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ABSTRACT: The uncertain dopant location in the bulk heterojunction (BHJ) film hinders the

wide application of molecular doping in polymer solar cells (PSCs) as is in other organic devices.

It is known that the interaction between dopant and component governs the dopant distribution in

the BHJ film, and thus largely controls the effectiveness of molecular doping. After excluding

the strong dopant/component interaction by forming the charge-transfer complex in solution, we

estimate the dopant/component miscibility by calculating the difference of Hansen’s total

solubility parameters (△δi-Hansen) and prove its correctness by contact angle measurements, and

two model systems of poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophe-2-yl)-benzo[1,2-b:4,5-

b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl -5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-

c’]dithiophene-4,8-dione))] (PBDB)/poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} (N2200) and poly[4,8-bis(5-(2-

ethylhexyl)-thiophene-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl]] (PCE10)/N2200 are selected to reveal

the miscibility-photovoltaic performance relations. Only the material combination with large

△δi-Hansen between n-dopant (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl) phenyl)

dimethylamine (N-DMBI) and the donor polymer achieves enhanced photovoltaic performance.

After that, we examine the doped morphology of polymer blends. Since the polymers’

crystallizations are negatively affected by N-DMBI addition, we ensure the significance of n-

doping on the enhanced device performance. Besides the dopant/polymer interaction, the

solvent/polymer and solvent/dopant interactions are also considered to evaluate the kinetic effect

on N-DMBI distribution by drawing the ternary phase diagram. We conclude that the kinetic

morphological evolution doesn’t change the miscibility governed N-DMBI distribution in the

BHJ film. Finally, we provide a direct relationship between the N-DMBI position and the device
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property by fabricating the bi-layer devices. The enhancement of photovoltaic performances is

observed in both of material systems only if the N-DMBI distributes in N2200. Our work

outlines a basis for using the dopant/component interaction and ternary phase diagram to predict

the dopant distribution before extensive experiments. It significantly reduces the trial-to-error

work and increases the reliability of molecularly doped PSCs.

INTRODUCTION

PSC is a potentially attractive photovoltaic technology. The efficient PSCs are based on BHJ

structure, which consists the bi-continuous network of electron-donor and electron-acceptor

materials.1-2 During the past years, PSCs have made great progress in power conversion

efficiency (PCE) due to the development of non-fullerene acceptors. Nowadays, certified PCE

value over 16% has been reported for single junction device.3 To achieve better performance, the

photo-charge generating and transporting processes need to be improved to further decrease the

losses of photovoltaic parameters. Comparing with the presently used strategies such as materials

synthesis,4-6 morphology optimization,7-9 and interlayer design,10-12 molecular doping is an

attractive concept which aims at directly tuning the optoelectronic properties of organic

semiconductors including the charge distribution,13-15 carrier mobility,16-18 and trap density etc.19-

22 The systematic studies of BHJ doped PSCs started in 2011.23 Fundamental studies reveal that

molecular doping potentially improves the photovoltaic performances by facilitating the exciton

splitting,23-24 suppressing the carrier recombination,23, 25-27 and optimizing the BHJ

morphology.28-29 Yet those studies mainly focused on p-doping in donor materials, developing

the equally important n-doping in non-fullerene acceptors becomes urgent in future studies.30
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According to the summary by Lin et al., the air-stable, solution processed n-dopants mainly

involve two classes of materials, including the hydride-reduction of stable organic cations and

tetraalkylammonium salts of simple inorganic ions.31 Unlike the restricted ionization potential

(IP) in p-dopants, such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ),32 n-

dopants possess sufficient doping strength due to the radical anions. Taking N-DMBI for

example, it effectively dopes materials with lowest unoccupied molecular orbit (LUMO) levels

ranging from 3.0 to 3.9 eV.31 Thus the main obstacle to the efficient n-doping in PSCs is the

dopant distribution in the BHJ film. The n-dopants ideally distribute solely with the acceptors,

incorrect dispersion in donors will reduce or even negatively affect the doping effect.33-34

However, the weak van der Waals interactions between the dopant and component, together with

the ultralow doping content (usually less than 0.1 wt%), inhibit the prediction and observation of

dopant distribution in the BHJ film. Inspired by recent studies on BHJ blend films, where the

phase separation and phase purity are estimated by the components’ miscibility according to the

Flory-Huggins theory, 35-37 the dopant distribution can be inferred by comparing its miscibility

with each component in the BHJ film. This methodology enables us to relate the

dopant/component miscibility with the photovoltaic performances in n-doped PSCs.

We selected two polymer/polymer material systems with the same polymer acceptor-N2200.

Polymer donors are different in miscibility with n-dopant, N-DMBI, which produces various

extent of n-dopant distribution in polymer donor and polymer acceptor domains. Photovoltaic

testing revealed that higher short-circuit current (Jsc) will be achieved when N-DMBI is less

miscible with polymer donors. Thorough studies by morphology and crystalline analysis

excluded the role of morphological modifier of N-DMBI in the BHJ film, and we confirmed the

electronic n-doping as the reason for Jsc enhancement. The N-DMBI distribution in respective
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BHJ films was further simulated by calculating the solvent contained ternary phase diagram,

which allows us to discuss the N-DMBI distribution with regard to the kinetic morphological

evolution. After analyzing the effects of phase separation time and solvent/polymer interaction

related polymer mobility, we conclude that the kinetic morphological evolution doesn’t alter the

miscibility driven N-DMBI distribution in the BHJ film. The dopant distribution is further

proved by fabricating the planar heterojunction (PHJ) devices where we confined the N-DMBI in

each single layer. In accordance with our expectation, the Jsc enhancement was observed in both

of PCE10/N2200 and PBDB-T/N2200 systems only if N-DMBI located in the N2200 layer. Our

studies demonstrate the electronic n-doping as an efficient and general approach to improve the

PCE in PSCs. The pre-requisition for efficient n-doping is poor miscibility between the dopant

and donor to guarantee favored dopant distribution.

RESULTS AND DISCUSSION

In this work, all-polymer material systems PCE10/N2200 and PBDB-T/N2200 were adopted

for our investigation, and a typical n-dopant N-DMBI was used to dope N2200 (Figure 1a). The

n-doping effect was confirmed by the increased surface potential measured by Kelvin probe

force microscopy (KPFM) when adding N-DMBI into the N2200 film (Figure S1). According to

Moulé’s reports, the dopant distribution in semiconducting polymer film was pre-determined in

solution.38 The formation of charge-transfer complex (CTC) in solution provided strong

dopant/component binding, and this led to the highly selective dopant distribution in the multi-

phase blend film. Thus we examined the CTC products by the absorption spectrum of polymer

solutions. In Figure 1b and c, we observed no CTC peaks after N-DMBI addition. Under this

weak doping situation, most dopants disperse in amorphous polymer regions,39 and their

distribution in the BHJ film is driven by the dopant/component miscibility during film formation.
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The miscibility between N-DMBI and the polymer was evaluated by the Hansen’s total solubility

parameters (δi-Hansen) via theoretical calculation and verified by contact angle measurements

(Figure 1d-f and Figure S2). The calculated and measured values of δ are summarized in Table

S1. The two independent groups of data demonstrate the same order of dopant/component

miscibility. The smaller difference in the value of solubility parameter (△δ) demonstrates better

dopant/component miscibility. Taking the calculated δi-Hansen for example, the △δi-Hansen between

N-DMBI and N2200 is 3.5 MPa1/2, which is comparable to the value of 2.7 MPa1/2 between N-

DMBI and PCE10. Since N-DMBI/PBDB-T has the smallest △δi-Hansen of 1.0 MPa1/2, more N-

DMBI tend to distribute in the PBDB-T domains in the BHJ blend film. Accordingly, we deduce

that the N-DMBI doping is more efficient in the PCE10/N2200 BHJ film.
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Figure 1. (a) The molecular structures of PCE10, PBDB-T, N2200, and N-DMBI. (b) The
normalized absorbance of N2200, 10 wt% N-DMBI doped N2200 and N-DMBI solutions. (c)
The normalized absorbance of PCE10, PBDB-T and their corresponding 10 wt% N-DMBI doped
solutions. (d-f) Contact angle measurements of PCE10, PBDB-T, and N2200. (g) J-V curves of
PCE10/N2200 BHJ devices. (h) J-V curves of PBDB-T/N2200 BHJ devices. (i) Dependence of
Voc on light intensity for PCE10/N2200 BHJ devices.

Table 1. Photovoltaic performance of PSCs with various N-DMBI contents.a

Materials
Voc max

(V)
FF max
(%)

Jsc max
(mA/cm2)

Jsc avg
(mA/cm2)

PCEmax
(%)

PCEavg
(%)

N-DMBI
in

PCE10/N2200

Control 0.80 46.5 9.4 9.4±0.1 3.5 3.4±0.1

0.05 wt% 0.79 45.7 9.9 9.5±0.3 3.6 3.5±0.1

0.1 wt% 0.80 51.2 9.8 9.7±0.1 4.0 4.0±0.0

0.3 wt% 0.80 52.3 10.4 10.3±0.1 4.4 4.2±0.1

0.5 wt% 0.80 48.9 10.3 10.0±0.2 4.0 3.8±0.1

1 wt% 0.74 41.4 6.2 5.9±0.2 1.9 1.8±0.0
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N-DMBI
in

PBDB-T/N2200

Control 0.85 56.7 11.2 11.1±0.2 5.5 5.4±0.1

0.05 wt% 0.85 56.2 11.2 11.0±0.3 5.4 5.3±0.1

0.1 wt% 0.85 56.9 11.1 10.8±0.3 5.3 5.3±0.0

0.3 wt% 0.85 56.2 10.7 10.6±0.3 5.2 5.1±0.0

0.5 wt% 0.85 56.0 10.4 10.4±0.2 5.0 4.9±0.1

1 wt% 0.74 38.3 5.4 4.9±0.3 1.5 1.5±0.1
a Average Jsc and PCE of 10 devices fabricated under identical conditions±1 standard deviation.

We fabricated photovoltaic devices in inverted structure to test the N-DMBI doped BHJ

devices. The film thicknesses are 100±10nm and 80±10nm for PCE10/N2200 and PBDB-

T/N2200 blends, respectively. PSC devices were characterized under AM 1.5 G illumination.

The detailed data including the Jsc, open-circuit voltage (Voc), fill factor (FF), and PCE are

summarized in Table 1. It is impressive that the Jsc rises from 9.4 mA/cm2 to 10.4 mA/cm2

simultaneously with FF enhancement from 46.5% to 52.3% when 0.3 wt% N-DMBI is added in

the PCE10/N2200 film (Figure 1g). In contrast to this, we observe slight Jsc decay in the PBDB-

T/N2200 material system (Figure 1h). The Jsc variations are consistent with the external

quantum efficiency (EQE) measurement, where the integrated current density demonstrates a Jsc

enhancement of 1.0 mA/cm2 and a slight decrease of 0.4 mA/cm2 when adding equal content of

0.3 wt% N-DMBI to PCE10/N2200 and PBDB-T/N2200 films (Figure S3). The photovoltaic

performances well support our assumption that the efficient n-doping requires worse miscibility

between n-dopant and polymer donor in the BHJ film. Plotting Voc on the natural logarithm of

light intensity, we obtain the device physics in the n-doped PCE10/N2200 BHJ films. The Voc

slope decreases from 1.73 kT/q to 1.60 kT/q with addition of 0.3 wt% N-DMBI (Figure 1i),

which was ascribed to trap-filling in our published study.25
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Figure 2. (a) TM-AFM images of the control and 0.3 wt% N-DMBI doped BHJ films: the left
panel is PCE10/N2200 image and the right panel is PBDB-T/N2200 image. (b) In plane and out
of plane line cuts of the control and 0.3 wt% N-DMBI doped BHJ films. (c) Corresponding
histograms of the fitted coherence length of donor polymers and N2200 according to Scherrer
equation.

According to the previous reports, the enhancement of photovoltaic performance may come

from the morphologic optimization. 28-29 To clarify the role of N-DMBI here, the morphology of

the control and 0.3 wt% N-DMBI doped BHJ films are characterized by tapping-mode atomic

force microscope (TM-AFM) and grazing incident wide-angle X-ray scattering (GIWAXS) in

series.40 We observe smaller values of root-mean-square (RMS) in doped films for both material

systems (from 1.26 to 1.03 nm in PCE10/N2200, and from 2.96 to 2.47 nm in PBDB-T/N2200),

which implies the disruption of polymer stacking with addition of 0.3 wt% N-DMBI. GIWAXS

was performed to reveal the impacts of N-DMBI on molecular orientation and stacking in both

systems. Comparing the peak intensity in two-dimensional directions (Figure 2b, Figure S4 and

Figure S5), face-on orientation is more favored in PCE10/N2200, while PBDB-T/N2200

composes mixture of face-on and edge-on domains. In spite of different polymer stacking modes,
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the addition of 0.3 wt% N-DMBI doesn’t alter the polymer orientation in blend films. The peak

positions also don’t change with N-DMBI doping, demonstrating the absence of dopant/polymer

co-crystalline phases according to Salleo’s reports.39, 41 This agrees with the results in Figure 1b

and c, and supports our assumption that the dopant distribution in the blend film is determined in

the film formation process rather in solution. The stacking order is estimated by fitting the

coherence length (CL) of the scattering profiles. The CL of PBDB-T decreases with N-DMBI

addition while the CL of PCE10 keeps constant according to the (010) peak at 1.69 Å-1 and 1.60

Å-1 respectively. Meanwhile, the molecular order of N2200 is evaluated by fitting its (001) peak

at 0.46 Å-1. The corresponding values of CL decay in both systems. On the basis of above

analysis, we state that the addition of N-DMBI disrupts the molecular ordering in both of

polymer blend films, thus the electronic n-doping is responsible for the performance

improvement here.
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Figure 3. (a-c) Ternary phase diagrams of solvent/polymer/dopant material combinations: (a)
CB/PCE10/N-DMBI, (b) CB/PBDB-T/N-DMBI, and (c) CB/N2200/N-DMBI. The region inside
the spinodal line is of complete instability; the binodal line is the boundary between the single
phase region and the metastable region; the tie lines connect the compositions with equal
chemical potentials; the critical point is the intersection of both the binodal line and the spinodal
line; the colored arrows are the solvent quenching lines, indicting the compositional variation of
blend solution during solvent quenching: the blue one represents the mass ratio of 100:1 for
polymer: N-DMBI, and the orange one represents the mass ratio of 10:1 for polymer: N-DMBI.
(d-f) CM-AFM images of neat PCE10, PBDB-T and N2200 films. (g-i) CM-AFM images of 10
wt% N-DMBI doped PCE10, PBDB-T and N2200 films.

To lend more support to the miscibility related n-doping effect on photovoltaic performances,

the kinetic factors on the evolution of doped morphology during film formation need to be taken

into account. For clarity, we studied the phase behaviors of N-DMBI with distinct polymers.

Taking chlorobenzene (CB) as the solvent, we calculated the ternary phase diagrams based on

the Flory-Huggins theory via calculated Hansen’s total solubility parameters (Figure 3a-c),42-45

and the ternary phase diagrams drawn by separated Hansen solubility parameters are also
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displayed in Figure S6. The molecular weights of PCE10, PBDB-T and N2200 measured by gel

permeation chromatography (GPC) are around 120, 68 and 185 kDa (Figure S7), respectively.

All parameters for the theoretical calculations are summarized in Table S2, and the details are

given in the Supporting Information. In all cases of our experiment, the solvent quenches through

the region between the binodal and spinodal lines, thus the L-L phase separation develops via

droplet collision in this meta-stable region. Keep the knowledge in mind, the morphology of

doped polymer films can be deduced by simultaneously considering the effects of phase

separation time and the polymer mobility. We evaluate the initial time for L-L phase separation

by the intersection of solvent quenching line and binodal line. The L-L phase separation occurs

in the order of N2200, PCE10, and PBDB-T (Figure 3a-c), in accordance with the polymer/N-

DMBI interaction (χN2200/N-DMBI>χPCE10/N-DMBI>χPBDB-T/N-DMBI). The overall film formation time is

determined by in-situ monitoring the film thickness (Figure S8). The overall time is similar for

PCE10 at 8.5 s and PBDB-T at 8.9 s, comparing with the slow time of 12.7 s for N2200.

Rationally, we order the phase separation time between polymer and N-DMBI as TN2200/N-

DMBI>TPCE10/N-DMBI>TPBDB-T/N-DMBI. The polymer mobility is related with the viscosity, and it can

be assumed according to the solvent/polymer interaction. Since the left side of the tie lines is

higher than the right side in CB/PCE10/N-DMBI and CB/PBDB-T/N-DMBI ternary phase

diagrams (Figure 3a and b), CB resides more in polymer donors. The smaller CB/polymer

interaction than CB/N-DMBI interaction (χCB/polymer<χCB/N-DMBI) induces higher polymer mobility

with larger droplet collision frequency. In the case of CB/N2200/N-DMBI (Figure 3c), the left

side of the tie lines is lower than the right side, hence CB resides less in N2200. The swelling

effect reduces the mobility of N2200. Since the phase separation time and polymer mobility play

opposite roles on polymer/N-DMBI phase separation, we further examined the real morphology
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of doped polymer films by contact-mode atomic force microscope (CM-AFM). In the ternary

phase diagrams, the solvent quenching lines of 1 wt% N-DMBI doped polymer solutions (the

blue arrows) are near the polymer axis, thus we predict that the doped polymer films appear

similar morphologies with the pure ones. When we enlarge the doping concentration to 10 wt%,

the solvent quenching lines (the orange arrows) enter the meta-stable region, which will lead to

pure N-DMBI precipitating from the polymer/N-DMBI mixed phase. The predictions are well

confirmed by AFM images in (Figure 3d-i and Figure S9). Comparing with the neat polymers,

we observe the largest phase separation in N2200/N-DMBI film and the smallest one in PBDB-

T/N-DMBI film with 10 wt% N-DMBI addition. The observed size of phase separation is well

related with the miscibility sequence, demonstrating that the kinetic morphology evolution

doesn’t change the concise analysis from △δi-Hansen under our experimental conditions.

Altogether, the application of miscibility criteria well extends to the solution processed blend

films. The ideal n-dopant requires both good miscibility with the acceptor and poor miscibility

with the donor in PSCs.
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Figure 4. (a) Scheme of the floating-film-transfer method. (b-e) Photovoltaic performances of
PHJ devices: (b) J-V curves of PCE10/N2200 PHJ devices with 20 nm for each layer; (c) J-V
curves of PBDB-T/N2200 PHJ devices with 20 nm for each layer; (d) J-V curves of
PCE10/N2200 PHJ devices with 50 nm for each layer; (e) J-V curves of PBDB-T/N2200 PHJ
devices with 50 nm for each layer.

PSCs are finally fabricated in the PHJ device structure to locate the N-DMBI in the single

component film. The standard PHJ model excludes the morphological variation in the BHJ films

of the two polymer blends, which provides the solid evidence for the importance of

dopant/component miscibility in efficient n-doped PSCs. PHJ devices were fabricated by the

floating-film-transfer method, where the polymer donor layer was stacked onto the N2200 layer.

The free-standing polymer donor films were floated on water, and then stacked on the N2200

coated substrates to fabricate the bi-layer blend films (Figure 4a). The film thicknesses were

selected as 20 nm for each film at first. The J-V curves of the 20 nm+20 nm PHJ devices are

listed in Figure 4b and c, as detailed in Table S3 and S4. Interestingly, we observe Jsc

enhancement in both PCE10/N2200 and PBDB-T/N2200 PHJ devices when adding certain

amount of N-DMBI in N2200. At the optimal doping content of 0.05 wt%, the Jsc increases from

1.30 mA/cm2 to 1.44 mA/cm2 in PCE10/N2200, and similar extent of improvement from 0.40

mA/cm2 to 0.51 mA/cm2 is observed in PBDB-T/N2200. We observe no Jsc enhancement when

N-DMBI is added in PCE10 layer (Table S5). The comparison unambiguously reveals that the

performance variations in BHJ devices are due to the N-DMBI distribution in different

components. We further enlarge the film thickness of single layer to 50 nm. The N-DMBI led Jsc

enhancement retains in both cases of PHJ devices (Figure 4d and e, Table S6 and S7). Hence

we propose that the performance improvement for n-doped PSCs is independent on the specific

morphology in BHJ films, the only requirement is the proper dopant/component miscibility to

guarantee the corrected dopant distribution.
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CONCLUSION

In summary, we estimate the n-dopant miscibility with both of polymer donor and acceptor

according to the Hansen’s total solubility parameter. The photovoltaic measurements point out

that the efficient n-doping requires selective miscibility to avoid the incorrect dopant distribution

in the BHJ film. After excluding the possibility of morphology optimization, we further evaluate

the effect of kinetic morphology evolution on dopant distribution by analyzing the ternary phase

diagram. Although the film formation time and polymer mobility play opposite roles on

dopant/polymer phase separation, the overall result is still consistent with the simple miscibility

analysis based on the difference of Hansen’s total solubility parameter (△δi-Hansen). By confining

the n-dopant in the acceptor layer of PHJ devices, Jsc enhancement is observed in both of

material systems. It unambiguously relates the photovoltaic performance with dopant location,

and well supports the assumption in this work. Unlike the single component devices, such as

organic field-effect transistor,17, 46 the PSCs require the selectivity of dopant miscibility in binary

BHJ films. Our findings emphasize this long-term neglecting issue, and propose it as an

important design rule for effective BHJ doped PSCs. We are optimistic on its general application

in high-efficiency material systems and p-doped PSCs.

EXPERIMENTAL SECTION

Materials: PCE10, PBDB-T and N-DMBI were ordered from Solarmer Materials Inc. N2200 was

ordered from 1-Materials. Chlorobenzene was purchased from Sigma-Aldrich.

Instrumentation: The apparatus for morphology characterization (AFM and GIWAXS),

photovoltaic performance measurements (J–V curves, EQE curves and UV–vis absorption

spectra), and the film thickness testing are accessible in reference 24 and 28. KPFM images were
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obtained from MFP3D (Oxford Instruments, USA). The film formation time was measured by

Filmetrics F20-EXR. The contact angle was obtained by KRUSS DSA 100 with water and

diiodomethane.

Device fabrication: The PSCs were fabricated in ITO/ZnO/active layer/MoOx/Ag device

structure. The ITO substrates and ZnO layer were cleaned and coated following the steps in

reference 47. The blend solutions of PCE10/N2200 and PBDB-T/N2200 were respectively made

at a total concentration of 10 mg/mL and 8 mg/mL in CB. Both were made with D/A weight

ratio of 1:1. After stirring overnight on a hot plate at 50 °C, a series of doping concentrations

relative to N2200 were added to the solutions in four hours before spin-coating the blend films.

The PHJ devices were fabricated in a device structure of ITO/ZnO/N2200/Donor/MoOx/Ag. All

of the solutions used possess the same concentration of 6 mg/ml. The floating-film-transfer

method were described in reference 24. The anodes of MoOx and Ag were evaporated as

common methods in reference 47. For AFM measurement, the neat and 1 wt% N-DMBI doped

polymer films were prepared by adding 1 mg/ml N-DMBI solution in CB to 10 mg/ml polymer

solutions in CB. After vigorous stirring at 50 °C for more than 24h, the polymer films were spin-

coated on the quartz substrates at 1500 rpm for 40s. The in-situ measurement of film thickness

was carried on under the same experimental conditions.

Supporting Information.

The Supporting information is available free of charge on ACS Publication website at DOI:

Computational details about the ternary phase diagrams; Photovoltaic performances of PHJ

devices; KPFM images; Contact angle images; EQE dates; GIWAXS patterns; Film formation
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time; CM-AFM Graphics; Molecular weight dates; and Ternary phase diagrams calculated by

separated Hansen solubility parameters. (PDF)
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BHJ, bulk heterojunction

PSCs, polymer solar cells

PBDB-T, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophe-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-

(5,5-(1’,3’-di-2-thienyl -5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))]

N2200, poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-

5,5’-(2,2’-bithiophene)}

PCE10, poly[4,8-bis(5-(2-ethylhexyl)-thiophene-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-

alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl]]

N-DMBI, (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine

PCE, power conversion efficiency

IP, ionization potential

F4TCNQ, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

LUMO, lowest unoccupied molecular orbit

Jsc, short-circuit current

PHJ, planar heterojunction

KPFM , Kelvin probe force microscopy

CTC, charge-transfer complex

Voc, open-circuit voltage

Page 18 of 26

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
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



19

FF, fill factor

EQE, external quantum efficiency

TM-AFM, tapping-mode atomic force microscopy

GIWAXS, grazing incident wide-angle X-ray scattering

RMS, root-mean-square

CL, coherence length

CB, chlorobenzene

GPC, gel permeation chromatography

CM-AFM, contact mode atomic force microscope
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