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ABSTRACT: To understand the vertical phase separation in the bulk junction active layer of organic photovoltaic devices is
essential for controlling the charge transfer behavior and achieving effective charge collection. Here, diphenyl sulfide (DPS) was
introduced as a novel additive into the PTB7-Th:PC,,BM-based inverted polymer solar cells {PSCs), and the effect of additives
on active blend films and photovoltaic characteristics was carefully studied. The results show that DPS could not only modulate
the vertical composition distribution but also promote the ordered molecular packing of the photoactive layer, thus effectively
improving exciton dissociation, charge transport, and collection, and thus exhibit an excellent power conversion efficiency of
9.7% with an improved fill factor (>70%) after using 3% DPS additive. The results show that the DPS solvent additive can
effectively adjust the vertical phase distribution and crystallinity of blend films and improve the photovoltaic performance of the

inverted organic phutuvcl-ltaic devices.
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1. INTRODUCTION

Organic photovoltaic devices were considered prospective
candidates for renewable energy technology owing to their
light weight, compatible with flexible substrates, semitranspar-
ency, and large area fabrication. To boost up power conversion
efficiency (PCE), it was necessary to fine tune the photoactive
layer's morphology in photovoltaic devices.' ™ The ideal
morphology of the photoactive layer should have the feature of
a good bicontinuous interpenetrating network and suitable
phase-separated domains with high purity. This provides not
only sufficient interfaces for efficient exciton separation but
also long enough channels for efficient charge carrier transport
to the corresponding electrodes, and thus reducing free charge
recombination. ~"" In addition, the appropriate surface
composition of the photoactive layer in polymer solar cells
(PSCs) also contributes to effective charge collection,
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Therefore, the photoactive layer should enrich the donor at
the anode side'” and enrich the acceptor at the cathode
side.”'" However, bulk morphologies and composition
distribution of the photoactive layer were strongly influenced
by preparation conditions of thin films, such as the properties
of the donor or acceptor material, host solvent, substrate
property, post-thermal annealing, solvent annea]ing,'T"'“ and
solvent additives. Therefore, development of appropriate
methods to improve the morphelogy and composition
distribution for blend films is of great significance to improve
PSCs. In particular, solvent additive is one effective and simple
approach to improve the morphelogy and compesition
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Figure 1. (a) Chemical structure of PTB7-Th, PC,,BM, DIO, and DPS and (b) the schematic diagram of PSCs.

distribution of active layvers, For these reasons, substantial
additives, such aq 1,8- dlmdnﬂctane, YN -methyl p}rrruhdune,
diphenyl Ether, 1,8- m:t:medlthlul *and chloronaphthalene,”
were been widely used in PSCs and achieved fruitful results,
When additives were added to the host solvent, the kinetics of
film formation would be significantly changed, resulting in
completely different morphologies.” " The solubility of
additives to each component of the active layer has decisive
effects on phase distribution and crystallization of polymers. .
Thus, finding new additives to control the bulk morphologies
and modulate composition distribution of the donor and
acceptor in the blend film is timely and highly desired.

PTBT-Th is a classical polymer in the field of PSCs and has
obvious response to solvent additives. It is an ideal model
system for studying the morphology, phase separation, and
photovoltaic properties of polymer films. In this work, a new
type of high-boiling point additive, diphenyl sulfide (DPS), was
introduced to modulate composition distribution and to
promote crystallinity of the PTB7-Th:PCoBM blend film.
To study the mechanism of the additives on device
performance, the morphology of the active layer and its
vertical distribution were characterized by atomic force
microscopy (AFM), transmission electron microscopy
(TEM), grazing incidence wide-angle X-ray scattering
(GIWAXS), water contact angle (WCA), and time-of-flight
secondary ion mass spectroscopy (TOF-SIMS). Meanwhile,
various electrical measurements with impedance spectroscopy
(IS), the space charge limited current (SCLC), and time-
resolved transient photoluminescence (TRTPL) spectra have
been tested. After optimization of the DPS content, the PCE
was increased from 8.0 to 9.7%, which was higher than that
with 3% DIO (8.8%). The enhanced performance was ascribed
to the promoted crystallinity and formed wvertical phase
segregation owing to the more PTB7-Th distribution on the
surface of the active layer with adding 3% DPS.

13

2. RESULTS AND DISCUSSION

2.1. Photovoltaic Characteristics. The inverted device
with indium tin oxide (ITO)/PFN/PTB7-Th:PC, BM/
MoO,/Ag was prepared. The chemical structure of active
materials and additives is displayed in Figure 1. The I'TO glass
substrates, PFN, MoQ,, and Ag were prepared according to
our previous work.” The photoactive layer PTB7-Th:PC,BM
(total concentration is 31.25 mg mL™', 1:1.5) solution was
dissolved in CB. 3 vol % DIO and various concentrations of
DPS (0.5—5 vol %) were added in CB, respectively,

To explore how the DPS works on the PSCs, inverted
devices were fabricated with varying volume ratios of DPS

from 0.5 to 5% contrast to CB. For comparison, the device
with 3% DIO was also prepared. Figures 2 and 51 show the
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Figure 2. |-V characteristics (a) and EQE spectra of PSCs under
different conditions {b).

current density—voltage (J—V) and external quantum
efficiency (EQE) characteristics of PSCs under different
conditions, and corresponding data are listed in Tables | and
S1.

A poor performance with a PCE of 8.0% of the device
without additive was obtained under the combined effect of
these parameters of a Vs of 0.78 V, a Jo of 159 mA-cm™,
and a low fill factor (FF) of 64.3%. The added 3% DIO devices
relate to the controlled devices, the [, and FF of P5Cs are
raised from 159 mA-cm™ and 64.3% to 16.8 mA-cm™ and
68.1%, respectively, which lead to an enhanced PCE from 8.0
to 8.8%. When 3% DPS was added, Jo- and FF are boosted up
to 17.5 mA-cm™” and 70.4%, and thus a best PCE of 9.7% is
obtained. In addition, the larger Rgy; (increases from 1094.4 to
1352.4 Q-cm” with 3% DPS treatment) and the smaller R of
4.0 Q-cm® after adding 3% DPS into the CB solvent could
lower the rate of charge recombination, improve charge
extraction than that without additives, and decrease the
probability of charge accumulation corresponding to enhance-
ment in both Jo- and FF. Furthermore, the enhanced
photovoltaic characteristics could be ascribed to the optimized
morphology of the photoactive layer, and this will be discussed
below. The EQE of the device with 3% DIO (from 400 to 700
nm) shows slight improvement owing to the morphological
optimization of blend films. Furthermore, 79.94% of EQE is
obtained in the device doped with 3% DPS, exhibiting much
strong ability to collect carriers.

2.2. Morphological 5tudy. To better understand the role
of the additives, the surface and bulk morphology of PTB7-
Th:PC;BM blend films prepared under different conditions
were studied using AFM and TEM. It can be seen from Figure
Ja—c that a lot of high-density and large aggregates of PC, BM
were formed in the film without additives. Their size depended
on the solubility of fullerene in solvents.” " Because the DIO
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Table 1. Characteristic Parameters of Cells Prepared under Different Conditions

additives Vac (V) Joo (mAem™) FF (%) PCE (%) R (£2.cm®) Rg (£2em®)
wlts .78 + 0,01 159 + 02 4.3 + 0.3 2.0+ 03 L8+ 05 10944 + 04
DIy 3% 079 + 0.01 14 4+ (L2 681 + 0.4 48 + 0.3 534+ 03 1137.1 = (L5
DI*S 3% 079 + 0.01 17.5 £ 0.3 T4 4 04 97 + 0.3 4.0 + 0.6 13524 + L5

Figure 3. AFM height images (top row), AFM phase images (middle row), and TEM images (bottom row) of the blend film with different
additives (the scale bar represents 200 nm), (a,d,g) without additives, {b,e,h} 3% DIO, and (ct,i} 3% DPS.
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Figure 4. 2D GIWAXS patterns of blend hlms (a) w/o additives, (b) with DIO, (¢} with DPS, {d) 1D GIWAXS profiles at the in-plane direction
(d) 1D GIWAXS profiles at the out-of-plane direction,
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or DPS can selectively dissolve the PC.,BM, smaller PC,BM
domains can be formed by adding DIO or DPS into the
solution. Therefore, the interface area between two compo-
nents (PTB7-Th and PC, BM) was increased because of the
more uniform distribution of PC.BM in the PTB7-Th
polymer network, thus increasing the charge separation
probability.” Although the PC. BM aggregates were signifi-
cantly reduced in films with solvent additives, the root-mean-
square value had only small changes (1.47, 0.92, 0,95, 1.10,
1.22, 1.32, and 1.34 nm, respectively, for the DPS additive
from 0 to 5%), and the surface morphology was not improved
obviously.

TEM could obtain vertical phase separation information by
detecting electrons running through the whole film.”' Hence,
TEM images of blend films prepared under different
conditions were also obtained. As depicted in Figure 3g—i
the bright areas correspond to the polymer enrichment region
and dark areas correspond to the PC. BM enrichment region.
In the PTB7-Th:PC, BM thin film without additive, PC,,BM-
rich domains showed strong aggregation, corresponding to low
Jse and poor PCE. However, after adding DIO or DPS, the
obvious PC, BM aggregation disappeared because DIO or
DPS improves the miscibility of PTB7-Th with PC,BM.™
Therefore, the observation in TEM could account for the
corresponding enhancements in J and FF of the device.

To turther investigate the influence of additives on stacking
and aggregation characteristics of PTB7-Th:PC;BM films,
GIWAXS was conducted and illustrated in Figure 4, and all
peaks were fitted with Gaussian functions to further extract the
peak position and lattice constants. For the in-plane scans,
there were two distinet peaks at g = 0.30 A™' (d = 2094 A)
and 1.32 A™' (d = 4.76 A), which were caused by the (100)
Bragg diffraction because of lamellar packing of PTB7-Th and
PC,BM, respectively. Also, there were no tremendous
differences on the pattern properties for all blended films. In
the g. scans, there were two peaks at 1.33 and 1.79 A~ of
blend films without additives or with DIO, which were the
a—n stacking peak for PC, BM and PTB7-Th, respectively.
Meanwhile, it was interesting to observe that the g, peak of
PTB7-Th shifted to g, = 1.85 A™' of the film with DPS from
q.=1.79 A" of the film without additive or DIO, suggesting a
reduction in the x—n stacking distance from 3.51 to 3.40 A,
which showed that the PTB7-Th films with 3% DPS formed
more compact m— stacking, consistent with the observed
highest hole mobility (discussed below). Taken together, the
GIWAXS results indicated that the DPS additive enhanced the
lamellar and m—u peak strength, indicating that the crystallinity
of the films was improved.

2.3. Vertical Composition Distribution. The vertical
component distribution in the photoactive layer of PSCs has
important influence on phase separation and photovoltaic
performance. WCA could be used to semiquantitatively
calculate the content of each component of the photoactive
layer surface, and the influence for different additives on the
distribution of components in the photoactive layer was further
understood.” Typical WCA () measurements for neat PTB7-
Th, PC-BM, and PTB7-Th:PC-,BM blend films with different
additives were represented (Figure 5a—e). The coverage
fractions (f) of PTB7-Th in the blend film surface could be
calculated by the Cassie—Baxter equation”

cos @ = f cos Oprpoy + (1 = f) cos Op_ gy
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Figure 5. WCA images of the neat films: (a) PTB7-Th, (b) PC;,BM,
and (c,e) blend films prepared under different conditions.

where 6, fprprqy, and Ope gy are the WCAs on the PTB7-

Th:PC, BM blend films, PTB7-Th, and PC,,BM, respectively.
The f was increased from 56.5% (without additives) to 62.9%
(3% DIO) and finally to 66.1% (3% DPS), suggesting that
more PTB7-Th might be elevated toward the upper surface of
photoactive layers with 3% DPS, which should be beneficial to
the transport and collection of photogenerated holes {Table
2).

In addition, PTB7-Th has the characteristic F or 5 element
in the photoactive layer, and it is possible to analyze the
variation of the yield of F~ or §7 in the whole photoactive layer
with the prolonging of the sputtering time to study the vertical
distribution of each component. Hence, the concentration
distribution of PBT7-Th in the blend film could be directly
reflected by the intensity change of the F or 57 signal. The
depth profiles of elements F and S in the photoactive layers
under different conditions were investigated by TOF-SIMS. As
shown in Figures 6 and S3, the F~ or §” signals of the blend
film with 3% DIO were much stronger than those without
additives and weaker than those with 3% DPS before the
sputtering time of about 750 and 1200 s, respectively,
suggesting that more PTB7-Th distribution occurred on the
upper surface of the flm with 3% DPS. The F or 87 signals of
the film with 3% DIO were weaker than those without
additives and stronger than those with 3% DPS, indicating that
less PTB7-Th is distributed at the bottom of the film with 3%
DPS. Therefore, it could be inferred that PTB7-Th was mainly
distributed in the upper part and PC, BM was mainly
concentrated at the bottom of the flm with DPS additive,
that is, the former decreased with the increase of depth,
whereas the latter enhanced with the increase of depth.
Combining the results of WCA and TOF-SIMS, DPS could
modulate vertical composition distribution of the photoactive
layer, which was propitious to ensure the effective carrier
dissociation and form an independent carrier transport
pathway. Definitely, these observations in vertical composition
distribution could partially account for higher FF and ]
obtained in the device-processed 3% DPS additive,

2.4. Charge Generation, Transport, and Recombina-
tion. To investigate the mechanism of the additive on exciton
generation and dissociation, the photocurrent density of blend
films using different processed additives was measured and the
corresponding results are shown in Figure 7a,b. These values of
the saturated photocurrent density (J,,,) at a sufficiently high
Vg and the largest exciton generation rate ((,..) can be
obtained from G, = J./qL,” in which ¢ stands for the
elementary charge and L represents the thickness of the active
layer, and their parameters are listed in Table 52, At V,z= 3V,
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Table 2. WCA and PTB7-Th Surface Fraction of the Blend Films with Different Additives

blend film (w/o additives) blend film (3% DIO) blend film (3% DPS) PTB7-Th PC- BM
WCA 04,17 94,7 05.0" Og.x" B8.8"
FTB7-Th surface fraction f A6.5% G290 66.1%
Hul (b}
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Figure 6, TOF-5IMS data of {a) F~ and (b) 5~

in blend films under different conditions. TOFE-5IMS :iTI'IHg[,:!-i of F~ of the blend film with different

additives at 5 s scan (middle row), 2000 s scan (bottom row), (¢f) without additives, {d,g} 3% DIO, and {eh) 3% DPS,
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Figure 7. The [, vs Vi (b) P(ET) vs Vi () Joe and (d) Ve vs 1
curves of the PSCs prepared under different conditions,

the J,, values of the PSCs were 17.0 (without additives), 17.2
(3% DIO), and 18.3 mA: cm {1% DPS), cmle'-'.punding to
the G,,, of 9.64 x 107, 9.74 x 10%, and 1.04 x 10 m™ s,
respectively, implying that there were larger exciton generatmn
when the device was fabricated utilizing 3% DPS. Note that the
exciton dissociation rate was obtained by the ratio of [ to [,
When 3% DIO was added, the exciton dissociation increased
from 93.55 to 94.86%, indicating that DIO could slightly
improve the exciton dissociated in the interface of the PTB7-
Th donor and the PC,,BM acceptor. Atter adding 3% DPS5, the
maximal exciton dissociation was further enhanced to 95.48%,

consistent with the highest Ji- and FF obtained from the
previous [—V measurement, It was worthy to note that
difference in these P(E,T) for the studied devices was small,
therefore the enhancement of [, and FF are probably
determined by other reasons.

To investigate the charge recombination mechanism of
PSCs, the relationship between [y or V- with I of PSCs with
different additives was observed. From Figure 7c, the
correlation between Jy- and light intensity abides I::}r the
power law (Ji o I”), where « is an exponential factor.”” Note
that the wvalue of @ is close to 1, indicating that the
photogenerated charge carrier under the short-circuit con-
duction can be effectively extracted and collected by electrodes
prior to recombination. In other words, bimolecular recombi-
nation is very weak in the photoactive layer.” ™" The fitted
exponential factor () values were roughly 0.972, 0,981, and
0.992 for the PSCs without additives, 3% DIO, and 3% DPS,
respectively. The decline of bimolecular recombination is
probably caused by the mc:rplm]uglcal rearrangement photo-
active layer due to the using of additives, thus boost [, and
FF.*® The 3% DPS device had an a of 0.992 indicated that the
less bimolecular recombination could be demonstrated. The
conclusion could be made further efforts to prove by the
following formula

T
Vipe: nkT In{I)
q

L

where, &, T, and g are the Boltzmann constant, Kelvin
temperature, and the elementary charge, respectively, The
slope of the Vi relative to the In(I} curve reflects the charge
recombination property at open-circuit conditions, when the
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slope is larger than kT/4g, trap-assisted recombination becomes
more serious. ' From Figure 7d, the slopes of the pristine
device with 3% DIO and 3% DPS were 1,23 kT/g, 1.10 kT /g,
and 1.06 kT/q. Clearly, the utilization of solvent additives
could effectively minimize the reduction of the trap-assisted
recombination, and the addition of 3% DPS into the blended
film was most pronounced.

To gain deeper insight into the effect of treatments for
solvent additives, the wvertical charge carrier mobilities were
measured from single-carrier devices by fitting the J—V data
according to the SCLC method. The detailed J—V curves of
hole-only and electron-only devices processed under different
conditions are exhibited in Figure 8ab, and their parameters
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Figure 8. {a) |-V characteristics of hole-only and (b) electron-only,
{c) MNyquist plots and {d) Bode phase angle vs frequency plots for
PTB7-Th:PC.,,BM-based devices processed without additive, 3%
DIO, and 3% DPS, respectively.

are concluded in Table S3. The hole mobility (u;,) and
electron mobility (u,) of the blend film without additives were
determined to be 2.32 x 107" and 1.46 x 107* em® V7! 57!
respectively. After adding 3% DIO, gy and p, values were
correspondingly increased to 2.94 x 107" and 2.34 % 107" em®
V™' 57!, Significantly, u, and , values continuously enhanced
and reached up to 3.93 x 107 and 3.82 x 107 em® V7' 57!
respectively, when 3% DPS treatment was performed. In
addition, the most balanced electron mobility and hole
mobility were achieved when the film processed with 3%
DPS (Table 53), which were attributed to higher ﬂﬂl}*mcr
crystallinity and better path of charge carrier transport.™ It was
easy to see that the addition of 3% DPS not only improved the
maobility of electrons and holes but also promoted the u_/u,
ratio more balanced, which can explain in part the reason of
the greatly improved FF value.

In order to probe carrier dynamics in PSCs processed
without additive, 3% DIO, and 3% DPS, IS of these PSC-
treated different additives was performed under V- with an
amplitude of 5 mV and frequencies ranging from 100 Hz to 1
MHz in dark conditions. The symbol represents experimental
data while the solid line curve denotes fitting data and all
Nyquist plots exhibited a semicircle in the complex plan as
depicted in Figure 8c. Parameters of the equivalent circuit
fitting diagram (Table 54) clearly indicated that this model
provided a high quality fitting degree (error rate under 5.7%).
In an equivalent circuit, R; represents resistive losses in the

carrier transport layer (PFN and MoQO,) and ITO, correlating
with the intersection of the semicircle with Z° axis at high
frequencies, so we could observe similar values owing to the
identical device architecture. Also, R, represents the photo-
active layer resistance and decreases with the addition of
additives, the best resistance was obtained in the device with
3% DPS5. The CPE suggests a nonideal capacitor induced by
the inhomogeneity interface. CPE consists of a CPE-T
representing the capacitance value and a factor CPE-T relative
to the ideal capacitor. Meanwhile, CPE-P was increased from
0.87 to 0,94 with the introduction of 3% DS, which indicates
that the interface capacnranuc between PTB7-Th and PC. BM
is more uniform.” As shown in Figure 8d, the characteristic
frequency peaks (f,.) were located at 146 500 Hz (without
additives) and 215 800 Hz (both in 3% DIO and 3% DPS).
(Note that the values of f,, in the devices with 3% DIO and
3% DPS were identical). The charge transport time constant
(T,) of PSCs could be derived from the following equation:
fnax ¢ 1/7,,,."" Therefore, the PSCs with 3% DIO or 3% DPS
had a srn.iller value of t,,, than of devices without additives.
These observations indicated that photogenerated carriers
could reach the homologous electrode in PSCs in shorter time
and mean a faster carrier transport rate, resulting in the higher
efficiency of electronic collection and the greater photocurrent,
which is consistent with the best [, and the highest FF
obtained from PSCs with 3% DPS,"

To illustrate more deeply and to examine the mechanism of
DPS as additives influence the blend, TRTPL spectroscopy
was employed to investigate the exciton dissociation kinetics,
which can reflect the ultrafast charge transfer process in the
nanosecond range. The samples of PTBE7-Th:PC,,BM blend
films prepared under different conditions were excited under
600 nm and probed at 765 nm emission (see Figure 9). The
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Figure 9. TRTPL spectra of blend films prepared under different
conditions.

photoluminescence (PL) decays of the blends exhibit a triple
exponential behavior and the ftting results contain two fast
sections and one slow section (Table S5). The calculated
average lifetime (7,,,) values of without additives, 3% DIO, and
3% DPS are 1.398, 1.236, and 1.169 ns, respectively. The
results suggested that after adding additives, the decay life time
are decreased, indicating that the excitons are accelerated to
splitting to v.:h;u’g&!.‘IH The decay kinetics also indicated that the
better bicontinuous interpenetrating network morphology was
formed after adding 3% DPS than adding 3% DIO.

3. CONCLUSIONS

[n this work, DPS as a novel solvent additive was introduced to
enhance the photovoltaic characteristics of PTB7-Th:PC,,BM-
based inverted PSCs. According to the detailed results of TOF-
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S5IMS, GIWAXS, WCA, and TEM, we found that the
application of DPS is an effective strategy to improve vertical
phase segregation and promote crystallinity of the photoactive
layer based on PTB7-Th:PC. BM, which not only ensured
effective exciton dissociation but also the continuous and
unhindered path of carrier transport. In addition, it was further
confirmed by IS and SCLC that the proposed processing with
DPS can not only increase the hole and electron mobility but
also optimize the hole-to-electron mobility ratio close to 1.03.
These synergistic effects were beneficial to the collection of
selective carriers and the reduction of carrier recombination,
leading to the best PCE of the PSCs with 3% DPS reach up to
9.7% and an improved FF > 70%. This work suggests that the
DPS solvent additive can finely modulate vertical composition
distribution and crystallinity of the photoactive layer and
improve the photovoltaic performance of the inverted organic
photovaltaic devices.

4. EXPERIMENTAL SECTION

PTB7-Th and PC; BM were obtained from Calos and Sigma-Aldrich,
respectively, 1,8-Diiodooctane and DPS were purchased from Alfa
Aesar and J&K Chemical Ltd,, respectively.

These testing conditions and instruments of the thicknesses, =V
curve, EQE, AFM, and TRTPL were all the same as our previous
work,” TEM images of the thin film were characterized by Tecnai G2
F20 (FEI, USA). GIWAXS was carried out on beamline BL16B1. The
[S of devices was performed at an electrochemical workstation
{CHI660E, Shanghai Chenhua, China).
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Characteristic parameters, =V characteristics of cells
and AFM images with different DPS concentrations
(Table 51, Figures S1 and 52, respectively), TOF-SIMS
images of §*~ of the blend film with different additives at
5 s scan (top row), and 2000 s scan (bottom row), (a,d)
without additives, (b,e) 3% DIO, (cf) 3% DPS (Figure
53), G, and corresponding [ /], values of the PSCs
with different additives (Table S2), gy, g, and py/p, of
the active layers processed with different additives
(Table 53), equivalent circuit model and the impedance
spectra fitting parameters (Figure 54 and Table 54,
respectively), parameters for TRTPL measurements
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