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Abstract:

In this report, we highlight a system with a well-known polymer donor (PTB7-Th) blended with
a narrow bandgap non-fullerene acceptor (IEICO-4F) as active layer and 1-chloronaphthalene
(CN) as the solvent additive. The optimization of the photoactive layer nanomorphology yields
short-circuit current density value of 27.3 mA/cm?, one of the highest value in organic solar cells
reported to date, which competes with other types of solution processed solar cells such as
perovskite or quantum dot devices. Along with decent open-circuit voltage (0.71V) and fill
factor values (66%), a power conversion efficiency of 12.8% is achieved for the champion
devices. Morphology characterizations elucidate that the origin of this high photocurrent is
mainly due to increased n-n coherence length of the acceptor, the domain spacing as well as the
mean-square composition variation of the blend. Optoelectronic measurements confirm a

balanced hole and electron mobility and reduced trap-assisted recombination for the best devices.
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High photo-current density (Js.) along with high open-circuit voltages (Vo) is a sine-qua-non for
champion efficiency organic solar cells (OSC). In the case of OSCs, band gap engineering can be
utilized to lower the band gap of materials (usually donor) for efficient photon harvesting and
higher Jy.; however, some of the achievable V. would be lost in the meantime due to decreased
effective energy gap between donor and acceptor (usually fullerene derivative, i.e. PCs;BM or
PC1BM)."® For example, diketopyrrolopyrolle (DPP) derivatives possessed remarkably high
Jsc but suffered from low V. due to low lying lowest unoccupied molecular orbital (LUMO) of
fullerene derivatives.”'' The low absorption profile of PC¢;BM or PC7;BM in the visible and

12715 1 the last

near-infrared (NIR) region also limited the photon capture ability of these devices.
decade, the urge for fullerene replacements for higher V, whilst maintaining high J has been of
significant interest to synthesis groups in the field of OSCs.'®!” Recently, small molecule non-
fullerene acceptors (NFA) emerged as superior alternatives to fullerene derivatives.'™'” These
materials provide strong absorption coefficient along with energy level tunability that can
maximize the V. and Js, when low band gap derivatives are used to harvest photons matching the
solar flux in NIR region.?*!

Recent report shows that the J;. obtained in NFA-based OSCs can reach values over 25 mA/cm?
(Figure 1la, the photocurrent values as a function of band gap for photovoltaics and SQ limit),
which is comparable with other state-of-the-art technologies (perovskites, quantum dots).”*2°
However, low FF of these devices limit the PCE to 10% (see Table S1, supporting information).
Amorphous or less-crystalline high efficiency donor polymers such as PTB7-Th allows rapid
polaron conversion and intermixed nano-morphology but the devices suffer from the FF for

12,20

thick active layers which is necessary for scale-up procedures. Therefore, these devices are

optimized for ~100nm thick active layer which is not optimal for roll-to-roll applications and
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thick active layers using these donors would be desirable. Controlling the nano-morphology by
improving the face-on orientation in the active layer and reduced recombination losses would
improve the photo-to-current conversion along with FF.***° Combining with device engineering,
the performance can be improved to close the gap to SQ limit, which would further bring OPVs
competitive with other solution processable photovoltaic solar cells.**'

In this work, we report an ultra-high photo-current along with a decent FF obtained from a
medium band gap polymer donor PTB7-Th and a low band gap NFA (IEICO-4F) system by
controlling the morphology evaluation with solvent additive treatment. In the optimal conditions
(4% 1-chloronaphthalene (CN) v/v), we achieve a current density of up to 27.3 mA/cm?® (26.5
mA/cm® average) and a PCE of 12.8% without further post-annealing treatment or interfacial
modifications. We determine that a sufficient amount of CN plays a crucial role to
simultaneously increase the face-on orientation, NFA crystallization and coherence length as
demonstrated by grazing incidence wide-angle X-ray scattering (GIWAXS), as well as
improving the average domain purity as shown with R-SoXS, thus contributing to the
improvement of J,. and FF. Besides, we elucidate the origin of high photocurrent by
understanding the photo-physics of the champion devices varying the amount of CN. We
conclude that PTB7-Th:IEICO-4F devices with 4% CN exhibit lower trap-assisted
recombination and balanced hole/electron mobility, leading to one of the highest photo-current
polymer:NFA solar cell devices reported so far.

The chemical structures of PTB7-Th and IEICO-4F are shown in Figure 1b. Normalized
absorbance spectra and absorption coefficient of neat films are shown in Figure 1c and Figure S1,
respectively. As previously reported,”® IEICO-4F is an ultra-narrow bandgap NFA material with

an absorption window in the range from 600 nm to 1000 nm. In order to obtain reproducible
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device performance and stability,” we utilize inverted device configuration (ITO/ZnO(~35
nm)/Active layer(~150 nm)/MoOy(~5 nm)/Ag(~100 nm)) with a fixed donor:acceptor ratio
(1:1.5, w:w) and host solvent (CB). All parameters of energy levels in the device configuration

are obtained from the literature (shown in Figure 1d).'¢%

Figure 2a and Table 1 describe the
current density (J)- voltage (V) curves and photovoltaic parameters of PTB7-Th:IEICO-4F
devices under 100 mW/cm? light illumination. Interestingly, the addition of 4% CN improves Ji.
from 23.7 mA/cm® to 27.3 mA/cm” and FF from 53.6% to 65.6%. The improvement of these two
parameters pushes the PCE from 9.23% to 12.8%, an enhancement of 38.7%. However, further
addition of CN (7% v/v) decreases the current density (24.5 mA/cm?), whilst maintaining the FF.
In addition, we obtain a PCE of 12.1% with a thickness ~200 nm, which is promising for roll-to-
roll or sheet-to-sheet coating processing for commercial applications. In order to ensure the
reproducibility of the device results, we constructed more than 40 cells and made the
corresponding current density distribution histogram, with an average J. of 26.5 mA/cm’ (Figure
2b). More details about the device optimization as a function of CN amount and active layer
thickness are shown in Figure S2 to S4. The details of the performance parameters and standard
deviations are also provided in Table S2 to S4. To further confirm the J,. values, we carry out
external quantum efficiency (EQE) measurements. As shown in Figure 2c, all EQE curves have a
broad wavelength response (ranging from 400 nm to 1000 nm). Notably, the calculated J,. values
integrated from EQE data is less than 5% mismatch as compared to the values extracted from the
J-V characteristics. In detail, 0% CN devices exhibit EQE values lower than 80% between 600-
900 nm, while flat EQE curve with values up to 90% in the same region is presented in 4% CN

cells. In contrast, 7% CN devices show lower EQE values in comparison with that of 4% CN

devices, especially in the range of 700 nm to 900 nm (corresponding to IEICO-4F), suggesting
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that an excessive amount of CN has a negative effect on the current generation. The high EQE
values obtained for 4% CN devices should lead to an internal quantum efficiency close to unity.
Thus, we performed ellipsometry measurements to calculate the n, k values of PTB7-Th:IEICO-
4F blend (Figure S4e). According to the method proposed by McGehee group,”’ we calculated
for this blend an internal quantum efficiency (IQE) of over 90% in the range of 600 nm to 850
nm (Figure S4f), suggesting an efficient photon-to-charge carriers conversion and carriers
collection at the electrodes for 4% CN devices.

Photoluminescence (PL) quenching is also an excellent complementary tool to infer details about
exciton dissociation which is often correlated to Ji..>> The PL quenching of PTB7-Th in PTB7-
Th:IEICO-4F blends (Figure S5) shows interesting trends when excited at 682 nm and the results
are summarized in Table 1. Notably, the emission peak of pure PTB7-Th (centered at 775 nm) is
quenched by 87% and upon addition of IEICO-4F suggesting efficient exciton dissociation in the
blend. The PL quenching yield increases up to 96% until 4% CN based blends suggesting an
optimal morphology for efficient photoinduced charge transfer and thus a higher Ji. of the
corresponding devices. However, higher loading of CN (7%) lead to 87% exciton quenching for
the PTB7-Th emission peak compared to 4% CN blend, which is due to reduced exciton
dissociation in this blend, contributing to yielding slightly lower Js. in the 7% CN devices
compared to 4% CN cells.

In general, the ability to convert light into current is often related to the absorption strength of the

336 Thus, we investigate the absorption coefficient of PTB7-Th:IEICO-4F active

active layer.
layers with different CN ratio (Figure 2d). Although the donor:acceptor weight ratio is kept at

1:1.5 in the film without CN, the peak coefficient ratio between the donor and the acceptor

without CN is less than 1 (Table S5) because of the different absorption coefficients of PTB7-Th
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and IEICO-4F (Figure S1).'® On the contrary, the peak ratios of blends with 1% CN and 4% CN
are greater than and near 1, respectively, which is attributed to the NFA aggregation (discuss
later in the GIWAXS part). This tendency is consistent with the increase in EQE between 700-
900 nm. It is worth mentioning that blend films with 4% CN depict the highest absorption
coefficient with a balanced contribution from donor and acceptor materials, which is in
agreement with the highest J;. and EQE values.

To check the impact of CN on the molecular packing and texture, we characterize the PTB7-
Th:IEICO-4F films by 2-dimensional grazing incidence wide X-ray scattering (GIWAXS).*”**
2D GIWAXS patterns and 1D out-of-plane (OOP) and in-plan (IP) line-cuts of pristine PTB7-Th
and IEICO-4F films are illustrated in Figure S6. For the polymer:NFA blends, the 2D GIWAXS
patterns (Figure 3a-d) and pole figures (Figure 3f), exhibit a preferable face-on orientation
ascribed to the strong (010) reflection of n-w stacking in the OOP direction (Figure 3e) observed
for all samples.”” The IP line-cuts of these blend films are depicted in Figure S7. Overall, the
absence of strong higher order (h00) peaks indicates paracrystalline disorder and a low degree of
crystallinity. The coherence lengths (CL) calculated from the full-width at half maximum
(FWHM) of OOP n-n stacking peaks (Figure 3e) via Scherrer equation are summarized in Table
2. With the addition of CN, modest changes of the CL in polymers are observed. Whereas, in the
acceptor IEICO-4F part, the CL significantly changes from 2.8 nm to 4.0 nm when CN is
introduced, indicating that CN mainly affects the molecular aggregation of IEICO-4F, with the
highest impact for 1% CN loading, which is consistent with the absorption spectra and atomic
force microscopy (Supporting Information, Figure S8). From our solubility test, the NFA
solubility limit is about 25 mg/ml and PTB7-Th is nearly 10 mg/ml in CN solvent, respectively.

Furthermore, the boiling point of CB is nearly 120 °C, which is significantly lower that of CN
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(~269 °C).*' 1t is reported in literature that the addition of high boiling point additives (such as
CN) increase the molecular packing of both the donor and acceptor molecules. *® We believe that
the different drying speed of the mixed solvent with high boiling point additive and different
donor and acceptor solubility are the driving force for such increased CL. Additionally, the face-
on to edge-on ratios (Figure 3g) can be extracted from pole figures of the (100) peak.* Our
results indicate 4% CN blends show a face-on to edge-on ratio of ~4.3, which is much higher
than other three blends (~3.7). Quantification of OOP n-x stacking intensity via the integration of
NFA peak yields a similar trend, and the highest intensity is achieved in 4% CN films, indicating
a more ordered packing of NFA. Face-on orientation is widely observed in high-performance
organic solar cells and considered as a favorable texture for intermolecular charge transport. It is
thus not surprising that the best J. of the 4% CN devices corresponds to the highest face on/edge
on ratio.

To understand the mesoscale morphology of these blends, we employ resonant soft X-ray
scattering (R-SoXS) to compare their compositional domain characteristics following our
previously established protocols.*’ The R-SoXS profiles (Figure 3h) are acquired at the resonant
energy (~283 eV) to get high scattering contrast for these NFA blends.** By increasing the CN
amount, the long period (center-to-center domain spacing) slightly increases from 30.0 nm, 31.4
nm and 33.0 nm, with 1%, 4% and 7% CN, respectively. We note the g-range of our R-SoXS
data is not wide enough to detect all the length scales, however, it will likely not affect the trend
of our analysisas the high-q peaks (10-50 nm) are more closely related to the device
performance compared to the low-q peaks.” The integrated scattering intensity (ISI), a measure
proportional to the mean-square variations (i.e. variance) of the composition, is widely used to

quantify the relative average domain purity across samples. Higher ISI indicates purer domain
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and is often associated with reduced bimolecular recombination.” The ISI of the 4% CN film is
set to 1 as a reference (see Table 2), and the relative ISI for 0% CN, 1% CN and 4% CN are
measured as 0.50, 0.63, 1.00, respectively, in good agreement with increased FF.> On the
contrary, an excess amount of CN (7%) reduces the relative ISI to 0.59. It is worth noting that a
closer inspection of the R-SoXS profile for 7% CN reveals a second peak located at ca. 0.1 nm™
absent from the other devices, which corresponds to a much larger spacing of ~60 nm. This
larger length of phase separation may belong to a liquid-liquid phase separation, which is due to
the slower drying process in the 7% CN film.** Despite lower scattering intensity for 7% CN
film, the PTB7-Th:IEICO-4F devices exhibit decent fill factor values (65%) likely due in part to

the balanced charge carrier mobility of this device system (Table 1), which still allows efficient

charge extraction.** We will discuss further details of this special case below.

One common method to elucidate recombination is to investigate the J-V characteristics under
different light intensity (P). The relationship between Jy. and P can be described as J;, <P’
where o represents a power-law exponent. A linear relationship indicates a negligible effect of
bimolecular recombination to the extracted current, whereas, a<l suggests that bimolecular
recombination become a limiting factor to the device performance. As shown in Figure 4a, the a
values of 0%, 1%, 4% and 7% CN cells, are determined to be 0.971, 0.975, 0.986 and 0.973,
respectively, showing that the addition of CN suppresses bimolecular recombination initially,
which then improves J;. and FF. Again, the trend is broken between the 4% and 7% devices.
Moreover, the dependency of V,. vs P gives information about trap state formation. In particular,
by following theoretical considerations, V,. linearly depends on the light intensity with a slope of

nkT/q (1<n<2), where k is Boltzmann’s constant, g is elementary charge, n is scaling factor, and
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T is Kelvin temperature.*’ Trap-assisted recombination is identified with a strong dependence of
V,. on light intensity with a slope of 2 kT/g (at 300 K) *, while a slope of kT/q is a signature of
purely bimolecular recombination or surface recombination.”” From Figure 4b, it is clear that the
devices with 4% CN have the lowest trap-assisted recombination (1.42 kT/q). Further increasing
the amount of CN to 7% causes stronger trap-assisted recombination (1.60 kT/q), due to the
lower domain purity compared to 4% CN based devices.*

To better understand the charge transport as a function of solvent additive, we measure
hole/electron mobility by space charge limited current (SCLC) method.*” As shown in Figure 4c,

Table 1 and Figure S9, the values of hole and electron mobilities are enhanced with increasing
S 42 -1 -5
the CN content in the blend (hole: 9.35%10 cm V s to 1.56x10 cm V s electron: 4.56x10

cmZV_ls_1 to 1.72x% 10-4 cmz\/-ls_1 , respectively). This is partly due to the more ordered molecule
packing, which can assist the charge transport in the D/A networks. It is reported in literature that
unbalanced u./u; ratio (more than an order of magnitude) can affect the FF values.’® In our case,
there is an improvement in the both hole and electron mobilities upon CN addition (Figure 4c)
but not much difference in the u./u; was observable which is not the sole reason for improved FF
values in solar cell devices.

To make a deeper investigation of the origin of reduced V,. after the addition of CN, we
calculate the charge-carrier density (n) using charge extraction (CE) ‘[echnique.51 Figure 4d
depicts the measured average n as a function of V,.. It is apparent that, at equivalent charge
densities (shaded region), corresponding to 1 sun irradiation, pristine devices show the highest
Voe. The addition of 1%, 4% and 7% CN blends exhibit 20 mV, 34 mV and 30 mV lower open-

circuit voltages compared to pristine devices, respectively. As reported earlier by Holliday et al.,
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this reduced V,. can be explained by the more ordered microstructure (confirmed by GIWAXS
measurements) and reduced electronic bandgap in the BHJ blends.

Many of the measurements performed showed a distinct break in the trends once the CN
concentration was increased from 4% to 7%: The PTB7-Th PL quenching showed maximum
quenching at 4%, the R-SoXS exhibited maximum purity at 4% and a more complex two-length
scale morphology for 7%, bimolecular recombination was minimized at 4%, packing (coherence
length, face-on texture) was optimized at 4%. Not all of these observations are readily
understood within a paradigm of a uniform 3D morphology. The relative composition variations
do not correlate completely with FF across all devices. We note though that the edge-on/face-on
orientation populations including the large disordered fractions not observable with WAXS

would change the R-SoXS materials contrast, >

necessitating a complex analysis and
normalization that we did not perform and that is, along with details about the morphology
formation kinetics, outside the scope of this initial report. Furthermore, vertical stratification can
occur, which would lower the scattering intensity, but might aid FF. ** Neither of these possible
subtleties of the morphologies are central to the main observations and achievements presented.

In conclusion, we achieved ultra-high photocurrent of 27 mA/cm? in PTB7-Th:IEICO-4F blend,
by fine-tuning the active layer morphology, which is comparable with competing photovoltaic
technologies based on perovskites and quantum dots. The optimal dosage of CN (4%, v/v) yields
larger m-m coherence length and face-on/edge-on ratio. Optical and electronic measurements
confirm the increased charge transport and reduced recombination for optimal devices with 4%
CN additive which then result in 12.8%. A high performance of 12% is achieved with active

layer thicknesses close to 200 nm which is very unusual and unique with an amorphous polymer

PTB7-Th. We envision that designing novel ultra-low band gap materials with controlled
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molecule packing, nanomorphology and charge recombination is a promising route for future

OPV applications with high efficiencies.
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Figure 4. a,b) The J,. and V,. versus light intensity based on devices with different amount of
CN; ¢) Comparison of hole and electron mobility of PTB7-Th:IEICO-4F blend film with 0% CN,
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Table 1. Photovoltaic performances and hole, electron mobility of solar devices based on PTB7-

Th:IEICO-4F blend film with 0% CN, 1% CN, 4% CN and 7% CN, respectively.

10
1

12 Blend
13 Film

14
15

Jse Integrated \Y FF PCE  Ave My M, [T

2 ocC e o )
(mA/cm ) T (mV) (%) (%) PCE (szvlsl) (szvlsl) ratio

(mA/ sz) (%)’

PTB7-Th
PL
Quenching

b
(o)

16
17
18
19
20
21
22
23
24
25
26
27

0%
CN
1%
CN
4%
CN
7%
CN

23.7 23.1 736 53.6 941 923  935x10°  456x10°  0.49
24.1 23.9 734 563 997 972  126x10  947x10° 0.5
27.3 26.8 712 657 128 121 142x10  148x10  1.04

24.5 243 699 655 112 107  156x10  172x10  1.10
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28
29
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

a): Power conversion efficiencies are averaged for 10 devices. b) The % PL quenching values are
achieved by comparing blend PL to pristine PTB7-Th PL intensity.

Table 2. The GIWAXS and R-SoXS parameters of PTB7-Th:IEICO-4F blend films with 0% CN,

1% CN, 4% CN and 7% CN, respectively.

Paaks  FWHM  (TRE gy Lone
A) Polymer, a Period  ISI

Length (nm)  intensity
Polymer, NFA  NFA Polymer, NFA (nm)

Blend
Film

0% CN 1.64,1.78 0.48, 0.20 1.2,2.8 0.71 30.1 0.50
1% CN 1.68, 1.81 0.48,0.14 1.2,4.0 0.62 30,0 0.63

4% CN 1.66, 1.80 0.54,0.14 1.1,4.0 1.00 314 1.00

7% CN 1.66, 1.81 0.51,0.14 1.1,4.0 0.90 33.0  0.59

a): Intensities are defined as the volume normalized peak area of OOP n-x stacking peak of
NFAs and the highest intensity of 4% CN sample is set as 1.
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