efficiency of 2.84%.

Keywords: Poly(3-hexylthiophene) (P3HT), Organic photovoltaics (OPV), Non-fullerene acceptor (NFA), Cyclic voltam-

metry (CV)

1. Introduction

tilising organic materials has greatly

increased the effectiveness of OPV over the
past few years, especially since the development of
advanced materials known as non-fullerene small-
molecule acceptors, such as the Y6 molecule, which
can harvest photons in the near-infrared (NIR) re-
gion because of their adjustable energy levels and
facilitate appropriate exciton dissociation and
charge transport [1-3]. To produce highly efficient
OPVs, suitable conjugated polymer structures that
absorb the maximum number of photons must be
designed [4]. The binary approach, wherein a non-
fullerene acceptor is combined with a donor poly-
mer in a single-layer bulk heterojunction (BHJ)
device, can further boost the power conversion ef-
ficiency (PCE) of polymers [5]. PBHT-based photo-
voltaic cells using effective non-fullerene small-
molecule acceptors achieved an open-circuit
voltage (Voc) of 1.02 V and a PCE of 11.27% [6,7]. A
novel OPV with over 15% efficiency was syn-
thesised in 2019 by Fan et al. [8], who used a series

of benzotriazole (TzBI)-based donors mixed with Y6
as an acceptor material. In 2020 [9], a PTzBI-dF:Y6
device achieved a high PCE of 16.7%. Ding et al. [10]
developed a groundbreaking copolymer named
D16 in 2019. Its unique composition (the thiolactone
unit and its derivatives) has increased in w—m
stacking and high hole mobility. This copolymer
donor significantly boosted the efficiency of OPV by
up to 16.72%. A 2020 study [11] showed that using a
fused-ring acceptor unit in the copolymer donor
D18 increases efficiency. This effect is evidenced by
the fact that solar cells based on D18:Y6 achieved a
PCE of 18.22%, marking a significant milestone in
which binary OPV devices achieved a PCE of over
18% for the first time. Utilising the polymer P3HT
combined with the non-fullerene acceptors Y6, Y5,
and TPBT-RCN as photoactive layers was studied
by Yang et al. [12]. The P3HT-based OPVs at 140 °C
exhibited the best PCE of 2.41% with Y6. Due to
their suitable energy levels and high open circuit
voltage, TPBT-RCN-based devices outperformed
those based on Y6 and Y5 and achieved a PCE of
5.11%.
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In our study, we prepared a P3HT:Y6 blend at
different weight ratios as a photoactive layer for
OPV devices. The blend was prepared using a co-
solvent of chloroform (CF) and chlorobenzene (CB)
in a 70:30 ratio with a 20 mg/mL concentration.
Using thin films and dilute solutions, we meticu-
lously examined the photoactive layers' optical,
structural, and electrochemical properties. The
photovoltaic properties were measured under
ambient conditions with devices constructed with
ITO/PEDOT-PSS/P3HT:Y6/ZnO/Al structures with
an area of 0.06 cm® The main parameters of OPV
devices were calculated. The devices attained a
maximum power conversion efficiency of 2.84%.

2. Material and methods
2.1. Materials

Poly(3-hexylthiophene) (P3HT) with 20 kg/mol
molecular weight (Mn) was synthesised according
to the literature [13]. A non-fullerene acceptor, Y6,
was purchased from 1-Material Company. While
the Poly(3,4-ethylene dioxythiophene)-poly(styrene
sulfonate) (PEDOT-PSS) was acquired from Ossila.
ZnO nanoparticles were synthesised in the labora-
tory according to the literature [14]. Indium tin oxide
(ITO) anode electrodes with a 3*15 mm? area and
8—10 Q cm ? sheet resistance were procured from
China. The organic solvents were procured from
Sigma—Aldrich. Finally, commercially available Al
wire was used as the cathode electrode.

2.2. Thin film and device manufacturing

The OPV device preparation and fabrication pro-
cesses were carried out according to the literature
[15]. At a 20 mg/mL concentration, P3HT:Y6 blends
with various weight ratios (1:0, 1:0.6, 1:0.8, 1:1, 0.8:1,
0.6:1, 0.4:1, and 0:1) were prepared and dissolved in
1 mL of CF:CB (70:30) solvent. The blends were stirred
for 2 h. Quartz and glass-ITO substrates were metic-
ulously cleaned by using deionized water, acetone,
and isopropyl alcohol through ultrasonic cleaning.
Then they were subjected to a UV-ozone environ-
ment for 20 min after being dried at 100 °C for 15 min.
To examine the physical properties, P3HT:Y6 thin
films in different weight ratios were spin-coated at
2000 rpm for 1 min on quartz substrates. Finally, the
samples were annealed for 5 min at 140 °C.

The following procedures were performed to
manufacture OPV: First, as hole transport layers, the
PEDOT-PSS layers were spin-coated at 4000 rpm for
1 min on cleaned ITO substrates. Subsequently, the
thin layers were allowed to dry for 20 min at 140 °C.

Second, the P3HT:Y6 photoactive layers were spin-
coated on top of the PEDOT-PSS layers at 2000 rpm
for 1 min. Third, as electron transport layers, the
ZnO nanoparticle layers were coated for 1 min at
4000 rpm. After that, the samples were annealed for
5 min at 140 °C. Finally, Al layers were deposited as
cathode electrodes for OPV devices.

2.3. Characterisation techniques

In order to determine the absorption curves of the
dilute solutions and solid-state thin films, we used a
visible-NIR spectrometer (Shimadzu UV-1800 PC).
A wavelength range of 300—900 nm was used
for the solutions, whereas a wavelength range of
300—1100 nm was used for the solid-state thin films.
With an excited wavelength of 532 nm, a JD-785-300
mW laser was used to acquire the Raman spectra.
Using angles ranging from 2° to 40°, an X-Pert
diffractometer was used to obtain the X-ray spectra.
With a Corr-Test electrochemical workstation, the
cyclic voltammetry measurements were carried out
using a working electrode (a Pt plate), a counter
electrode (a Pt wire), and a reference electrode (a
standard calomel electrode), all dipped in 0.1 M tet-
rabutylammonium hexafluorophosphate (Bu4NPF6)
acetonitrile solution as electrolyte. A Keithley source
meter 2400 (SCIENCE TECH) and solar simulator
lamp AM1.5 systems with illumination of 100 mW/
cm? were used to measure current—voltage on the
OPV devices.

3. Results and discussion

3.1. Optical properties

Fig. 1(a) displays the absorption spectra of the
P3HT thin films prepared using various solvents.
Moreover, Fig. 1(b) exhibits the normalised spectra
of the Y6 thin films. CB, CF, CF:CB (50:50), and
CF:CB (70:30) solvents were used to determine the
optimal solvent for Y6 and P3HT materials. In a
70:30 co-solvent ratio, Y6 and P3HT displayed the
highest intensity and redshift among the solvents.
Notably, the distinct peaks in the P3HT spectrum
signified the polymer's self-assembly. To determine
the best concentration of the P3HT:Y6 blend, we
prepared binary thin films with a 1:1 ratio and dis-
solved them in CF:CB (70:30) at 10, 20, 30, and
40 mg/mL concentrations. Fig. 1(c) displayed a sig-
nificant increase in absorption intensity in the
polymer area of the spectrum when a 20 mg/mL
concentration was used. A low concentration
seemed to lead to an increase in polymer chain
aggregates.
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Fig. 1. Absorption spectra as a function of different solvents of (a) P3HT, (b) Y6 solid-state thin films, and (c) as a function of different concentrations
of P3HT:Y6 thin films. (d) the absorption spectra of PSHT-based blends with different ratios of Y6 at a concentration of 20 mg/mL and CF:CB (70:30)
solvent as dilute solutions and (e) as thin films, while (f) shows the impact of the change in absorption intensities using the CF:CB (70:30) co-solvent

for the blend of P3HT:Yeé.

Fig. 1(d) shows the absorption spectra of the
P3HT:Y6 blend dilute solution. At a concentration of
20 mg/mL, a P3HT:Y6 blend with different weight
ratios was prepared and dissolved in 1 mL of CF:CB

(70:30) solvent. Y6's absorption featured an absorp-
tion edge onset at 792 nm, which matched an optical
energy gap (EQ) of 1.56 eV, with a main peak at
732 nm, 596 nm, and 670 nm. Moreover, the
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P3HT:Y6 spectra showed high absorption intensity
at 454 nm, attributed to polymer absorption On the
other hand, the thin films exhibited broader ab-
sorption spectra and more growth and redshifts
than the dilute solutions, as depicted in Fig. 1(e).
Indicated the self-organisation of molecules, aggre-
gation of the molecular backbone, and 7— 7" in-
teractions [16,17]. The Y6 thin film's spectrum
showed a strong intensity at 862 nm, with the ab-
sorption edge onset at 950 nm and an Eg of 1.3 eV.
The P3HT thin film, on the other hand, exhibited
substantial visible-range absorption, with an ab-
sorption edge onset at 650 nm matching an energy
gap of 1.9 eV. Moreover, it displays a maximum
absorption peak of 559 nm, 529 nm, and 604 nm,
corresponding to 0—1, 0—2, and 0-0 transitions,
respectively [18]. On the other hand, the P3HT:Y6
thin films have absorption spectra that range from
400 nm to 950 nm, with the main peak at 512 nm,
which corresponds to a 0—2 transition and suggests
that polymer chains had a new rearrangement [19].
Therefore, the blend ratio can modify molecule
stacking behaviour [20]. Fig. 1(f) shows the impact of
the change in absorption intensities of the P3HT:Y6
blend thin films as a function of the content of Y6
caused by using the CF:CB (70:30) co-solvent. At
72%, there is a sharp drop in intensity, attributed to
a drop in the P3HT crystallinity during film growth.
The Eg values were estimated by intersecting the x-
coordinate with the tangent line of the absorption
edge [21]. These values were compared with those
estimated using Tauc's equation given by [22]:

ahv=A(hv —Eg)" (1)

The parameter ‘m’ is connected to the nature of
electron transitions and is 1/2 for direct transitions
[23]. o refers to the absorption coefficient, A
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represents absorption intensity, and hv is the inci-
dent photon's energy. Fig. 2(a) and (b) show a rela-
tionship between (ahv)? and (hv) for dilute solutions
and thin films, respectively. The thickness of thin
films is approximately 125 nm, while the thickness
of the dilute solution is 1 cm. The insets describe the
intersection between the tangent line at absorption
edge onset and the x-axes for the energy gap esti-
mate. The optical energy gap values obtained from
both methods are similar, as shown in Table 1.

3.2. Structural properties

Raman spectroscopy was employed to examine
the crystallinity of the utilized materials during thin
film growth, with an excitation wavelength of
532 nm. Fig. 3(a) and (b) show the Raman spectra of
neat P3HT and Y6 films, respectively. Fig. 3(c) dis-
plays the Raman spectra of the P3HT:Y6 thin films.
The Raman spectra of the blended thin films
exhibited similarities to the spectra of the P3HT
films. Notably, the Raman spectra were charac-
terised by main modes at 1392 cm ' and 1464 cm ™"

Table 1. Optical energy gap (Eg) values of binry blend, which were
estimeted using Tauc and onset methods.

P3HT:Y6 Solid-state thin films Dilute solutions
blend wt% Eg onset (eV) Eg Eg onset (eV) Eg
Tauc (eV) Tauc (eV)
1:0 1.9 1.9 2.3 2.29
1:0.6 1.38 1.39 1.59 1.59
1:0.8 1.36 1.33 1.59 1.56
1:1 1.35 1.32 1.58 1.56
0.8:1 1.35 1.31 1.58 1.55
0.6:1 1.35 1.30 1.58 1.55
0.4:1 1.34 1.29 157 1.54
0:1 1.3 1.28 1.56 1.54
(b) Thin films P3HT:Y6
e
— P3HT
1:0.6
—_ —1:0.8
S 11
S — .81
o —0.6:1
:>$ —0.4:1
<
\ 19eV
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Fig. 2. Tauc plots of P3HT-based blends with various ratios of Y6 (a) in the case of dilute solutions and (b) in the case of solid-state thin films.
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Fig. 3. Raman spectra of (a) pure P3HT, (b) pure Y6 films, (c) P3HT:Y6 blend thin films, and (d) XRD patterns of PSHT:Y6 films. The inset shows the

peak at 20 = 5.2 arising from P3HT (100).

positions, which indicate the C—C and C=C sym-
metric modes, respectively, which are characteristic
in Raman's pattern of P3HT. In addition, two minor
peaks manifested at 1104 cm ! and 1204 cm ™! [24].
For Y6, the Raman spectra displayed two regions of
vibration that exhibited relatively high intensities.
These regions were located at 1560 and 1465 cm *,
attributed to the alkene and thiophene vibrations,
respectively [25]. The relative intensity (Ic=c/Ic_c)
provides insight into the conformation of the back-
bone and molecular organisation of P3HT chains
within a solid-state thin film [24]. An increase in
planarity and aggregation of polymer chains is
determined by the Ic=c/Ic_c ratio [26]. Small Ic=c¢/
Ic.c values clearly indicate a high level of confor-
mation and increased aggregation. Conversely,
large Ic=c/Ic.c values referred to a more twisted
[27]. In Table 2, a decrease in the Ic=c/Ic with a
decrease in Y6 content (1:0.6 and 1:0.8 ratios) can be
attributed to an increase in the planarity of the
polymer. At the same time, we observed an increase
in the relative intensity with ratios of 1:1, 0.8:1, 0.6:1,
and 0.4:1, which attribute to a decrease in the
planarity of film chains and, thus, more decreased

Table 2. Obtained parameters using the Raman shift of P3HT:Y6 thin
films.

aggregation. As a result, a drop in relative intensity
values can be correlated with an increase in the 7-
electron density within C—C bonds, which is
brought on by an increase in the planarity of the
polymer chains [27].

To survey the packing of the thin films, X-ray
diffraction (XRD) was used. The XRD spectra of the
P3HT:Y6 thin films are depicted in Fig. 3(d), displaying
the diffraction peak of P3HT due to the m—m stacking
of backbones at 20 = 5.2, which corresponds to
diffraction from the (100) plane [28]. The XRD
parameter values, which corresponded to peak posi-
tions at 20 = 5.2, are shown in Table 3. The results
indicated that the impact of adding Y6 to the blend
became apparent as the peak in the 0.4:1, 0.6:1, and
0.8:1 samples disappeared, indicating a decrease in
crystallinity because Y6 is a non-fullerene small
molecule without a high molecular order. At26 = 5.2,
the (100) d-spacing values were estimated using
Bragg'slaw [29]. The decrease in d-spacing of P3HT:Y6
thin films as content Y6 increases is shown in Table 3.
The reduced spacing in the blend samples, in partic-
ular the 0.4:1, 0.6:1, and 0.8:1, indicates a disordering of
the polymer chains during film growth [30].

Table 3. Obtained parameters using the XRD patterns of P3HT:Y6 thin
films.

P3HT:Y6 Solid-state thin films P3HT:Y6 Solid-state thin films

blend wt% — pyio Height I=clcc FwHM  PlendWt%  po coTh]  Height (100)  d-spacing  FWHM
C=C (cts)  C—C (cts) (em™) (cts) “4) (°2Th.)

1:0 2193 249 8.8 38.39 1:0 5.04 20.58 17.52 0.47

1:0.6 392 48 8 419 1:0.6 5.13 23.59 17.22 0.62

1:0.8 244 48 5 43.44 1:0.8 5.19 26.49 17.00 0.27

1:1 1770 9% 18.4 41.02 1:1 5.08 19.93 17.39 0.94

0.8:1 903 78 115 40.88 0.8:1 - - - -

0.6:1 1325 68 19 41 0.6:1 - - - -

0.4:1 3617 276 13 37 0.4:1 - - - -
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3.3. Electrochemical properties

The cycle voltammetry curves for the thin films
were measured against the potential of SCE a20 mV/s

Current (Afcm?)

Current (A/cm?)

Current (A/cm?)

Current (Afcm?)

scan rate, as shown in Fig. 4. During a positive po-
tential sweep, the forward scan is called the oxidative
potential or anodic direction. This scan resulted in the
emergence of a peak called the anodic peak.
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Fig. 4. Cyclic voltammetry spectra of P3HT:Y6 blends. The cross-dash lines were used to estimate the positions of oxidation (E,,) and reduction (E,.;)

potentials.
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Conversely, when the scan direction was reversed,
the negative sweep of the reductive potential,
referred to as the cathodic direction, produced a
cathodic peak. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels in eV units of the thin
films were calculated according to the following
equations [31]:

Enomo = — e(Epx +4.8) (2)

Erumo= — €(Eyea+4.8) 3)

where the E,, and E,; represent the onset of
oxidation and reduction potentials, respectively. 4.8
is the absolute energy level [32]. Thus, the Eg values
were estimated according to the following equation
[33]:

Eg =Ejumo — Enomo (4)

The electrochemical parameters of the P3HT-
based blends at various weight ratios of Y6 are
summarised in Table 4. The energy levels (Egomo/
Erumo) of P3HT and Y6 obtained were —5.5/—3.2
and —5.7/—4.2, respectively. Moreover, the energy
levels of blends were compatible with those of pure
materials. Fig. 5 depicts the energy levels diagram of
the OPV layers. The HOMO and LUMO level values
of PEDOT-PSS, ZnO, Al, and ITO layers were based
on the literature [34].

3.4. Electrical properties

The electrical properties of OPV devices were
estimated by the manufacture of conventional solar
cells according to the construction of ITO/PEDOT-
PSS/P3HT:Y6/ZnO/Al with an area of 0.06 cm?
Prior to conducting the measurements, the solar
cells were annealed at a temperature of 140 °C,
which was investigated promptly to prevent the
oxidation problem. The J-V curves in Fig. 6 were

Table 4. Obtained parameters using the CV technique of P3HT:Y6 thin
film layers.

P3HT:Y6 Solid-state thin films
blend wt% Eox Ered EHOMO ELLIMO Eg
(eV) (eV) (eV) (eV) (eV)
1:0 0.7 -1.6 —5.5 -3.2 2.3
1:0.6 0.8 -0.5 -5.5 —4.3 13
1:0.8 0.8 -0.5 —5.6 —4.3 13
1:1 0.6 -0.8 —5.4 —4.2 1.2
0.8:1 0.65 —0.6 —5.45 —4.2 1.25
0.6:1 0.68 -0.5 —5.48 —4.28 1.18
0.4:1 0.8 -0.4 —5.6 —4.24 1.36
0:1 0.9 —0.6 -5.7 —4.2 1.55
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Fig. 5. Energy level diagram of the OPV layers.

obtained under illumination of 100 mW/cm? with a
simulated AM 1.5G. Minimising energy loss is
crucial to enhancing photovoltaic efficiency [35].

The total energy loss of a device can arise from
radiative recombination loss, the energy loss from
charge generation, and the energy loss from non-
radiative recombination loss [36]. The voltage loss
(Vioss) can be estimated according to the following
equation [37]:

Vlass == Eg/q - VOC (5)

where g represents the elementary charge. A large
voltage loss limited the improvement of the Voc
and PCE, as shown in Table 5. The average PCE
values were determined by analysing four OPV
devices fabricated for each weight ratio, and the
numbers in brackets denote the maximum values of
efficiency. The blend ratio of the donor and acceptor
components can have an essential influence on
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Fig. 6. J-V curves of OPV devices at different weight ratios.
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Table 5. Electrical properties of the binary OPV devices.
P3HT:Y6 photoactive wt% OPV devices
Voc (V) Jsc (mA/cm?) FF Rs (Q) Rsh (Q) Ave. PCE Viess (V)
% %
1:0.6 0.34 11.9 30.5 88 2705 1.105 + 0.14 (1.21) 1.04
1:0.8 0.32 171 28.7 169 5866 1.57 + 0.04 (1.6) 1.04
1:1 0.34 15.5 34.1 85 4867 1.81 + 0.04 (1.84) 1.01
0.8:1 0.33 19.3 30.1 129 5470 1.94 + 0.07 (1.99) 1.01
0.6:1 0.37 24.3 313 91 1367 2.29 + 0.77 (2.84) 0.98
0.4:1 0.34 16.03 31.6 35 1085 1.705 + 0.03 (1.73) 1.01
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Fig. 7. Performance of P3HT:Y6 devices vs. the photoactive layer composition (a) short-circuit current density and power conversion efficiency; and (b)

open-circuit voltage and fill factor.

photophysical properties. The results showed that
enhancements made to Y6 content played a key role
in boosting the overall performance of OPV devices.
The best device performance with a PCE of 2.84%
was achieved for a P3HT:Y6 (0.6:1) with a blend
composition of about 62% Y6 by weight. The high
values of Jsc and Voc obtained were attributed to
more charges extracted from the solar cells due to
the efficient harvest of photons. With continuing to
increase the content of the non-fullerene, the
P3HT:Y6 devices with 72% Y6 (0.4:1) showed a drop
in efficiency due to low Jsc and FF, as can be seen in
Fig. 7. Lower P3HT crystallinity leads to poor exciton
dissociation and unbalanced charge transport,
resulting in poor transport and the extraction of free
charges [38,39]. Despite the high aggregation orga-
nisation of P3HT chains and good FF, the P3HT:Y6
devices with 37% Y6 exhibited poor performance
due to low Jsc values. Furthermore, the high values
of shunt resistance and low values of series resis-
tance contributed to an improvement in the FF
factor by promoting strong molecular stacking
during active layer formation and minimizing
leakage current caused by defects. These effects
ultimately enhance charge transport to the
electrodes.

4. Conclusion

Absorption spectra analysis showed that Y6
exhibited a significant absorption capacity and effi-
cient photon harvesting in the NIR spectrum region.
Moreover, its energy levels were compatible with
those of P3HT. As the Y6 content increased, the
blend films exhibited low aggregation and low
crystallinity, as evidenced by the results of the
Raman and XRD tests. Notably, the Raman intensity
positions at the primary C=C and C—C modes
remained constant. This showed symmetrical
broadening and low FWHM values, which showed
that the materials used in the blend films were
compatible. CV results suggest that the energy
levels of the devices form a cascade alignment,
which may be appropriate for exciton dissociation
and charge transfer. Varying the blend ratio played
a significant role in achieving results. The best
performance was achieved at a ratio of 0.6:1 because
of high photon harvesting in the polymer region.
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