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SUMMARY

Organic solar cells (OSCs) suffer from severe upscaling loss due to
the inevitable formation of inhomogeneities and the intrinsically
low charge mobilities of organic materials limiting the charge
extraction efficiency, especially in the situation where cell width rea-
ches centimeter scale. Here, we report the introduction of a nematic
liquid crystal donor, BTR-Cl, into a typical non-fullerene blending
system of PM6:BTP-eC9. The participation of BTR-Cl contributes
to a significantly improved crystallinity and ordering of the host
components and facilitates efficient three-dimensional charge
transport in the active layer. Simultaneously improved fill factor
and current density are thus achieved in BTR-Cl-doped OSCs, corre-
sponding to a superior efficiency of 18.31%. More importantly, a
high efficiency of 16.88% along with a robust fill factor of 73.4% is
retained when enlarging the effective device area from 0.034 to
1.01 cm2, highlighting the importance of three-dimensional charge
transport in reducing the upscaling loss of OSCs.

INTRODUCTION

Organic solar cells (OSCs) represent an important emerging photovoltaic (PV) tech-

nology that can be produced by high-throughput solution processing from a vast

array of organic semiconductors.1–4 The tunable optical bandgap of organic semi-

conductors enables them to be more efficient in harvesting near-infrared (NIR) pho-

tons to facilitate the short-circuit current density (JSC) of OSCs beyond those of many

other PV technologies.5–7 The significantly increased JSC in conjunction with greatly

reduced non-radiative recombination loss has boosted the power conversion effi-

ciency (PCE) of lab-scale OSCs to reach >18%.8–11 These promising results have

inspired the community to further explore the upscaling potential of OSCs for prac-

tical applications.12,13

There are several challenges remaining in upscaling OSCs from a lab-scale area of

<5 mm2 to a centimeter-scale sub-cell or a typical 100–400 cm2 mini-module.14–16

For an individual cell, a large cell width tends to create significantly increased resis-

tance for charge extraction, whereas a smaller width of sub-cells will cause lower

geometrical fill factor of corresponding mini-modules.17–19 Therefore, a typical

width of �1 cm is often applied to sub-cells of organic mini-modules to balance

the charge extraction and geometrical losses.20 The development of centimeter-

scale (e.g., 1 cm2) devices hence represents an essential challenge in the preliminary

upscaling process of OSCs.21,22 In addition, the possible changes in the crystalliza-

tion of organic materials during upscaling may perturb the bulk morphology of the
Cell Reports Physical Science 3, 100761, February 16, 2022 ª 2022 The Authors.
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Figure 1. Materials properties and device performances

(A) Structures of materials incorporated in active layers.

(B) Absorption and energy level alignments of active layer components.

(C) J-V characteristics for small-area devices incorporating varied amount of BTR-Cl.

(D) EQE and calculated JSC for small-area devices.
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enlarged cells.23 The possibly increased inhomogeneities arising from the formation

of pinholes and particles on the enlarged active layers can further undermine the cell

performance, restricting the development of centimeter-scale OSCs and beyond.24

Lastly, the intrinsically lower charge mobilities of organic semiconductors relative to

those of inorganic ones or organic-inorganic hybrid perovskites will result in fast de-

caying of fill factor (FF) in large-area OSCs.25

To address the above challenges in the preliminary upscaling step (from �0.05 to

�1 cm2), efforts need to be devoted to overcoming the inconformity of vertical

charge transport in a non-uniform bulk with structure traps or locally disordered mo-

lecular packing and to eliminating the local shunts caused by inhomogeneities.26

Addition of a small-molecule guest, such as [6,6]-phenyl-C71-butyric acid methyl

ester (PC71BM), can improve the overall ordering of active layer components due

to the slippery nature of such molecules.27 However, PC71BM doesn’t really

contribute to the JSC of devices, owing to its insufficient light absorption, whereas

non-fullerene acceptor guest tends to form alloy with the host acceptor, thus vitri-

fying the blend.28,29 In contrast, small-molecule donor guests can enhance the ver-

tical charge transport by improving the overall crystallinity of host components,30,31

thus making them promising candidates for incorporation into large-area OSC

systems.

In this work, we introduce a state-of-the-art nematic liquid crystal donor, BTR-Cl, as a

guest into the host of PM6:BTP-eC9 blend (Figure 1A). The presence of a small

amount of BTR-Cl efficiently increases the FF and JSC of the resulting OSCs without

significantly affecting the open-circuit voltage (VOC), affording a superior PCE of

18.31% in small-area (0.034 cm2) cells compared with that of 17.37% for the binary
2 Cell Reports Physical Science 3, 100761, February 16, 2022
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control devices. More importantly, the ternary OSCs show a high PCE of 16.88% in

the preliminary upscaling trials, corresponding to a low upscaling loss (7%) quanti-

fied by the decaying of the FF from 79.0% to 73.4%, whereas the loss for the binary

host is >10%. The integrated studies in morphology and charge carrier dynamic

confirm a significantly improved crystallization and ordering as well as efficient

three-dimensional charge transport, contributing synergistically to the minimized

FF loss in the upscaled BTR-Cl-doped devices. This work demonstrates the feasibility

of reducing the upscaling loss of OSCs by incorporating liquid crystal donors and the

importance of maximizing three-dimensional charge transport for realizing high-per-

formance, large-area OSCs.
RESULTS AND DISCUSSION

Photoelectric and photovoltaic properties

The absorption spectrum of BTR-Cl has a significant overlap with that of PM6 but has

a slightly red-shifted onset, corresponding to a smaller optical bandgap of 1.76 eV

compared with 1.82 eV for the latter (Figure S1A). This is slightly different from that

of typical ternary systems, where complementary absorption spectra are usually ex-

pected to guarantee a full-band light harvest.32 The highly overlapped optical ab-

sorption profiles of BTR-Cl and PM6 indicate the addition of BTR-Cl may not

contribute to the JSC of devices effectively. However, the significant difference in

the vibronic peaks between these two donors is indicative of their different molecu-

lar interaction patterns, which could affect the charge carrier dynamics in the corre-

sponding devices (Figure 1B). Specifically, the 0–0/0–1 vibronic peak ratio for BTR-Cl

is smaller than unity, indicating predominant contribution of interchain Coulombic

interactions in BTR-Cl film.33 In contrast, the intrachain through-bond interactions

of PM6 result in a vibronic peak ratio larger than unity.34 The distinct aggregation

modes between PM6 and BTR-Cl and the nematic liquid crystal feature of BTR-Cl

could influence the charge-transporting properties of the active layers incorporating

both species.35

The highest occupied molecular orbital (HOMO) levels of the employed photoactive

materials were determined from both cyclic voltammetry (CV) and ambient pressure

photoemission spectrometry (APS). Both methods confirm a deeper lying HOMO

energy level of BTR-Cl compared with that of PM6 (Figure S2; Table S1). It is note-

worthy that the HOMO offset between donor and acceptor as evaluated from APS

reaches a large value of �0.3 eV (inset of Figure 1B), conforming to the hypothesis

that a properly large HOMO offset is required for efficient charge transfer due to en-

ergy level bending induced by quadrupole moments of the acceptors.36 The

cascade HOMO level alignments of the three components may be favorable for bet-

ter exciton splitting in the resulting ternary cells.37,38

Small-area (0.034 cm2) solar cells with conventional configuration were fabricated to

evaluate the impact of BTR-Cl loading on the photovoltaic performance. The BTR-Cl

content is controlled to be within 30 wt % that of PM6, while the ratio of host binary

blend, i.e., PM6:BTP-eC9, was fixed as 1:1.2 (wt:wt). The combined treatments of

incorporating 0.35 vol % diiodooctane additive and thermal annealing at 80�C for

5 min were conducted for all the compositions. The control binary device (denoted

as 1:0:1.2) treated at this condition exhibits a PCE of 17.37%, specifically; a VOC of

0.844 V; a JSC of 26.72 mA cm�2; and an FF of 77.0% (Figure 1C). Devices incorpo-

rating various contents of BTR-Cl show an improved FF ranging from 78.2% to 79.0%

(Table S2). Moreover, while a small amount of BTR-Cl can obviously increase the JSC,

the addition beyond 20% will deteriorate the JSC back to the level of the binary case.
Cell Reports Physical Science 3, 100761, February 16, 2022 3



Table 1. Performance for OSCs based on PM6:BTR-Cl:BTP-eC9 with different aperture areas

Blend Areaa (cm2) VOC (V) JSC (mA cm�2) FF (%) PCEb (%)

1:0:1.2 0.034 0.844 (0.843 G
0.001)

26.72 (26.46 G
0.19)

77.0 (77.6 G
0.4)

17.37 (17.30 G
0.08)

1.008 0.847 (0.844 G
0.003)

26.58 (26.38 G
0.18)

69.3 (69.7 G
0.3)

15.61 (15.51 G
0.10)

1:0.15:1.2 0.034 0.839 (0.837 G
0.003)

27.65 (27.49 G
0.18)

79.0 (78.8 G
0.2)

18.31 (18.10 G
0.19)

1.008 0.837 (0.841 G
0.004)

27.48 (27.27 G
0.38)

73.4 (71.4 G
1.1)

16.88 (16.47 G
0.35)

aAperture area used for measuring the devices.
bAverage of at least 12 individual devices.
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The best performance of 18.31% can be obtained for the devices with a composition

of 1:0.15:1.2 (Table 1), attributable mainly to the improved FF (79.0%) and JSC (27.65

mA cm�2). The external quantum efficiency (EQE) spectra confirm the accuracy of JSC
with mismatch less than 3% (Figure 1D). The improvement in JSC echoes with the ab-

sorption coefficient of corresponding blend film as determined from transmission

method (Figure S1B).

Thermal aging at 65�C for�1,400 h was performed for both devices with and without

BTR-Cl, showing little influence of the incorporation of BTR-Cl on the overall effi-

ciency evolvements despite the trends of VOC and FF between two kinds of devices

being different over time (Figures S3A and S3B). Moreover, the maximum-power-

point (MPP) tracking was performed for BTR-Cl-containing devices under continuous

1 sun illumination using the constant voltage approach. The voltage at MPP (Vmax)

was constantly applied to the cells, and the output current density was recorded

continuously, giving a minor efficiency decay of �6% under continuous tracking

for 1,800 s (Figure S3C). Note that the VOC values for devices incorporating varied

BTR-Cl contents (within 30 wt % versus that of PM6) are minorly varied (around

0.84 V; Figure 1B) but are much higher than that of 0.73 V for binary BTR-Cl:BTP-

eC9 devices (Figure S4; Table S2). This might be due to the complexity of the

morphology for all-small-molecule blend, leading to very different energy losses

in the latter devices.

Transient photoluminescence (PL) was performed to disclose the influence of BTR-

Cl incorporation on the exciton splitting at the donor:acceptor interfaces. A 785-

nm NIR laser was used to excite the neat acceptor and the blends, and the PL

decay was recorded by a NIR detector at �80�C. As shown in Figure S5, the PL

quenching lifetime (t) was fitted as 0.74 (i.e., exciton lifetime, t1), 0.23, and

0.15 ns for neat BTP-eC9 and binary (1:0:1.2) and ternary (1:0.15:1.2) blend,

respectively. The exciton splitting lifetime (t2) of binary and ternary blends was

calculated to be 0.33 and 0.19 ns, respectively, from the equation, 1/t = 1/t1 +

1/t2.
39 These results suggest that the incorporation of small-molecule BTR-Cl pro-

motes the exciton splitting in the system, conforming the rationality of the

improved JSC in ternary devices. However, the addition of BTR-Cl does not incur

a distinct difference in the non-geminate charge recombination as determined

from the light intensity (Plight)-dependence studies (Figures S6A and S6B). And

dark current density-voltage (J-V) characteristics show only a slightly increased

shunt resistance for the ternary (1:0.15:1.2) devices relative to the binary ones (Fig-

ure S6C). Therefore, we surmise that the increased FF for BTR-Cl-containing de-

vices might be related to the changed charge-transporting properties via the

participation of liquid crystal molecule BTR-Cl.
4 Cell Reports Physical Science 3, 100761, February 16, 2022
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Figure 2. Molecular stacking and crystallinity

(A–E) GIWAXS curves for neat BTR-Cl (A). 2D GIWAXS patterns for binary (B) and ternary (C) blend

films are shown. Comparison of averaged curves for neat and blend films in OOP (D) and IP (E)

directions is shown.

(F) Peak area and CCL obtained by fitting the low-q peaks in IP direction.
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Molecular packing and charge mobility

To correlate the crystallization modes with the charge-transporting properties in this

system, we investigated the molecular packing modes for all employed materials

and their blends through grazing-incidence wide-angle X-ray scattering (GIWAXS).

As shown in Figure S7, BTR-Cl has significantly different molecular packing from

PM6 with a sharp (010) diffraction in the in-plane (IP) direction and a set of lamellar

stacking peaks in the out-of-plane (OOP) direction, revealing a predominate edge-

on orientation of BTR-Cl in neat film. However, when BTR-Cl was doped into the

blend of PM6:BTP-eC9, its characteristic diffraction peaks at 0.32 Å�1 (OOP) and

0.33 Å�1 (IP) are absent in the ternary blend film (Figures 2A and 2C). Instead, the

signals from both PM6 and BTP-eC9 are enhanced by the addition of BTR-Cl (Figures

2B and 2C). In detail, the lamellar stacking peak at 0.29 Å�1 in OOP direction for neat

PM6 is not visible in the binary blend (1:0:1.2), possibly due to the intercalation of

BTP-eC9 into the neighboring PM6 polymer chains (Figure 2D). However, this

peak shows up in the ternary film (1:0.15:1.2) with high intensity, confirming the

increased crystallinity of PM6 upon adding BTR-Cl.

In addition, through the deconvolution of the low-q peaks in the IP direction for both

binary and ternary blend films (Figure S8), two peaks located at 0.30 and 0.38 Å�1

could be attributed to the lamellar stacking of PM6/BTP-eC9 and BTP-eC9, respec-

tively (Figure 2E). Similar to the OOP profiles, these two peaks are much sharper in

the ternary film with respect to their binary counterparts. Both the peak area and

the crystal coherence length (CCL) are significantly increased upon the introduction

of BTR-Cl (Figure 2F; Table S3), suggesting simultaneously improved ordering of

PM6 and BTP-eC9 in the ternary blend. We infer the small-molecule donor BTR-Cl

may disperse freely in the polymer matrix and assist with the reorganization of the
Cell Reports Physical Science 3, 100761, February 16, 2022 5
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Figure 3. Charge transporting properties

(A) Electron and hole mobility obtained from SCLC method; the error bar is indication of standard

deviation.

(B) Photo-CELIV characteristics and TPC plots for both binary and ternary devices.

(C and D) Transfer curves of OFETs based on neat PM6 (C) and PM6:BTR-Cl blend (D).
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host molecules to facilitate the overall ordering of PM6 and BTP-eC9, similar to the

role of PC71BM in reported quaternary blends.27 More importantly, the enhanced

lamellar stacking of PM6 in both OOP and IP directions triggered by the addition

of BTR-Cl might be beneficial for both vertical and horizonal charge transport,

rendering the resultant ternary devices possible to performwell in large-areadevices.

The space-charge limited current (SCLC) method was used to verify the results re-

vealed by GIWAXS (Figure S9). The extracted vertical charge mobilities for devices

with and without BTR-Cl were plotted in Figure 3A, where both hole and electron

mobilities of the BTR-Cl-containing devices are higher than their counterparts

without BTR-Cl, with the values reaching 1.2 times the latter. The charge mobility

in vertical direction was further evaluated via photo-induced charge extraction by

linearly increasing voltage (photo-CELIV) measurement. The CELIV mobility m was

calculated from the equation, m = 2d2/(3(DU/Dt)tmax
2), where DU/Dt is the voltage

ramp of the applied voltage pulse, tmax is the time when the current density reaches

the maximum, and d is the thickness of the active layer. As depicted in Figure 3B, a

slightly lower tmax is achieved for devices incorporating 15% BTR-Cl with respect to

those based on the binary blend. The extracted parameters were summarized in Ta-

ble S4, giving a higher CELIV mobility of 2.7 3 10�4 cm2 V�1 s�1 for the ternary de-

vices with respect to that of 1.93 10�4 cm2 V�1 s�1 for the binary cases. Note that the

mobilities obtained from this method cannot distinguish between holes and elec-

trons.40 However, the combined results from SCLC and photo-CELIV confirm that

the vertical charge transport is reasonably improved by the inclusion of a liquid crys-

tal donor, which is consistent with the increased crystallization and ordering of the

ternary system shown above. Meanwhile, transient photocurrent (TPC) studies

show a shorter decaying lifetime for the BTR-Cl-containing devices (inset of Fig-

ure 3B), confirming a faster charge transport in the ternary devices.41
6 Cell Reports Physical Science 3, 100761, February 16, 2022
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Organic field-effect transistor (OFET) with a bottom-gate, top-contact configuration

was fabricated to elucidate the influence of BTR-Cl on the horizonal charge transport

of the system. We first evaluated the charge-transporting behaviors of pristine p-

type semiconductors, i.e., neat PM6 and PM6:BTR-Cl blend. On the basis of transfer

curves, the field-effect mobility m was calculated from the equation IDS = (W/2L)

mCi(VG-Vth)
2, where IDS is the drain-source current, W/L is the width/length ratio of

the p-channel, Ci is the unit capacitance of the dielectric, VG is the gate voltage,

and Vth is the threshold voltage.42 As displayed in Figures 3C and 3D, OFETs based

on neat PM6 film show a hole mobility (mh) of 2.17 3 10�3 cm2 V�1 s�1 while those

based on the dual donors of PM6:BTR-Cl (1:0.15) show a much higher mh of

5.10 3 10�3 cm2 V�1 s�1. To simulate the charge transport in OSCs, we also fabri-

cated OFET with semiconductor channel comprising donor:acceptor blends. The

p-channel curves can be detected from these blend-type transistors, showing a mh

of 5.57 3 10�4 cm2 V�1 s�1 and 9.50 3 10�4 cm2 V�1 s�1 for those based on binary

(1:0:1.2) and ternary (1:0.15:1.2) semiconductors, respectively (Figure S10). Note

that the much lower hole mobilities of the blend-type OFETs relative to those of

pure p-type counterparts are probably due to the addition of n-type semiconductor

that leads to the formation of a percolation pathway for electron transport and de-

teriorates the p-channel characteristics.43 However, we still observe a largely

improved mh in the blend-type OFETs incorporating BTR-Cl compared with that in

the control binary cases. The above results provide solid evidence that the addition

of BTR-Cl boosts the charge transport in the horizonal directions. Since there are no

characteristic scattering peaks of BTR-Cl in the ternary blend, BTR-Cl molecules may

organize in a manner as that in the nematic liquid crystalline phase, where the mol-

ecules are oriented without positional order, similar to that in amorphous solids.44

Three-dimensional charge transport is available in such case,45 which might be the

reason for the enhanced charge transport in multiple directions observed for the

ternary devices.

Centimeter-scale devices and bulk morphology

The improved charge mobilities in both vertical and horizonal directions inspired us

to explore the use of the ternary blend containing liquid crystal donor to make centi-

meter-scale OSCs. The active layer compositions and the treatment conditions were

kept identical to those used for the small-area devices. The effective area of the

large-area devices is 1.09 cm2 with a dimension of 1.16-cm height and 0.94-cmwidth

(see the inset in Figure 4A). An aperture with a slightly smaller area of 1.01 cm2

(1.12 3 0.90 cm2) was used to eliminate the edge effect during the data collection.

Note that the cell width of �1 cm is the typical width of sub-cells of organic mini-

modules, which can mirror the potential of these active layers in the preliminary up-

scaling trials.

The 1-cm2 devices based on control binary blend (1:0:1.2) show a PCE of 15.61%

with a largely reduced FF of 69.3% relative to that of 77.0% in small-area condition

(Figure S11; Table 1). When 15% BTR-Cl is included into the active layer, the FF is

well maintained as 73.4% under the 1-cm2 area, corresponding to a decent efficiency

of 16.88% (Figure 4A). The robust FF of ternary devices in large-area condition might

be enabled by the simultaneously enhanced vertical and horizonal chargemobilities,

i.e., three-dimensional charge transport, via inclusion of the nematic liquid crystal

donor. Note that the high FF and PCE were achieved based on an aperture area

(1.01 cm2) approaching the device area (1.09 cm2), which is different from the strat-

egy that used a much smaller aperture area, e.g., �0.8 cm2, to maximize the FF of

devices.46 The histogram of efficiency for 18 individual cells confirms the good

reproducibility of the BTR-Cl-containing devices in large-area configuration
Cell Reports Physical Science 3, 100761, February 16, 2022 7
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Figure 4. Performance of large-area devices

(A) J-V characteristic and photo for 1-cm2 device incorporating BTR-Cl.

(B) Histogram of efficiency for 18 individual 1-cm2 devices.

(C) EQE and calculated JSC for 1-cm2 devices obtained from three different locations of a single device.

(D) Graphic illustration of the BTR-Cl distribution in the ternary blend film.

(E) Possible charge transport and extraction pathways in large-area devices.
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(Figure 4B). The EQE of 1-cm2 devices was measured by focusing the light spot

(�1 mm2) on three different locations of the effective region. From Figure 4C, we

observe the almost identical shape and intensity of the EQE curves retrieved from

three different spots in one BTR-Cl-containing device, indicating a good homogene-

ity of the ternary blend film. This is consistent with the confocal imaging results as

obtained from laser confocal scanning microscopy (Figure S12), where obvious pin

holes (see the big white grains) were observed on the binary film while only some

small and flat particles existed on the ternary film (see the little dark dots). The JSC
calculated from the EQE shows an average value of 27.11 mA cm�2, matching

well with the results obtained from the J-V measurements.

The mesoscopic morphology of the active layers was investigated to give intuitive

insight about the influence of BTR-Cl incorporation on the performance of corre-

sponding large-area devices. The topographic images obtained from atomic force

microscopy (AFM) reveal a slightly increased surface roughness (from 1.4 to

1.8 nm) after adding 15% BTR-Cl (Figures S13A and S13B), which is reasonable given

the enhanced crystallization of the host components (PM6 and BTP-eC9) induced by

the addition of BTR-Cl. It also appears that the fibrous features become longer and

more apparent in the blend film containing BTR-Cl (Figure S13B). Similar trends can

also be found in the transmission electron microscopy (TEM) images, where seem-

ingly thicker fibers and longer distributed phases appear in the ternary blend film

(Figures S13C and S13D). This may be the result of the enhanced crystallization

and ordering in the ternary system as demonstrated above (Figure 2F). Combined

with the GIWAXS and mobility results, we speculate that, in addition to the role of

triggering the reorganization of PM6 and BTP-eC9, the liquid crystal molecules

can also diffuse into the boundary of the polymer crystalline clusters to facilitate

the charge transport in multiple directions (Figure 4D). A higher probability of
8 Cell Reports Physical Science 3, 100761, February 16, 2022
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horizonal charge transport before arriving at the bottom electrode could avoid the

possible structure defects or disorders in the vertical transport pathways (Figure 4E).

This may statistically reduce the ultimate charge extraction distance on the bottom

contact, affording the decent FF observed in centimeter-sized OSCs.

In this work, we report the successful application of a nematic liquid crystal donor,

BTR-Cl, as guest to increase the charge-transporting ability of the PM6:BTP-eC9

blend. The results from systematic morphology and charge carrier dynamic studies

show that significantly improved crystallization and ordering as well as efficient

three-dimensional charge transport have been achieved in the derived ternary de-

vices incorporating BTR-Cl (15% weight ratio relative to PM6). The obviously

improved FF and JSC have collectively contributed to the superior PCE of 18.31%

in small-area cells compared with 17.37% for the control device. More importantly,

the efficiency can be retained as high as 16.88% when the effective device area is

increased from 0.034 to 1.01 cm2, bearing a robust FF of 73.4% with a low upscaling

FF loss of 7%. This work not only demonstrates the feasibility of reducing the upscal-

ing loss in FF of OSCs by incorporating a nematic liquid crystal molecule but also

highlights the importance of three-dimensional charge transport in constructing

high-performance, large-area OSCs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Alex K.-Y. Jen (alexjen@cityu.edu.hk).

Materials availability

This study did not generate any new unique reagents.

Data and code availability

All the data supporting the findings of this study are presented in the paper and in

the supplemental information. This study did not generate any code.

Materials

PM6, BTR-Cl, and PFN-Br were obtained from Organtec, with the molecular weight

of PM6 further graded by column chromatography. BTP-eC9 was purchased from

Derthon Optoelectronic Materials Science Technology without further purification.

Organic solar cells

Normal-structure OSCs were fabricated on cleaned indium tin oxide (ITO) sub-

strates. After exposed to oxygen plasma (50W) for 30min,�20 nm of poly(3,4-ethyl-

enedioxythiophene):polystyrene sulfonate (PEDOT:PSS) (P VP Al 4083) was spin

coated on the substrates at 5,000 rpm and annealed at 150�C for 20 min in air.

Then, they were transferred into a nitrogen-protected glove box, and blends of

PM6:BTP-eC9 (1:1.2) incorporating varied amounts of BTR-Cl (total donor concen-

tration: 7.8 mg mL�1 in chloroform [CF] with 0.35 vol % 1,8-diiodooctane [DIO])

were spin coated atop (2,600–3,000 rpm), giving a film with thickness of �100 nm.

Thermal annealing at 80�C for 5 min was conducted for all films before coating

with an �5-nm electron collection layer, PFN-Br (0.5 mg mL�1 in methanol). Finally,

silver (100 nm) was thermal deposited in high vacuum of �5 3 10�6 torr as the top

contact through a shadow mask of 0.042 (small area) and 1.09 (large area) cm2.

For accuracy, non-refractive masks with aperture area of 0.034 (small area) and

1.008 (large area) cm2 were used during J-V measurements. J-V characteristics
Cell Reports Physical Science 3, 100761, February 16, 2022 9
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were measured under a computer-controlled Keithley 2400 sourcemeter under 1

sun, AM 1.5G solar simulator (Enlitech SS-F5). The light intensity at each wavelength

was calibrated by a standard silicon solar cell (certified by National Renewable En-

ergy Laboratory [NREL]) to give a value of 100 mW cm�2. The EQE spectra were con-

ducted on an Enlitech QE-S EQE system equipped with a standard Si diode; mono-

chromatic light was generated from aNewport 300W lamp source. Photo-CELIV and

TPC were measured on an all-in-one platform of Paios (Fluxim AG). A voltage ramp

of 199 V ms�1 is applied to the samples after the laser light has been turned off.

Single-carrier devices

Single-hole and -electron devices were fabricated with structure of ITO/PEDOT:PSS/

active layer/MoO3/Ag and ITO/ZnO/active layer/PFN-Br/Ag, respectively. J-V char-

acteristics were measured in the dark, and the mobility was obtained by fitting the

quadratic SCLC region using the equation of J = (9/8)ε0εrmV2/d
3, where m, ε0, and

εr represent the zero-field mobility, the permittivity of free space, and the relative

permittivity, respectively. The effective voltage was determined from subtracting

the applied voltage (Vappl) with resistance-induced voltage drop (Vs) and built-in

voltage (Vbi).

Organic field-effect transistors

OFETs with bottom-gate, top-contact geometries were fabricated using gold as the

source and drain electrodes. Highly n-doped silicon and thermal-grown silicon diox-

ide were used as the gate electrode and dielectric, respectively. Octyltrichlorosilane

was then used to modify the surface of the dielectric layer. Semiconductors with a

thickness of �40 nm were spin coated on the substrates with the processing exactly

as that in OSCs except that thermal treatment at 100�C was used. Gold film of 60 nm

was finally vacuum deposited as the source and drain electrodes. The width-to-

length ratio (W/L) of the OFETs determined from the deposition mask is 500/70.

The characteristic curves were measured on a probe station and an Agilent 4155C

semiconductor parameter analyzer in air. The field-effect mobility was calculated

from the standard equation for the saturation region of output curves of OFETs:

IDS = (W/2L)mCi(VG � Vth)
2, where IDS is the drain-source current, m is the field-effect

mobility, W/L is the width/length ratio of the channel,Ci is the unit capacitance of the

dielectric layer (Ci = 10.4 nF cm�2), VG is the gate voltage, and Vth is the threshold

voltage.

Optoelectrical properties measurements

Ultraviolet-visible (UV-vis) absorption was recorded on a SHIMADZU UV-1700 spec-

trophotometer. Cyclic voltammetry was measured on a CHI660A electrochemical

workstation equipped with a glass carbon working electrode and a platinum sheet

counter-electrode as well as an Ag/AgCl reference electrode. Ionization potential

was determined from ambient-pressure photoemission spectroscopy (KP Technol-

ogy APS04). Steady-state and transient PL spectra were measured on an Edinburgh

FLS980 spectrometer, with excitation wavelength of 785 nm provided by a Xe lamp

and anNIR laser, respectively. The transient signals were recorded by anNIR charge-

coupled device (CCD) cooled to �80�C with liquid N2. The instrument response

function (IRF) signal was obtained using a quartz glass with coarse surface.

Morphology measurements

Tapping-mode AFM was measured on Environment Control AFM (Hitachi 5300E) at

ambient conditions. TEM was recorded on a transmission electron microscope (FEI/

Philips Tecnai 12 BioTWIN) operated at 120 kV. Confocal imaging was measured on

a laser confocal scanning microscopy (Leica SPE) system equipped with an inverted
10 Cell Reports Physical Science 3, 100761, February 16, 2022
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microscope and a solid-state laser with excitation wavelength of 635 nm. GIWAXS

was performed onMetalJet-D2 X-ray Source (Excillum). The scattering signal was re-

corded on a Pilatus 3R 1M detector (Dectris) with a pixel size of 0.172 3 0.172 mm2.

The incidence angle was chosen as 0.2�, which gave the optimized signal-to-back-

ground ratio. Typically, 1,800 s exposure was conducted to collect diffraction signals

and two images were combined together.

Stability measurements

The MPP tracking was performed to give the steady-state efficiency of solar cells us-

ing the constant voltage approach. The voltage at MPP (Vmax) was constantly applied

to the cells under 1 sun illumination generated by a solar simulator, and the output

current density was recorded continuously. The test was performed in an N2-filled

glove box with the devices free of encapsulation.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
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