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The ability to control the morphologies of active layers is a critical factor in the successful development of
polymer solar cells (PSCs), and solvent processing additives offer a simple and effective way to accomplish
this. In particular, diphenyl ether (DPE) is one of the most effective solvent additives but analogous additives
based on this structure have not yet been extensively investigated. In this work, we have fabricated PSCs and
investigated photovoltaic device characteristics using the series of non-halogenated, diphenyl-chalcogen
solvent additives; DPE, diphenyl sulfide (DPS) and diphenyl selenide (DPSe). DPS devices showed optimal
power conversion efficiencies (PCEs) of up to 9.08%, and DPE devices also showed similarly high PCEs
of up to 8.85%. In contrast, DPSe devices showed relatively low PCEs (5.45% at best) which we attribute
to significant surface recombination and high series resistance, which led to limited open-circuit voltage
(Voc). In the case of DPS, fast, field-independent photocurrent saturation with negligible bimolecular
recombination led to efficient charge separation and collection, which resulted in the highest PCEs.
Additionally, using 1,2,4-trimethylbenzene and DPS as an entirely non-halogenated solvent/additive
system, we successfully demonstrated device fabrication with comparably high PCEs of up to 8.4%. This
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morphological control of the active layer is the most funda-
mentally important characteristic which influences device
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Polymer : fullerene bulk-heterojunction solar cells (PSCs) have
attracted great attention over the past two decades due to their
many unique advantages such as their compatibility with simple
and low-cost fabrication processes; large-area processability
using scalable solution-based printing techniques; light-weight
and mechanical flexibility."” Recently, high power conversion
efficiencies (PCEs) over 11%, which are comparable with amor-
phous silicon solar cells, have been reported using newly
designed conjugated polymers and non-fullerene acceptors.®*
High-performance PSCs can be achieved using several device
fabrication strategies; incorporating effective electron or hole
transport layers,® wvia morphological control of bulk-
heterojunction (BHJ) active layers,”® using tandem structured
devices,>" via photocurrent enhancement with surface plasmon
resonance effects and so on.™™ Among these strategies,

“Department of Energy Engineering, Ulsan National Institute of Science and
Technology (UNIST), Ulsan 44919, South Korea. E-mail: jykim@unist.ac.kr
*Department of Chemistry, Kyung Hee University, Seoul 02447, South Korea. E-mail:
walker@khu.ac.kr

T Electronic supplementary information (ESI) available: Crystalline packing
properties (GIWAXS) and additional photovoltaic characteristics. See DOI:
10.1039/c8ra08317g

This journal is © The Royal Society of Chemistry 2018

performance. It has been demonstrated that film morphology
can be easily adjusted by using solvent processing additives such
as 1,8-diiodooctane (DIO), 1,8-octanedithiol (ODT), 1-chlor-
onaphthalene (CN), 1,2,4-trichlorobenzene (TCB), diphenyl ether
(DPE), 2,3-dihydroxypyridine, 2,3-dihydroxypyridine etc., and
these solvent additives help to enhance device performance.®'*>*

So far, reports of high-performance PSCs have almost always
involved optimization with halogenated solvents such as chloro-
benzene (CB) and 1,2-dichlorobenzene, due to their excellent
solvation of conjugated polymers. In addition, the most commonly
reported solvent additives such as DIO, TCB and CN also include
halogen atoms. However, halogenated solvents are hazardous to
the natural environment and human health through either vapor
or dermal exposure. Therefore, it would be highly desirable to use
non-halogenated solvents to process PSCs, if possible.

Recently, environmental-friendly processed PSCs have been
reported using anisole, 1,2,4-trimethylbenzene (TMB), 2-methyl-
anisole, o-xylene and toluene as host solvent, and 1,2-dimethyl-
naphthalene and 1-phenylnaphthalene as solvent additives.”*>”
With these non-halogenated solvent systems, the high PCE was
achieved over 11% suggesting great potential of non-halogenated
solvents.”® As non-halogenated solvent processed PSCs have
attracted considerable attention recently, non-halogenated
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solvent processing additives merit further investigation for the
continued development of environmentally friendly PSCs.

DPE is an excellent example of an effective non-halogenated
solvent additive which promotes the formation of effective film
morphologies and enhanced PCE values in a wide range of
conjugated polymers. In particular, it is one of the most effec-
tive additives for use with semi-crystalline polymer based BHJs.
For instance, poly|[(2,5-bis-(2-hexyldecyloxy)phenylene)-alt-(5,6-
difluoro-4,7-di(thiophene-2-yl)benzo[¢][1,2,5]-thiadiazole)]
(PPDT2FBT) : [6:6]-phenyl-C,;-butyric  acid methyl ether
(PC,;BM) PSCs showed great PCE enhancement from 3.23% to
8.64% upon introduction of DPE.”® Furthermore, DPE is espe-
cially effective in thick active-layer PSCs, which produce larger
short-circuit current densities (J/sc) through complete absorp-
tion of incident light, since it produces desirable morphologies
throughout the whole film.***® Y. Li et al reported 8%
of PCE (with high Jsc = 17.19 mA cm ?) in 270 nm thick of
poly(2,2":5',2"-terthiophene-alt-2,3-bis(3,4-bis(octyloxy)phenyl)-
6,7-difluroquinoxaline) (PDFQx-3T): PC,;BM PSCs which
showed well phase-separated film morphologies with low RMS
roughness of 1.6 nm and low bimolecular recombination.*

Although DPE has been demonstrated as one of the most
effective solvent additives discovered to date, a detailed
understanding of why it is effective, and investigation of
structurally related compounds is lacking. For instance, it
might be expected that diphenyl sulfide (DPS) and diphenyl
selenide (DPSe), which have similar molecular structures to
DPE, may also be good candidates for non-halogenated solvent
additives and yield improved device performance. Indeed, Y.
Xia et al. reported that the PCE of a newly synthesized donor
polymer : PC;;BM-based PSCs was greatly improved from
0.21% to 4.43% when DPS was used as a solvent additive.*®
Although DPS showed outstanding properties as solvent addi-
tive, there are still no reports which thoroughly investigate the
structure-property—-function relationships for these additives
(DPE, DPS and DPSe, so called DPX) to PSC performances.

In this work, the photovoltaic characteristics of poly
[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithio-
phene-co-3-fluorothieno[3,4-b]thiophene-2-carboxylate] (PTB7-
Th) : PC,1BM PSCs were investigated using the series of DPX
additives with CB as the main solvent. Compared to control
devices (without additives), all three DPX additives dramati-
cally enhanced the short-circuit current density (Jsc) from 13.0
mA cm ? to over 16.0 mA cm > due to desirable, phase-
separated film morphologies. The PSCs using DPS showed
the best photovoltaic performance among the three solvent
additives, with up to 9.08% PCE, while devices using DPE also
showed high PCEs of 8.85%. Devices with DPSe, however,
exhibited significantly lower PCEs of 5.91% or less, largely due
to low open-circuit voltages (Voc) of only 0.68 V (compared to
~0.80 V for the other additives). Analysis of the carrier
dynamics in these devices reveals that the low PCE in DPSe
devices originates from high surface recombination. Devices
with DPS, however, exhibited negligible bimolecular recombi-
nation and efficient charge separation and extraction.
Furthermore, DPX additives were investigated using TMB as
a main solvent in a completely non-halogenated solvent
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system. PSCs with DPS additive showed excellent photovoltaic
properties with excellent PCE (8.24%), comparable to devices
fabricated using CB. This report marks the first of its kind to
provide a detailed, structure-function analysis of the class of
additives based on the DPX topology to polymer BH]J films and
photovoltaic device performances. Furthermore, PSCs with
DPS exhibited the best device performances (PCE over 9%),
suggesting it can be useful to fabricate PSCs through
environmental-friendly solution processes.

Experimental section

General

PTB7-Th and PC,;BM were purchased from 1-Material and
Organic Semiconductor Materials (OSM, Republic of Korea),
respectively. Diphenyl ether and diphenyl sulfide were
purchased from Sigma Aldrich and diphenyl selenide was
purchased from Alfa Aesar. AFM height and phase images were
obtained using a Veeco AFM microscope in tapping mode.
Grazing incidence wide-angle X-ray scattering (GI-WAXS)
measurements were carried out at the PLS-II 9A U-SAXS beam
line of Pohang Accelerator Laboratory, Republic of Korea.

Fabrication and characterization of PSCs

PSC devices were prepared with a conventional structure of glass/
indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS)/active layer/Al. Patterned ITO coated glass
substrates were cleaned by ultra-sonication with deionized water,
acetone and isopropyl alcohol. Then the substrates were dried in an
oven at 100 °C overnight. PEDOT:PSS (Baytron, Al 4083) layers were
spin coated on ITO substrates, and baked on a hot plate at 140 °C for
10 min in air. After baking, substrates were brought into a N, filled
glove box. For PTB7-Th : PC,;BM (1 : 1.5, w/w) PSCs, blend solutions
were prepared in chlorobenzene (CB) and 1,2,4-trimethylbenzene
(TMB) with 3 vol% of diphenyl ether (DPE), diphenyl sulfide (DPS)
and diphenyl selenide (DPSe) with total concentrations of 35 mg
mL ' and 30 mg mL ", respectively. The solutions were stirred at
60 °C overnight prior to spin casting. After coating active layers,
substrates were brought into a high vacuum chamber (~10° torr),
and Al (100 nm) was deposited by thermal evaporation. Device areas
were 13 mm”. Measurements were conducted in a nitrogen filled
glove box using a high quality optical fiber to lead the light from
a xenon arc lamp solar simulator. Intensity was calibrated at 100
mW cm 2 with a standard silicon photodiode. Current density-
voltage (/-V) characteristics were measured with a Keithley 2635A
source measurement unit. Light intensity dependences of short-
circuit current density (Jsc) and open-circuit voltage (Voc) were
measured with neutral density filters. External quantum efficiency
(EQE) was measured in the air using an EQE system (Model QEX7)
by PV measurements Inc. (Boulder, Colorado).

Results and discussion
Material properties

To analyse the effects of DPX solvent additives on photovoltaic
characteristics, we fabricated PSCs with high-performance BH]J

This journal is © The Royal Society of Chemistry 2018
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active layer: PTB7-Th : PC,,BM. PTB7-Th is known as a semi-
crystalline conjugated polymer, and constitutes an appro-
priate candidate to check additive effects of DPX, since PTB7-Th
has been widely studied as reference material with well-known
properties, and also its semi-crystalline characteristics is
appropriate for use with DPE.'**® Detailed molecular structures
and calculated dihedral angles (by DFT simulation) for the DPX
series are shown in Fig. 1a and c, respectively. As the size the
heteroatoms (X’ in DPX) become larger, the dihedral angle
increases from 34.2° to 37.2° to 47.5° for DPE, DPS and DPSe,
respectively. Furthermore, as the ‘X’ atoms in DPX become
heavier, the boiling point (at 760 mmHg pressure) of each
solvent increases; 258 °C, 296 °C, and 335 °C for DPE, DPS, and
DPSe, respectively. Interestingly, the melting point of DPS
occurs at the sub-zero temperature of —40 °C, whereas DPE and
DPSe have higher melting points of 26 °C and 3 °C, respectively.
This stable liquid state of DPS facilitates device fabrication
regardless of ambient temperatures in research laboratories or
factories.

Photovoltaic properties and morphology

PSCs were fabricated in conventional structures with the
architecture: indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiopene) polystyrene sulfonate (PEDOT:PSS)/
PTB7-Th : PC,;BM/AL A corresponding energy band diagram is
shown in Fig. 1b. For the active layer (PTB7-Th : PC,;BM), CB
was used as the main solvent and 3 vol% of DPX processing
additives were added. Detailed device fabrication procedures
are described in the Experimental section. Photovoltaic prop-
erties of the PSCs were investigated by comparison with control
devices (only CB used) and CB + 3 vol% DPX devices. Corre-
sponding current density-voltage (/-V) curves and external
quantum efficiency (EQE) spectra are shown in Fig. 2a and b,
respectively. Detailed photovoltaic parameters are described in
Table 1. Control devices with no additives showed low PCEs of
4.98% or less, whereas devices processed with DPX showed
higher PCEs of 8.85%, 9.08% and 5.91% for DPE, DPS and

(@) (b) -
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DPX -43 eV
prez-Th 42V Al

-4.7 eV
-5.3 e
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Fig. 1 (a) Molecular structure of DPX processing additives. (b) Energy
band diagram of PTB7-Th:PC;BM PSCs. (c) Detailed molecular
structure and dihedral angles of DPX additives calculated by DFT.
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Fig. 2 (a) J-V characteristics, (b) EQE spectra and (c) statistical

histogram of PTB7-Th : PC,BM PSCs with different solvent additives.
(d) Normal distribution curve for PCE values with comparison between
DPE and DPS devices. (d is calculated as Cohen's d which is a statistical
term.)

DPSe, respectively. Except for DPSe devices, both DPE and DPS
devices showed excellent performance. In particular, DPS
devices exhibited the best photovoltaic device performance
including a Jsc of 16.8 mA cm ™2, Vo of 0.81 V and FF of 0.67,
leading a PCE over 9%. Furthermore, as shown in statistical
distribution of PCE as shown in Fig. 2c, the average PCE
(PCE,yg) of DPS devices is around 8.4% while PCE,,, of DPE
devices was around 8.2%. In order to determine whether the
observed increase in PCE is statistically meaningful, we calcu-
lated Cohen's d value, which is defined as the difference
between two means divided a common standard deviation for
the data sets, providing a quantitative difference for specific
phenomenon between two independent groups.*® Since the
difference between PCE,,, of DPE and DPS devices is relatively
small (around 0.2%), the significance of this difference can be
ascertained by calculating Cohen's d. If Cohen's d is 0.2, 0.5 or
0.8, this corresponds to small, medium or large effects,
respectively. As shown in Fig. 2d, calculated Cohen's d for
devices prepared with DPE vs. DPS is 0.54 indicating a moderate
effect, or greater than 69.1% confidence that devices processed
with DPS yield higher average performance than DPE. This
small but statistically significant increase in PCE in DPS devices
(compared to DPE devices) is related to reduced bimolecular
recombination, which will be discussed subsequently.
Compared to DPE and DPS devices, the Jsc of DPSe devices was
a similar value of 16 mA cm™2 however, the Voc and FF were
significantly lower at 0.68 V and 0.53, respectively. The reason
for low Vo and FF in DPSe devices may originate from surface
recombination or traps which render DPSe an ineffective pro-
cessing additive, despite an improved Jsc.

To investigate the influence of processing additives on film
morphologies in detail, we first analysed the molecular ordering
and packing structures of PTB7-Th : PC,;BM blend films via

RSC Aadv., 2018, 8, 39777-39783 | 39779


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08317g

Open Access Article. Published on 28 November 2018. Downloaded on 4/3/2026 3:47:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 1 Summary of photovoltaic parameters of PTB7-Th : PC71BM PSCs processed with different solvent additives
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Voc [V]

FF

PCE [%]

0.80 (0.79 + 0.02)
0.80 (0.80 + 0.01)
0.81 (0.80 + 0.01)

0.76 (0.76 & 0.01)
0.78 (0.78 £ 0.00)
0.79 (0.79 + 0.00)

0.48 (0.48 + 0.01)
0.67 (0.66 £ 0.02)
0.67 (0.67 & 0.01)

0.53 (0.53 + 0.02)
0.62 (0.63 + 0.01)
0.65 (0.65 = 0.01)

4.98 (4.80 + 0.24)
8.85 (8.20 + 0.41)
9.08 (8.40 + 0.32)
5.91 (5.45 + 0.34)
6.06 (5.61 + 0.32)
8.02 (7.50 + 0.26)
8.24 (7.80 + 0.31)

Solvent Solvent additive (3 vol%) Jsc [mA em™?]

CB“ Control 13.0 (12.4 + 0.51)
DPE 16.5 (15.6 + 0.61)
DPS 16.8 (15.7 £ 0.66)
DPSe 16.4 (14.8 £ 0.75)

TMB? Control 14.9 (14.0 + 0.46)
DPE 16.5 (15.3 + 0.65)
DPS 16.1 (15.2 £ 0.65)
DPSe 15.3 (14.9 + 0.33)

¢ Average values obtained from 30 devices are stated in parentheses.

grazing incidence wide-angle X-ray scattering (GIWAXS). As
shown in Fig. S1,} all of the film processing conditions showed
negligible differences in GIWAXS pattern images and line-cut
profiles, except for a slight enhancement of the (100) peak
intensity for DPX films along the g, direction. This indicates
that DPX does not strongly affect the molecular ordering of BHJ
films, although (100) lamellar interactions in the g, direction
were slightly strengthened by DPX additives.

We also analysed PTB7-Th : PC,;BM blend films via atomic
force microscopy (AFM), in order to characterize the surface
morphologies. As shown in Fig. 3, a lot of aggregated features
with large domain size (~100 nm) were observed for control
films with no additives, and this large domains might be
attributed to the fullerene-rich regions.** These control films
exhibited an RMS roughness of 3.43 nm; the morphologies and
roughness are consistent with previously reported results for
PTB7-Th : PC,,BM BH]Js.**** However, upon using DPX addi-
tives, the aggregation was significantly reduced with decreased
RMS roughness of 1.55 nm, 1.75 nm and 1.81 nm for DPE, DPS
and DPSe, respectively. Furthermore, relatively small aggre-
gated features were evenly distributed throughout the film
compared to control films, which suggests that the surface area
between donor and acceptor phases is larger for all films pro-
cessed with DPX additives, which is consistent with the increase
Jscs from 13 mA ¢cm ™2 to more than 16 mA cm™ > upon pro-
cessing with all three DPX additives. Therefore, DPX additives
facilitated the formation of well phase-separated film
morphologies without changing intermolecular ordering and

( (
( (
( (
0.68 (0.70 + 0.03) 0.53 (0.53 + 0.03)
( (
( (
( (
( (

0.72 (0.69 =+ 0.02) 0.49 (0.49 + 0.01) 5.43 (5.05 £+ 0.22)

b Average values obtained from 10 devices are stated in parentheses.

packing properties, a phenomenon which has been docu-
mented in previous studies.”®

Charge carrier recombination and transport properties

To elucidate the mechanisms of charge recombination in PSCs
processed with and without DPX additives, light intensity (jighe)
dependent Jsc and Voc values were measured. In general, Jsc
follows a power law of Jgc « Ilights, where Ijjgp, is the incident
light intensity and s is an exponent. As s approaches unity, this
indicates that bimolecular recombination rates approach zero,
whereas decreasing values of s indicate increasing rates of
bimolecular recombination.*® As shown in Fig. 4a, the control
device with no additive showed the lowest s value of 0.941,
which is consistent with poor photovoltaic performance. For
devices processed with DPX additives, DPS yielded the highest s
value among the three additives of 0.985, indicating that it has
the greatest ability to reduce bimolecular recombination,
resulting in excellent PSC performance. DPE also showed
a similar s value of 0.980. However, in DPSe devices, a signifi-
cantly lower s value of 0.970 was obtained, indicating that the
poor device performance relative to DPS and DPE originates, in
part, from higher bimolecular recombination rates.

If bimolecular recombination is the only loss mechanism in
a given BH]J system, the V¢ follows eqn (1);

Voc = (1)

Epp KT | {(1 - PD)'YNCZ:|
q

PrG

[115 nm

0nm

Control DPSe 30°
‘k um

Fig. 3 AFM (a) topographical and (b) phase images for PTB7-Th : PC#BM blend films processed with different solvent additives.

39780 | RSC Adv., 2018, 8, 39777-39783

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08317g

Open Access Article. Published on 28 November 2018. Downloaded on 4/3/2026 3:47:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

~
Q
N’

@ Control (s=0.941)
@ DPE (s=0.980)
o
" ]

-
o
T

DPS (s=0.985)
DPSe (s=0.970)

2
Jsc (MA cm™)

10 1(I)0
Light Intensity (mW cm?)

()

- ]
10} o
o

J, (MA cm?)

0.1 PPN
0.1 1

Ve-V (V)

View Article Online

RSC Advances

(b)

0.80
@ Control (1.28 kT/q)
@ DPE (1.39 kT/q)
@ DPS (1.40 kT/q)
0.75Fa DPSe (0.41 kT/q)
—_ ¢
2
8o70f
>
)
0.65} @
10 100

Light Intensity (mW cm?)

~~~
o
N

5 Control
10" r——ppE
F——DPS
10° f——DPSe

Current density (mA cm?)
>

Voltage (V)

Fig. 4 Lightintensity dependent (a) Jsc and (b) Voc of PTB7-Th : PC7BM PSCs. (c) Photocurrent density (Jpn) —effective voltage (Ve = Vo — V)
and (d) dark current density (Jp)—voltage (V) characteristics for PTB7-Th : PC7,BM PSCs.

where Eg,, is the energy difference between the HOMOnor and
LUMOgcceptors 4 is the elementary charge, k is the Boltzmann
constant, 7 is temperature in Kelvin, Py is the dissociation
probability of the electron (e)-hole (h) pairs, v is the Langevin
recombination constant, N is the effective density of states,
and G is the generation rate of bound e-h pairs. Since G is the
only parameter directly proportional to Ijgn, we can obtain
information about the existence of additional trap-assisted
recombination from Voc vs. In(figng) plots.***” As shown in
Fig. 4b, control devices showed a slope of 1.28 kT/q, while the
slope values for DPE, DPS and DPSe devices were observed to be
1.39, 1.40 and 0.41 kT/q, respectively. Although the slope value
of control devices was closest to kT/q (which indicates the lowest
rate of trap-assisted recombination among all conditions),
considering these results together with Jsc vs. Ljgn, indicates
that the combination of relatively high rates of bimolecular
recombination and low rates of trap-assisted recombination
together resulted overall poor device performance. Similarly,
although DPE and DPS devices showed slightly higher trap-
assisted recombination compared to control devices, their
negligible bimolecular recombination leads to superior device
performance. In the case of DPSe devices, however, an unusual
slope value lower than k7/g was observed which indicates a high
rate of surface recombination, rather than trap-assisted
recombination, leading to a limited Vpc.**™*°

To investigate the location of surface recombination in the
devices, we fabricate devices with the configuration ITO/
PEDOT:PSS/3% DPSe/active layer (3% DPE)/Al, where 3% DPSe
indicates spin-coating of CB + 3 vol% DPSe solvents on the

This journal is © The Royal Society of Chemistry 2018

PEDOT:PSS layer. As shown in Fig. S2 and Table S1,7 this device
showed almost identical device characteristics to those pro-
cessed with DPSe in the active layer; therefore we consider that
the surface recombination in DPSe devices occurs at the
boundary between PEDOT:PSS and the active layer. Further-
more, due to the high boiling point of DPSe, the residual
additive in BHJ films may lead to poor device performance. To
investigate this possibility, we fabricated PSCs with methanol
a (MeOH) washing treatment, which can remove residual
solvent additives due to the insolubility of the active layer in
MeOH but miscibility with additives; this allows residual
additives to be extracted without adversely affecting the active
layer morphology.** As shown in Fig S2 and Table S2,7 after
MeOH treatment, the J-V curves and efficiency of DPSe pro-
cessed devices were recovered, showing PCE (8.39%) compa-
rable to DPE and DPS devices. Therefore, we surmise that
residual DPSe in BH] films affects not only surface recombina-
tion, but may also disturb charge transport.

Photocurrent density-effective voltage (Jpn—Ves) characteris-
tics were collected to investigate charge generation and extrac-
tion properties, as shown in Fig. 4c. In control devices, Joi
became saturated at a high V. of greater than 1 V, indicating
that a high electric-field was needed to completely separate
bound e-h pairs and extract separated charge carriers. In
contrast, DPS devices showed rapid /i saturation at a low Vg of
around 0.19 V, while J,}, saturation in DPE and DPSe devices
occurred at Vg values of around 0.21 and 0.25 V, respectively.
The fast and field-independent J,}, saturation in DPS devices
suggests negligible recombination losses and efficient charge

RSC Aadv., 2018, 8, 39777-39783 | 39781
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collection under operating conditions. Dark current density-
voltage (Jp—V) characteristics were measured as shown in
Fig. 4d. Shunt and series resistance (R, and R, respectively)
values calculated from J,-V curve are summarized in Table S4}
as well. Control devices showed poor diode properties due to
high leakage currents and low Rg,. For DPX devices, leakage
currents in the shunt regime were an order of magnitude lower
than control devices, consistent with high Jscs. However, DPSe
showed the highest R, of 13.5 Q cm” among three DPX devices;
this high R is related to excessive surface recombination, and
leads to poor photovoltaic device performance.*

To confirm that the three DPX solvent additives are effective
in non-halogenated host solvents (as opposed to CB), we fabri-
cated PSCs using fully non-halogenated solvent : additive
systems based on 1,2,4-trimethylbenzene (TMB) as the primary
solvent with the three DPX compounds as solvent additives.
Corresponding J-V curves and EQE spectra are shown in Fig. 5
and summary of photovoltaic parameters is described in Table
1. Among all conditions, DPS devices again yielded the highest
PCEs of up to 8.24%, with corresponding Jsc of 16.1 mA cm 2,
Voc 0f 0.79 V and FF of 0.65. DPE devices also showed high PCEs
of up to 8.02%, whereas control devices and DPSe devices
showed lower PCEs of 6.06% and 5.08%, respectively. The
consistently outstanding device performance observed in DPS
devices fabricated with both CB and TMB as primary solvents
confirms the great potential of DPS for PSC fabrication in
research laboratories and in industry.

m?) o
A

Current density (mA ¢
&

02 00 02 04 06 08 1.0
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EQE (%)
5
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20 —o— DPE
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0 T T T T T
300 400 500 600 700 800

Wavelength (nm)

Fig. 5 (a) J-V characteristics and (b) EQE spectra for PTB7-
Th:PC;BM PSCs using 1,2,4-trimethylbenzene as a primary
solvent.
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Conclusions

In conclusion, we have investigated the photovoltaic charac-
teristics, film morphologies and device properties of PTB7-
Th : PC;;BM PSCs using DPE, DPS and DPSe solvent additives.
Compared to control devices without additives, all three solvent
additives provided increased Jscs of over 16 mA cm 2. This
enhancement is attributed to well-phase-separated film
morphologies with low RMS roughness (~1.5 nm). PSCs with
DPS consistently yielded the best performance among three
additives, with PCEs of great than 9%, a small but significant
improvement compared to DPE devices, which also showed
high PCEs of up to 8.85%. In contrast, DPSe devices showed
relatively low PCEs of 5.91% or less, largely due to a low Vo,
which originated from significant surface recombination and
high series resistance. For DPS devices, quick and field-
independent J,j, saturation with negligible bimolecular recom-
bination occurred, leading to efficient charge separation and
collection and excellent device performance. Finally, we
successfully demonstrated the fabrication of PSCs using fully
non-halogenated solvent : additive systems incorporating TMB
as a primary solvent and DPX materials as solvent additives.
Using TMB as the main solvent, DPS devices showed excellent
PCEs of up to 8.24%, while DPE devices also showed high PCEs
of up to 8.02%, while DPSe devices showed low PCEs of ~5%.
We confirmed that DPS is the most effective solvent additive for
use in PSCs by comparison of the three diphenyl chalcogenide
additives. This work demonstrates the suitability of DPS as an
effective non-halogenated solvent additive for PSC fabrication,
offering the possibility of safe and stable solution-processing
using non-halogenated solvents in ambient conditions consid-
erations which are greatly needed for the industrial develop-
ment and commercialization of PSCs.
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