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Abstract

Introducing a small amount of high boiling point solvent additive has been widely
regarded as a feasible method to optimize the active layer morphology of organic
solar cells (OSCs). However, current additives are initially developed for fullerene
based OSCs and the development of additive engineering is lagging behind the
development of non-fullerene acceptor based OSCs. Here, a simple and versatile solid
additive, 1,4-diiodobenzene (DIB), is introduced to the non-fullerene OSCs. Due to
the formation of a eutectic phase between the additive and the non-fullerene acceptor,
a desired microstructure with tighter molecular stacking and more ordered molecular
arrangement is achieved. As a result, DIB treated OSCs display significantly
enhanced performance with a power conversion efficiency (PCE) of 17.72% for
ternary device, 17.36% for binary device and 15.03% for thick-film (300 nm) device.
Additional advantages of the DIB treatment include excellent device stability,
toleration of a wide additive concentration range, and versatility in both polymer and
small molecule OSCs. The results highlight the importance of additive engineering in
high-performance OSCs and demonstrate the significance of supramolecular

interactions.
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1. Introduction

Significant advancements in non-fullerene acceptor (NFA) have boosted the field
of OSCs[1-8]. The ~18% efficiency, when combined with distinct advantages such as
flexible, light weight, tunability, high specific power, radiative hardness[9-11],
indicates a bright future of the technology. Most NFA OSCs with high efficiency are
achieved under the assistance of solvent additives, such as 1-chloronaphthalene (CN)
or 1,8-diiodooctane (DIO)[1, 4, 12-16], with strict volume control which brings an
obstacle to device’s reproducibility. Furthermore, DIO and CN are initially developed
for fullerene-based OSCs in which the phase separation behavior of donor and
acceptor are different from their non-fullerene counterparts[17-21]; besides, the low
volatility of these two additives may have a negative effect on device’s stability
owing to the deterioration of the solvent additive residues[22-23]. Therefore, such
additives are not necessarily the best choice for the recently-developed
high-performance NFA OSCs and it is of great importance to develop new types of
additives for NFA OSCs. A few studies have explored substitutes for traditional
additives[22, 24-29], however, simultaneously achieving high PCE, stability, and ease
of processing remains a challenge in additive engineering.

In this work, we introduce a simple solid additive, 1,4-diiodobenzene (DIB), in
NFA OSCs. The PCEs of DIB processed PM6:Y6 based devices are ~17% in a wide
DIB concentration range of 10-20 mg/mL (114 wt%- 228 wt% of acceptor). At an
optimum DIB concentration of 15 mg/mL, a champion efficiency of 17.36% was

obtained, which is one of the highest efficiencies for PM6:Y6-based binary OSCs to



date. We also fabricated devices with thick active layer (300 nm) based on PM6:Y6
system and a PCE of 15.03% was achieved, which is among the highest value for
OSCs with over 300 nm active layer to date. More impressively, the DIB-treated
devices can maintain over 95% of the initial efficiency after 720 hour’s storage in
glovebox. Besides the successful application in binary system, 17.72% PCE is
achieved in ternary system. And except for polymer OSCs, DIB’s versatility is also
demonstrated in an all-small-molecule organic solar cell (ASM OSC) based on
BTR-CI: Y6[30], where DIB treatment promotes efficiency from 13.53% to 14.32%.
Thermal analysis of the NFA and the additive revealed a eutectic phase[31-32],
indicating complex formation between Y6 and DIB which enables tighter molecular
stacking and more ordered molecular arrangement as evidenced by morphology
studies. The eutectic phase has been observed in binary alloys and supramolecular
systems. In this work, it is linked to the photoactive layer morphology and OSC
performance improvement.

2. Results and discussion
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Figure 1. The effect of DIB on the performance of PM6:Y6-based devices.
Chemical structures of the polymer donor PM6 (a), the solid additive DIB (b) and the
acceptor Y6 (c). (d) Schematic illustration of the device structure used in this work. (e,
f) J-V curves and the corresponding EQE spectra for PM6: Y6-based OSCs
with/without DIB. (g) PCEs of DIB-treated PM6:Y6 devices as a function of the DIB
concentration. (h) Performance parameter variations of DIB-treated PM6:Y6 devices
under various active layer thicknesses. (i) PCE changes of devices with or without
DIB as a function of storage time. Note: Devices with DIB were optimized by TA

treatment.
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performance parameters of devices with different fabrication conditions are
summarized in Table 1, the control device shows a highest PCE of 15.39% with an
open-circuit voltage (Voc) of 0.87 V, a short circuit current density (Jsc) of 24.87
mA/cm? and a fill factor (FF) of 71.13%. In contrast, upon introducing DIB additive
in precursor solution, the PCE increases to 16.41% at a DIB concentration of 10
mg/mL (Table S1). We then conducted a thermal annealing (TA) treatment to remove
the residue of DIB in the blend film. After TA at 110 ‘C for 5 min, the DIB (15
mg/mL) treated PCE was further promoted to 17.36% with a Voc of 0.84 V, and a
significantly enhanced Jsc of 26.33 mA/cm? and an excellent FF of 78.22%. To verify
the Jsc values, we performed external quantum efficiency (EQE) measurements. As
shown in Figure 1f, the device processed with DIB additive exhibits a higher and
broader EQE response in the wavelength range of around 600 nm to 1000 nm
compared to the control device, contributing to an improved Jsc value of 26.12
mA/cm?. The integrated Jsc values agree well with the value from J-V curves. Owing
to the excellent volatility of DIB (Figure S1), the devices with DIB and TA treatment
maintain over 16% efficiency in a wide DIB concentration range of 5-50mg/mL,
which promises easier processing for future industrial applications (Table 1). We then
fabricated PM6:Y6-based OSCs with different thickness. Impressively, DIB-treated
devices maintain a good FF of 67.15% even when the thickness of active layer
increased to 300 nm (Figure 1h and Table S2), indicating low charge carrier
recombination [34-35]. Owing to the high FF and Jsc, over 15% efficiency was

realized in thick-film OSCs with an active layer thickness of 300 nm, and set an



efficiency record for binary OSCs with 300 nm thick active layer. Furthermore, we
recorded the long-term storage stability of DIB-treated devices in a No-filled glovebox.
After 720 hour’s storage, these devices still maintain an average PCE of 16.18%, over
95% of the initial value (Figure 1li and Table S3), demonstrating the excellent

stability of the DIB processed devices.

Table 1. Detailed photovoltaic performances of PMG6:Y6-based devices with different
concentration of DIB additive.

Concentration of

additive Voc(V) Jsc(mMA cm?)  FF (%) PCE® (%)
0? (control) 0.87 24.87 71.13 15.39 (14.9740.20)
5°mg/mL 0.85 25.82 74.63 16.38 (16.150.16)
10°mg/mL 0.84 26.18 77.28 16.98 (16.7040.16)
15°mg/mL 0.84 26.33 78.22 17.36 (17.0640.14)
20°mg/mL 0.83 26.12 78.17 16.95 (16.5940.18)
35°mg/mL 0.83 26.20 76.42 16.62 (16.2540.17)
50°mg/mL 0.83 25.71 74.96 16.00 (15.6440.18)

Control devices without any treatment.
bDevices performed TA process at 110°C for 5 min.
“The average PCEs with standard deviation calculated from 20 devices.

It is well accepted that the improved Jsc and FF are closely related to charge
transport, recombination and extraction process[36]. At first, We studied the charge
carrier transport properties by using space charge limited current (SCLC) method[37].
Figure S2 shows the current-voltage (J*2-V) characteristics of the control and
DIB-treated samples, the corresponding mobility data are summarized in Table S5.
For the control device, the mobilities of electron and hole are 3x<10* and 1x<10*

cm?/Vs, respectively. After the treatment of DIB, these two parameters increase to



4>10* and 3x<10* cm?/Vs, respectively. The enhanced mobility and more balanced
charge transport property are thought to contribute to the increase in Jsc and FF.
Because the nanostructures in the photoactive layer have a significant influence
on the photovoltaic properties of the devices, we performed tapping-mode atomic
force microscopy (AFM) to probe the surface morphology of the blend films. As
presented in Figure 2a and 2d, the root-mean-square roughness (Rq) of DIB-treated
sample (Rg=1.08 nm) is slightly higher than that of the control one (Rg=0.96 nm),
which could be ascribed to the morphology change induced by DIB. Meanwhile, the
corresponding phase images (Figure 2b and 2e) obviously reveal that the nanoscale
texture of blend varied after DIB processing. Compared with the control sample,
DiIB-treated film exhibits bigger and more ordered crystals, implying that DIB
treatment is an effective method to regulate the phase-separated networks in blend

films.
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Figure 2. Micro morphology and molecular stacking. AFM height images (a, d),
phase images (b, e) and GIWAXS two-dimensional diffraction patterns (c, f) of
PM6:Y6 blend films without or with DIB additive. Extracted 1D GIWAXS profiles

along the OOP (g) and IP (i) directions. (h) Zoom-in 1D GIWAXS profiles (OOP
direction). Note: Blend films with DIB were treated by TA process.

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurement was
utilized to further identify the crystalline ordering difference between the control and
DIB-modified films. As revealed in Figure 2c and 2f, both two blends show favorable
n-face-on orientations in out-of plane direction. Table S6 summaries the detailed
information of (100) and (010) peaks. As we can see, the scattering peak shift

(9:=1.66 A* and 1.68 A for the control and DIB-treated sample, respectively) of



(010) diffractions reveals smaller d-spacing and closer n-n stacking in DIB-treated
sample, which is beneficial for efficient charge carrier hopping. Meanwhile,
according to the Scherrer equation[38], the corresponding =-stacking crystallite
coherence length (CCLozo) value of the DIB-treated blend (30.25 A) is larger than the
control one (27.60 A), indicating the relatively larger (010) crystallites contained in
the DIB-treated system. Analogously, in in-plane direction, DIB-treated sample
exhibits shorter edge-on-(100) distance and significantly larger CCL10o value than that
of the control sample. The AFM and GIWAXS results jointly demonstrate that DIB
processing method assists the self-assembly process, narrows the molecular stacking
distances and improves crystalline size. The more condensed and ordered molecular
arrangement facilitate the charge transport and extraction processes, and eventually
contribute to excellent photovoltaic performance in DIB-treated OSCs.

Futhermore, to understand the thermal behavior and to probe the underlying
mechanism, differential scanning calorimetry (DSC) measurement was conducted. At
first, we tested the neat DIB, Y6, and their powder-cast mixtures with different weigh
ratio, the corresponding results are plotted in Figure S3 and Figure 3a. In the first
heating cycle (Figure S3), except for the endothermic peak of DIB (T=130 <C), no
other endothermic or exothermic behavior can be observed between 50 and 150 <C.
However, in the second heating cycle (Figure 3a), a new endothermic peak at around
89 < appears in Y6/DIB mixed sample, indicating the existence of a eutectic
phase[31-32], and this endothermic peak becomes more and more significant as Y6

fraction increases. As the phase behavior of powder-cast and solution-cast samples



could be different, we also prepared the solution-cast DIB/Y6 mixtures and found a
similar endothermic peak in the first heating cycle (Figure 3b, the dash line),
demonstrating the fact that eutectic phase behavior exists in an as-cast film from
precursor solution with additive. Since there is no endothermic peak for Y6 in both
two heating cycles and no new peak in DIB’s second heating thermogram, we

conclude that this eutectic phase originates from the complex of DIB and Y6.
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Figure 3. The eutectic phase behavior and it’s origin. (a) DSC thermograms (the
second heating cycle) of DIB, Y6, DIB:Y6 (9:5, w/w), DIB:Y6 (9:8, w/w) and
DIB:Y6 (9:12, w/w), these mixtures were prepared by powder-cast method (directly
mixing the DIB and Y6 powders in crucible). (b) DSC thermograms of DIB:Y6 (9:5,
w/w) by powder-cast and solution-cast method (dissolving the mixture of DIB and Y6
in CF and then removing the solvent), the first heating cycles are plotted with dash
lines and the second heating cycles are plotted with solid lines. (¢) FTIR spectra of
DIB, Y6, and DIB:Y®6. (d) The electrostatic potential surfaces of DIB (the left one)



and Y6 (the right one) calculated from the density functional theory (DFT) simulation
at the def2-TZVP (DIB) and BLYP/6-31G* level (Y6). (e) Proposed interaction
mechanisam between DIB and Y6.

To explore the origin of this eutectic phase, we conducted Fourier transform
infrared spectroscopy (FTIR) measurements. As presented in Figure 3c, the peaks at
795 and 461 cm™ are assigned to the C-H and C-I stretching in neat DIB, respectively.
After mixing with Y6, these two peaks shift to 799 and 466 cm™, respectively. These
peak shifts have been reported as signals of halogen-bond interactions between DIB
and nucleophiles like nitogen and oxygen atoms[39-40]. In order to get deeper details,
we calculated the electrostatic potential surfaces (ESP) of DIB and Y6 Dby using
the DFT simulation (Figure 3d). According to computational result, iodine atom in
DIB shows the maximum positive value (20.94 kcal/mol), which means this region
can form attractive interaction with electron donor sites. And in Y6 molecule,
nitrogen atom in cyanogroup shows the minimum negative value (-33.45 kcal/mol),
representing the most electron-rich site. So we guess iodine atom in DIB can
interact with cyanogroup in Y6, thereby leading to the formation of eutectic phase
between DIB and Y6 (Figure 3e).

Besides, the effect of this eutectic phase on molecular stacking of Y6 can be
demonstrated by the single component film morphology changes induced by DIB
additive. As illustrated in Figure S4, the neat Y6 film shows a strong n-m stacking
peak at q~ 1.67 At (d = 3.76 A) in the OOP direction. Upon addition of DIB, the n-n
stacking peak of Y6 shift to g~ 1.70 A (d = 3.69 A), indicating more condensed n-n

stacking in Y6+DIB film. AFM studies reveal that Y6 film shows distinct



morphology aggregation after DIB treatments (Figure S5) which further confirm the
complex formation.

Therefore, we propose that the eutectic phase induced by the halogen bond
between iodine atom in DIB and cyanogroup in Y6 should be considered as the
intrinsic driving force for denser molecular stacking and more ordered molecular
arrangement in the favorable interpenetrating donor/acceptor domains. And, because
of suitable volatility (Figure S1), the residue of DIB can be removed after thermal
annealing process, leaving ideal micromophology and tigher molecular packing.

We also proved the superiority of DIB in PM6:Y®6 system, as showed in Table 2
and Figure 4a, DIB contributes to a significant performance improvement, reaching a
FF over 78%. Besides, compared to CN and DIO, DIB is much more tolerant to the
concentration range (Figure 4b), which is benefical to device’s reproducibility and

industial application.

Table 2. Photovoltaic performance of devices based on PM6:Y6 system with different
additives.

Additive 1% e e o PCE (%)
CN 0.85 26.07 25.98 7171 15.97 (15.530.29)
DIO 0.82 26.20 25.93 75.72 16.27 (16.0140.16)
DIB 0.84 26.33 26.12 78.22 17.36 (17.0640.13)

“The Jsc values calculated from EQE tests.

8The average PCEs with standard deviation calculated from 20 devices.
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Figure 4. The superiority of DIB. (a) J-V curves of PM6:Y6-based devices with
different additives. (b) PCE changes of devices treated by CN, DIO and DIB as a
function of additive concentration range.

To further verify the versatility of DIB as an effective additive, we studied other
OSC systems including PBDB-T:Y6, all-small-molecule BTR-CL.Y6 and
PM6:Y6:1CBA based OSCs[30, 41-42]. The relevant molecular structures are
presented in Figure S6. Table 3 and Figure S7 show the effect of DIB on device
performance. Obviously, DIB-processing technique is effective in both polymer and

small molecule systems, especially enhancing the FF values.

Table 3. Summary of photovoltaic operating parameters for PBDB-T:Y6, BTR-CI:Y6
and PM6:Y6:1ICBA OSCs made with and w/o DIB treatment.

Condition & @Ay mAamy oy PCEO0)
PBDB-T: Y6, Control 0.68  24.33 23.58 57.70  9.55(9.3140.13)
With DIB 0.67 25.28 24.73 70.87 12.00 (11.7340.17)
BTR-CI: Y6, Control®  0.85  23.53 23.27 67.84 13.53(13.2040.15)
With DIB® 0.84 2361 23.29 72.22 14.32 (13.9240.18)
PM6:Y6:ICBA,Control  0.87 25.62 25.39 74.73 16.60 (16.3640.21)
With DIB 0.84 26.50 26.27 79.62 17.72 (17.4040.14)

¢ The Jsc values calculated from EQE tests.

¥The average PCEs with standard deviation calculated from 15 devices.



bThe electron transport layer (ETL) in BTR-CI:Y6 device is Phen-NaDPO, as reported
in literature[30, 43-44].

3. Conclusion

In summary, we have developed a very simple and effective DIB additive for
efficient OSCs. The eutectic phase behavior induced by DIB additive enables tailoring
the bulk and surface morphology of the active layer, thereby bringing less charge
recombination and more efficient charge transport and extraction processes. Assisted
by DIB additive, 17.72%, 17.36%, 15.03% and 14.32% efficiency have been realized
in PM6:Y6:ICBA-based, PM6:Y6-based, PM6:Y6-based thick-film (300 nm) and
all-small-molecule (BTR-CI.Y6) binary OSCs, respectively. Furthermore, DIB works
effectively in a wide range concentration and the suitable volatility of this additive
can help to maintain excellent device stability. The field of OSCs has evolved into a
non-fullerene acceptor era with excellent efficiency near commercialization. DIB’s
success in non-fullerene acceptor system paves an avenue for exploring more

effective additive for the industrial application of high-efficiency OSCs.
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Supplementary data associated with this article can be found in the online version at
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