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Processing Poly(3-Hexylthiophene) Interlayer with
Nonhalogenated Solvents for High-Performance and
Low-Cost Quantum Dot Solar Cells

Jingjing Wang, Junwei Liu,* Kangkang Zhou, Kaihu Xian, Qingchun Qi

Wenchao Zhao,* Yu Chen, and Long Ye*

Hybrid solar cells with organic semiconductors and quantum dots (QDs) have
witnessed great advance in the past few years. Nevertheless, the great majority of
organic and QD hybrid solar cells generally employ halogenated solvents for the
processing of organic hole-transporting interlayers. Herein, the impact of solvents
on the organic semiconductor material for hybird solar cells is systematically
explored. The o-xylene-processed polythiophene delivers a champion photovoltaic
performance of 8.7%, which is the record value for QD and poly(3-hexylthiophene)
(P3HT) hybrid solar cells. The morphology results reveal that P3HT films processed
with o-XY present the moderate morphology and characteristic length scales,
enabling the high photovoltaic performance. Moreover, the relationships between
solvents, molecular stacking, film morphology, and photovoltaic performance are

With the joint efforts, PbS QD solar cells
have undergone the rapid progress of
photovoltaic performance from ~3% to
over 13% during the past decade.'®'!
Nevertheless, conventional QD solar cells
generally employ p-type QD hole transport
materials (HTMs) via tedious solid ligand
exchange, which greatly compromises their
commercialization potential. To further
advance the commercialization progress,
organic semiconductor materials are prom-
ising candidates to replace QD HTMs and
may deliver new success for QD solar cells.
Over the past five years, organic HTMs

built to offer the guideline of solvents screening for these hybrid solar cells. have enabled the great performance
Moreover, the great superiority of nonhalogenated solvents in fabricating high- advance of QD solar cells from ~5%
performance optoelectronic devices with low hazards is demonstrated. to ~13.5%,""'% including P3HT,!"”

PBDB-TF,"®  PBDTTPD-HT,™ TIPS-

1. Introduction

Due to the promising optical and electrical properties, quantum
dots (QDs) have witnessed great advance in various optoelec-
tronic devices, including solar cells,’* light-emitting diodes,?*
photodetectors,>®! and lasers.l”’ Lead chalcogenide QDs exhibit
the broad and tunable absorption (=2000 nm) and large absorp-
tion coefficients, providing a powerful platform for building
infrared optoelectronic devices,®®! which is unequitable for sili-
con-based and other solution-based semiconductor materials.

TPD,?” etc. Our group recently developed

a promising polymer, brominated polythio-
phene, which can enable a record photovoltaic performance of
11% of QD solar cells with polythiophene-based HTMs.[*!]
Additionally, our group proposed an aggregation-suppressed
blending strategy of polymeric HTMs, which can deliver a high
performance of 13% for directly synthesized QD solar cells.*”!
Recently, a diketopyrrolopyrrole-based polymer was successfully
synthesized for the high-performance organic HTMs.[**! Tts high
hole mobility and favorable energy level enabled a record photo-
voltaic performance of 13.5% and a superior fill factor (FF) of
70% for QD solar cells.
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Despite the great advance, the overwhelming majority of reports
on organic HTMs generally employ halogenated solvents for solar
cell processing.***! It is well established that halogen atoms will
accumulate into human body and ecosystems, which may lead to
the severe hazard for health and environment. Therefore, it is
exceedingly urgent to find eco-friendly substitutes for toxic solvents
in the processing of QD solar cells, which will greatly advance the
large-scale application. Only Park group processed organic HTMs
with a nonhalogenated solvent, 2-methylanisole for QD solar cells,
which can only achieve a comparable photovoltaic performance
with that by halogenated solvents.[*! To the best of our knowledge,
there exist no reports on the systematic investigation of the perfor-
mance of organic HTMs with various solvents, which has greatly
compromised the superiority of QD solar cells and led to a great
gap for commercial applications.

To bridge the gap, we employed the cheapest conjugated
polymer, poly(3-hexylthiophene) (P3HT), to reveal the crucial
role of the solvent-dependent HTM morphology in optimizing
QD/polymer hybrid solar cells and explored the use of nonhalo-
genated solvent processing for the devices. Six commonly used
solvents were employed to process poly(3-hexylthiophene) films
for QD/organic hybrid solar cells. The o-XY-processed P3HT
enabled a champion photovoltaic performance of 8.7%, which
was the highest value for QD/P3HT solar cells. Moreover, the
molecular stacking and film morphology were systematically
characterized via atomic force microscopy (AFM), transmission
electron microscopy (TEM), and grazing incidence wide-angle
X-Ray scattering (GIWAXS), which can reveal the underlying
mechanism of the striking performance with o-XY-processed
films. Last but not the least, the interaction parameter
between polymer and solvents was employed to further
build the guideline of solvents processing for QD/polymer
hybrid solar cells.
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2. Results and Discussion

The P3HT used in this work was synthesized by eco-friendly
polycondensation as recently reported.””%! For PbS QDs, we
employed directly synthesized QD inks, which exhibited the
encouraging electrical and optical properties, compared with
the conventional QDs with phase conversion ligand exchange.
Moreover, the directly synthesized QDs can deliver the superior
photovoltaic performance and stability. With these benefits, we
prepared the directly synthesized QDs according to our recent
work.?'?? The nuclear magnetic resonance spectrum of
P3HT can be found in Figure S1, Supporting Information, from
which we can determine the regioregularity (~90%). Gel perme-
ation chromatography was employed to characterize the molec-
ular weight and polydispersity index of P3HT, and the results are
plotted in Figure S2 and Table S1, Supporting Information.>”
Additionally, cyclic voltammetry was employed to confirm the
energy level of P3HT (Figure S3, Supporting Information),
which exhibited a highest occupied molecular orbital (HOMO)
energy level of ~4.86 eV. Combined with the absorption results
(Figure S4, Supporting Information), we can draw the energy-
level diagram of QD/polythiophene heterojunction with a favor-
able type-II energy-level alignment (Figure S5, Supporting
Information).2'33!

Subsequently, this work aims to build fundamental relation-
ships between casting solvent, film morphology, and photovoltaic
performance by screening six organic solvents, including three
halogenated solvents (chloroform (CF), chlorobenzene (CB),
and dichlorobenzene (DCB) and three nonhalogenated solvents
such as o-xylene (0-XY), tetrahydrofuran (THF), and 2-methyl-
tetrahydrofuran (Me-THF), in which P3HT all exhibited excellent
solubility. These solvents span from high toxicity to low toxicity.
Nevertheless, film absorption results indicated that P3HT
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Figure 1. a) Device structure of QD/P3HT hybrid solar cells, the schematic diagram of CQD/P3HT heterojunction, and the molecular formula of P3HT.
HTL denotes hole-transporting layer. b) The PCE values of QD/P3HT hybrid solar cells studied in this work and molecular formula of the different solvents

for P3HT interlayers.
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processed with different solvents presented distinct absorption
coefficient, indicating the different aggregation of polythiophene
in various solvents (Figure S6, Supporting Information). Among
them, o-xylene-processed P3HT delivered the maximum absorp-
tion coefficient, which was favorable for the solar complementary
absorption with QD active layer. Additionally, photolumines-
cence (PL) characterization was employed to reveal the carrier
transport performance of QD/polythiophene heterojunction, and
the results are plotted in Figure S7, Supporting Information. It
can be clearly seen that all the heterojunction presented the single
PL peak from polythiophene, indicating the efficient hole transfer
from QDs to P3HT. Moreover, we also observed the distinct PL
peaks of polythiophenes processed with various solvents, which
also revealed the different aggregation in various solvents.**!
Encouraged by the different absorption and PL results,
we proceeded to explore the photovoltaic performance of

www.solar-rrl.com

QD/polythiophene hybrid solar cells with different solvents.
We employed the widely used structure of ITO/ZnO/PbS
QDs/polythiophenes/MoO,/Ag (Figure 1a), which had the
optimized thickness ~250 and ~30nm for the PbS QD active
layer and the P3HT interlayer, respectively. The J-V curves of
QD/polythiophene solar cells with different solvents are shown
in Figure S8, Supporting Information, from which we can
observe the distinct photovoltaic performance. Specifically, the
QD solar cells with CF, THF, and Me-THF exhibited the inferior
power conversion efficiency (PCE) of below 5.5%, mainly stem-
ming from the low short-circuit current density (Jsc) and FF. For
CB and DCB counterparts, the moderate photovoltaic perfor-
mance was achieved with a PCE of over 6%, which was compa-
rable with the prior reports on QD/P3HT solar cells.!”**
Nevertheless, the open-circuit voltage (V,) and FF still had great
improvement room, according to our recent work.?!] We

Table 1. Photovoltaic parameters of the QD/P3HT hybrid solar cells under AM1.5 G irradiation.

Solvent for P3HT

VOC [V]

Jse [NAcm™?]

FF [%]

PCE [%]

CF 0.556 (0.551 = 0.004) 21.57 (21.18 +0.26) 32.85 (32.65 +0.71) 3.94 (3.81+0.12)

Me-THF 0.561 (0.535 =+ 0.026) 24.67 (23.83 £ 1.11) 37.03 (35.90 & 2.56) 5.13 (4.57 +0.38)

THF 0.548 (0.551 =+ 0.004) 24.86 (24.25 % 0.26) 39.42 (37.84 £ 0.89) 537 (5.06 +0.14)

cB 0.564 (0.561 % 0.002) 25.03 (24.98 40.15) 43.93 (43.66 +0.42) 6.20 (6.12 +0.05)

DCB 0.546 (0.548 +0.007) 26.25 (25.57 +0.52) 45.35 (45.69 + 0.43) 6.50 (6.40 = 0.06)

0-XY 0.617 (0.596 +0.011) 26.65 (25.83 +0.42) 52.83 (54.25 + 0.68) 8.70 (8.35+0.21)
(a) (b)
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Figure 2. a) AFM and TEM images, b) PSD profiles, and c) characteristic size scales of P3HT interlayers casted from different solvents.
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proceeded to investigate the performance of QD solar cells with
P3HT processed by 0-XY and observed the marked improvement
of Vo, Jse, and FF (Figure 1b and Table 1), resulting in a cham-
pion PCE of 8.7% (Figure S9, Supporting Information). More
strikingly, the achieved V. of 0.62 V was the record voltage value
reported to date for QD/P3HT hybrid solar cells. The signifi-
cantly improved V,. by 0-XY may be explained with the recent
report by Zhong et al.*® that different solvents may induce dis-
tinct aggregation in the vertical direction of P3HT layer, resulting
in the diversity of interfacial ionization energy and less carrier
recombination. Additionally, the results from the V.. depen-
dence on light intensity also exhibited low trap-assisted
carrier recombination, coincident with the above discussion
(Figure S10, Supporting Information).

To gain more insight into the encouraging photovoltaic
performance, the surface morphology of the P3HT processed
with different solvents was characterized with AFM and
TEM.P”?®¥ The AFM height images and TEM images are shown

(@)

20

2 (nm”)
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in Figure 2a, and AFM phase images are plotted in Figure S11,
Supporting Information, from which we can clearly observe the
stark morphology difference of P3HT films processed with
different solvents. The root-mean-square surface roughness
(Ry) of all polythiophene films was extracted, and the films with
CF and THF presented the high Ry of ~1.5 nm, which was not
favorable for carrier transport between QDs and P3HT, as
revealed by our recent work.?"*? For the P3HT film processed
with 0-XY, the moderate R for efficient carrier transport was
achieved, which resulted in the improved photovoltaic perfor-
mance. Additionally, we further performed the fast Fourier trans-
form analysis of power spectral density (PSD) profiles, which can
deliver a quantitative analysis of feature sizes (Figure 2b). There
exists clear difference in the characteristic length scales of P3HT
films with different solvents (Figure 2c). The films processed
with CB and DCB presented the small feature sizes, which
can explain the inferior J,. and FF of the corresponding
QD/polythiophene solar cells. By contrary, the films with
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Figure 3. a) 2D GIWAXS patterns, b) 1D out of plane scattering profiles, c) the (010) d-spacings (left) and coherence lengths (right), and d) the pole figure
analysis of GIWAXS patterns of P3HT interlayers casted from different solvents.
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0-XY exhibited a moderate domain size, which can partially
explain the efficient carrier transport and high photovoltaic
performance.

To further uncover the underlying mechanism of the distinct
performance of P3HT films with different solvents, GIWAXS
was employed to characterize the detailed molecular stacking.**)
The 2D diffraction patterns of P3HT films are plotted in
Figure 3a, from which we can observe the noteworthy difference
of the stacking and orientation with various solvents. The films
with CF, THF, and Me-THF exhibited the strong (100) signals,
indicating high crystallinity, which was consistent with the rela-
tively rough morphology from AFM images. The film with 0-XY
presented the low crystallinity, which is in line with its smooth
morphology and high photovoltaic performance. To deepen the
understanding of molecular stacking, the 1D scattering profile
analysis of P3HT films was performed, and the out-of-plane
and in-plane profiles are plotted in Figure3b and S12,
Supporting Information, respectively. Accordingly, we can deter-
mine the d-spacing and coherence length (L) of P3HT films,
which presented the similar d-spacings, but distinct L.. The film
processed with 0-XY achieved a high L. of 55 A, corresponding to
more ordered stacking and high photovoltaic performance
(Figure3c).*”! Further pole figure analysis revealed that P3HT film
processed by 0-XY had the favorable face-on/edge-on ratio, which
is often desired for efficient charge transport (Figure 3d). From the
above discussion, we can confirm the favorable stacking and crys-
tallinity of P3HT films processed by 0-XY solvent, which was favor-
able for carrier transport and photovoltaic performance.

www.solar-rrl.com

Based on the above encouraging results, we can further eluci-
date the relationships between processing solvents, molecular
stacking, film morphology, and photovoltaic performance.***?
We chose three representative solvents, i.e., CB, THF, and
0-XY for the following discussion. From the GIWAXS results,
we can conclude that the molecular aggregation was gradually
enhanced for the films processed by CB, 0-XY, and THF, which
was consistent with the trend of characteristic length scales from
AFM and TEM images (Figure 4a). The moderate aggregation of
0-XY-processed P3HT can enable efficient carrier transport and
high photovoltaic performance. To further reveal the underlying
mechanism, we performed the theoretical analysis via the
interaction parameter and x between P3HT and various
solvents.****] The solvent properties are shown in Table S2,
Supporting Information, and the detailed calculation process
can be found in Supporting Information. It is well established
that small y indicates the strong interaction between
polymer and solvent, which may result in low aggregation.
Interestingly, the y values exhibited a mostly linear relationship
with the corresponding characteristic length scales (Figure 4b). It
can be clearly seen that 0-XY can enable the moderate y,
therefore resulting in the favorable stacking and morphology.
Consequently, a simple guideline on screening casting solvents
for high-performance QD/polymer hybrid solar cells emerges.
The moderate interaction parameter between polymer and
solvent will result in favorable molecular stacking and film
morphology, therefore delivering high photovoltaic performance
(Figure 4a—d).
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Figure 4. a) Schematic diagram of P3HT aggregation in films by using different solvents. b) The interaction parameter between P3HT and various
solvents. c) The relationship between characteristic size scale and y parameter for P3HT with different solvents. The dashed line is a linear fit.

d) The PCE and FF values of the QD/P3HT hybrid solar cells.
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3. Conclusions

In summary, this work revealed the profound impact of casting
solvents on the hole-transporting interlayers and photovoltaic
performance in QD/polythiophene hybrid solar cells. The
0-XY-processed P3HT enabled a champion photovoltaic perfor-
mance of 8.7%, the highest value for QD/P3HT solar cells.
The AFM and TEM results indicated that P3HT films processed
by o-XY presented moderate morphology and characteristic
length scales, which can deliver high photovoltaic performance.
Moreover, GIWAXS results also revealed the favorable stacking
and crystallinity of 0-XY-processed P3HT film. Finally, the inter-
action parameter between polymer and solvents was employed
to further build the guideline of solvents screening for these
QD/polymer solar cells. As new polythiophenes are developing
rapidly,**~*®! these nonhalogenated solvents might aid in con-
structing high-performance and cost-effective QD /polythiophene
hybrid optoelectronic devices with low hazards for human health
and environment. These explorations are under way.

4. Experimental Section

Material Synthesis: PbS QDs were synthesized in our laboratory based
on the recent work. The P3HT sample (M,, = 73.9 kg mol™', RR = 90%)
was identical to a batch used in our prior report. All solvents were
purchased from Sigma Aldrich without further purification.

Device Fabrication: The prepared PbS QDs (1100 mgmL™") were
dissolved in DMF for ~30min. P3HT (6 mgmL™") were dissolved in
different solvents and stirred at 55°C without any solvent additives.
This work employed the widely used device structure of ITO/ZnO/PbS
QDs/polythiophenes/MoO,/Ag. ITO substrates were cleaned with deter-
gent, deionized water, acetone, and isopropanol for 15 min, respectively.
The ITO substrates were treated with ultraviolet ozone for 25 min. The
ZnO sol-gel was spin-coated on ITO glass substrates at 3000 rpm for
40's and then annealed at 200 °C for 1 h. This process was repeated twice
to obtain 100nm ZnO flims. Subsequently, the prepared PbS QDs
solution was spin-coated on ZnO at 2000-2500 rpm for 30 s with a thick-
ness of 2250 nm and were annealed at 75 °C for 15 min. Then P3HT was
spin-coated on QD active layer at 2000 rpm for 30's and then oxidized in
air for 1 h. Thereafter, MoO,/Ag (8 nm/100 nm) anode was thermally
evaporated under low pressure (<1.5 x 107* Pa).

Characterizations: Optical Properties: The absorption spectra of P3HT
films casted from different solvents were measured by Shimadzu
UV-3600 Plus spectrometer. Photoluminescence (PL) of PbS QDs/
P3HT heterojunction was measured by the FLIM equipment consisting
of the confocal optical microscope (Nanofinder FLEX2, Tokyo
Instruments, Inc.). The thickness of P3HT films was measured by the
surface profilometer Bruker Dektak XT.

Characterizations:  Electrical ~ Properties: The |-V curves of
QD/polythiophene hybrid solar cells were measured by the Keithley
2400 source meter under the standard AM 1.5G spectrum with an AAA
solar simulator (SS-F5-3A, Enli Technology Co. Ltd, Taiwan).

Characterizations: Morphology Characterizations: The AFM images of
P3HT films casted from different solvents were collected by the Bruker
MultiMode 8 AFM in tapping mode, and the TEM images were captured
by the JEOL JEM-2100PLUS electron microscope.

Characterizations: GIWAXS Characterizations: The P3HT films with
different solvents were prepared on silicon substrates to form GIWAXS
samples. GIWAXS experiments were performed at the beamline TW1A
of Beijing Synchrotron Radiation Facility (BSRF). The X-Ray energy was
8 keV. The incidence angle was 0.2°, and the sample-to-detector distance
was 453 mm by careful calibration.
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Supporting Information is available from the Wiley Online Library or from
the author.
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