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The semi-transparent and colorful properties of organic solar cells (OSCs) attract intensive academic 

interests due to their potential application in building integrated photovoltaics, wearable electronics, 

and so forth. The most straightforward and effective method to tune these optical properties is varying 

the componential ratio in the blend film. However, the increase in device transmittance inevitably 

sacrifices the photovoltaic performance because of severe carrier recombination that originates from 

discontinuous charge transport networks in the blend film. Herein, we propose a strategy via the 

molecular doping strategy to overcome these shortcomings. We discover that p-doping is able to 

release the trapped holes in segregated polymer domains leading to short-circuit current (Jsc) 

enhancement, while n-doping is more effective to fill the bandgap states producing a higher fill factor 

(FF). More importantly, either type of doping improves the photovoltaic performance in the semi-

transparent photovoltaic devices. Our discoveries provide a new pathway to breaking the compromise 

between the photovoltaic performance and optical transmittance in semi-transparent OSCs, and hold 

promise for their future commercialization. 

 

Broad absorption range and balanced charge transport ability are widely accepted as golden rules to 

make efficient solar cells. In OSCs, the active layer is made of electron-donor and acceptor networks 

 23669608, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202101570 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [05/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

  

 

This article is protected by copyright. All rights reserved. 

3 

 

forming nanoscale bulk heterojunction (BHJ) structure enabling efficient charge generation and 

undisturbed charge transport.
[1,2]

 In contrast to the single-component active layer used in inorganic 

photovoltaic devices, the complementary absorption range of components in an OSC device makes it 

possible to tune its spectral range. It is facile to enhance the transmittance in visible light by reducing 

the electron-donor fraction in BHJ film while retaining higher content of fused-ring electron-acceptor 

that absorbs more in the infrared range. The dilute BHJ concept theoretically enhances the average 

visible transmittance (AVT) of organic blend film and makes OSC a suitable candidate for semi-

transparent applications.
[3-8]

 For practical applications in power window, a high AVT of 50% is 

necessary.
[9,10]

 This value is roughly twice higher than that of the present in semi-transparent BHJ 

devices.
[11-15]

 To achieve this goal, a strategy for power conversion efficiency (PCE) improvement at 

low donor fraction (ca. less than 20%) in dilute BHJ film needs to be developed. 

Gradually reducing the electron-donor fraction arouses two morphology issues in the blend film, 

the discontinuous charge transport pathways and insufficient heterojunction areas for charge 

generation. Since efficient charge generation is the prerequisite for solar cell operation, we assume 

that the targeted devices with high AVT mainly work in the morphological region of segregated donor 

domains embedded in an acceptor matrix (Figure 1a). Under this condition, the photo-generated holes 

either accumulate in the segregated donor phases or transfer back to the acceptor matrix.
[16]

 In both 

cases, severe non-geminate recombination takes place in the dilute BHJ film (Figure 1a). Device 

optimization strategies should aim both at eliminating the localized recombination centers in the 

donor segregations and suppressing the recombination of opposite charges in the acceptor matrix. 

Unfortunately, the well-established methodologies on optimizing OSCs such as molecular design and 

morphology modification hardly work for these geometrical defects. Alternatively, molecular doping, 

which introduces extra holes (p-doping) or electrons (n-doping) via electrostatic induction or certain 

chemical reaction, has the potential to regulate these electronic defects.
[17-22]

 It has been reported that 
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the PCE of doped OSCs was 17.1% and 17.4% in binary and ternary BHJ films after n-doping and the 

champion value was refreshed as 17.98% by synergistically doping the active layer and electrode 

interface.
[23-25]

 

Localized charge recombination is a two-step process where holes are first trapped within the 

discontinuous donor phase due to the energy barrier for back transferring to the acceptor matrix and 

subsequently recombine with the free electrons. Our hypothesis is that the p-doping in donor pulls its 

highest occupied molecular orbital (HOMO) level downwards
[19, 26-28]

 and hence reduces the localized 

recombination centers by making more holes transfer to the acceptor matrix (Figure 1b). On the other 

hand, the fluctuating potential landscape in the disordered acceptor matrix acts as “valleys” for 

electrons and holes.
[29-31]

 The lack of spatial separation for opposite charges renders severe band-tail 

recombination in the acceptor phase.
[32-33]

 According to Adriaenssens and Arkhipov’s recombination 

model in disordered semiconductor, lowering the disorder of fluctuating potential is effective to 

suppress the band-tail recombination.
[29]

 Considering this occurs in the acceptor matrix, we propose 

that the n-doping is valid in this situation (Figure 1c). 

To test the hypotheses on doping effect in the dilute BHJ film, we choose p-dopant hydrated 

tris(pentafluorophenyl)borane (BCF)
[34-36]

 and n-dopant (4-(1,3-dimethyl-2,3-dihydro-1H-

benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI).
[37-39]

 The poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-

fluoro)thiophen-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)] (PM6) and 2,2′-((2Z,2′Z)-((12,13-bis(2-

ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2″,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile (Y6) were selected due to their complementary absorption range and high 
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performance (Figure 2a).
[40]

 The dopant-material interactions are separately examined in the solution 

and film absorption spectrum (Figure S1, Supporting Information). The hydrated BCF-PM6 adduct is 

further verified according to the polaron signals in the solution electron-spin resonance (ESR) spectra 

(Figure S2, Supporting Information). The transmittances of films are quantified according to the AVT 

values by considering the transparency in the visible region (370–740 nm) and the photonic response 

of the human eye simultaneously (see supporting information for detailed calculation method). The 

AVT of BHJ film enhances from 43.7% to 54.4% and 59.7% when the PM6 content approaches 20% 

and 10% in the binary blend (Figure 2b and Table S1, Supporting Information). The transmittance 

enhancement simultaneously brings problems of exciton splitting and charge collection in the dilute 

BHJ films. We evaluate the exciton splitting via measuring photoluminescence (PL) quenching 

efficiency, where it is expressed as (PLY6-PLblend)/PLY6×100%. Comparing with the BHJ film, the 

quenching efficiency rapidly decays until the PM6 fraction falls below 20% (Figure 2c, Figure S3, 

and Table S1, Supporting Information). We observe that the quenching efficiency maintains a high 

value of 83% even at 7% PM6 content, demonstrating the efficient exciton splitting in the high 

transmittance blend films. The corresponding charge collection ability is estimated by the hole 

mobility since the gradually reduction of PM6 content in the blend films (Figure 2c, Figure S4, and 

Table S1, Supporting Information). Based on the space charge limited current (SCLC) measurements, 

we observe a rather low plateau of hole-mobility in the range of high transmittance. The disturbed 

charge collection is attributed to the discontinuous PM6 phases which are evidenced by the tapping-

mode atomic force microscope (TM-AFM, Figure S5, Supporting Information) and grazing incident 

wide-angle X-ray scattering (GIWAXS, Figure S6, Supporting Information) characterizations. 

Therefore, the dilute BHJ films with high transmittance mainly work under the condition with 

sufficient charge generation and insufficient charge collection. We take the PM6 fraction of 7% with 

minimum hole mobility as the testbed for further doping studies. At this point, the color coordinate 
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shifts from a blue point (0.2865, 0.2952) of BHJ film to (0.3029, 0.3173) (Figure S7 and Table S1, 

Supporting Information), which is close to the “white point” D65 (0.3128, 0.3290) for application in 

power windows. 

We next fabricated photovoltaic devices of PM6:Y6 (0.07:1) to test whether the molecular doping 

leads to improved device performance. Comparing with the standard BHJ device, the device with a 

PM6:Y6 ratio of 0.07:1 sacrifices its Jsc and FF (Figure S8 and Table S2, Supporting Information). 

With appropriate content of dopants in the 0.07:1 blend film, we find that either type of doping 

enhances the photovoltaic performance (Figure 2d, Table 1, and Table S3, Supporting Information). 

For the p-doped devices, the PCE enhancement is mainly ascribed to the improved Jsc, where it 

increases from 17.1±0.2 mA cm
−2

 to 18.1±0.3 mA cm
−2

. While n-doping barely changes the Jsc, the 

PCE enhancement stems from the combined improvement in both of the open-circuit voltage (Voc) 

and FF. The Jsc variation is further confirmed by the external quantum efficiency (EQE) 

measurements, which give consistent current densities of 17.2, 18.1, and 17.3  mA cm
−2

 in the control, 

p-doped, and n-doped devices respectively (Figure 2e). The photocurrents (Jph) enhancement upon p-

doping falls off along with the increased effective voltage (Veff) (Figure 2f). Biasing the Veff at 3 V, Jph 

of the p- and n-doped devices saturates to the same value with the un-doped counterpart. These results 

demonstrate that doping by either polarity does not change the absorbed photon numbers in the dilute 

BHJ film. P-doping is equivalent to the increase of built-in potential which facilitates the free charge 

generation. In contrast, n-doping only functions in the working region of the cell (moderate Veff, from 

0.10 to 0.80 V), which is consistent with the common sense of reduced charge recombination in the 

blend film. We emphasize that the Jsc contribution from the self-dissociation of Y6 excitons only 

accounts for a small part, due to the low Jsc of  0.26 mA cm
−2

 in the single-component Y6 device. In 

addition, n-doping doesn’t improve this process with invariant Jsc value (Figure S9 and Table S4, 

Supporting Information). Additional proofs from morphology characterizations reveal that neither of 
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p-doping nor n-doping alters the dilute BHJ morphology to optimize the device performance (Figure 

S10 and S11, Table S5, Supporting Information). Therefore the optimized photovoltaic performances 

solely come from the electronic modification by molecular doping. 

According to our proposed doping benefits on photovoltaic performance in the dilute BHJ film 

(Figure 1), p-doping increases the number of photo-generated free carriers by de-trapping the holes 

from segregated PM6 domains, whereas n-doping suppresses the recombination between free carriers 

and trapped carriers due to the energy landscape fluctuation within continuous Y6 phases. We run 

density functional theory (DFT) calculation to predict the roles of hydrated BCF addition on the 

energy level shift of PM6 (Figure 3a and Figure S12, Supporting Information). The computational 

details are provided in the Supporting Information. In the hydrated BCF, the oxygen atom of water 

molecule is chemically adsorbed by the boron atom of the BCF molecule (Figure S12, Supporting 

Information). On the other hand, the hydrogen atom of water molecule can be adsorbed by one of the 

carbonyl groups of PM6 with a moderate O-H distance of 1.469 Å (Figure 3a), indicating a typical 

hydrogen bond between the hydrated BCF and PM6. The natural bond orbital (NBO) analyses reveal 

partial charge transfer (0.58 e) from PM6 to hydrated BCF, indicating orbital overlap between the 

HOMO of PM6 and the lowest unoccupied molecular orbital (LUMO) of hydrated BCF. Such 

chemical adsorption induces mild downcome of HOMO/LUMO levels of PM6. As displayed in 

Figure 3b, the adsorption of hydrated BCF on PM6 pulls down the PM6 HOMO level by 0.12 eV. 

Simultaneously, neither of hydrated BCF nor hybridized complex introduces new hole trap sites 

within PM6 bandgap (Figure 3b). The reduced energy barrier for hole-transfer from PM6 to Y6 helps 

literate the localized holes, which re-contributes to the Jsc by increasing the free carrier density in Y6. 

The distribution of energy landscapes in organic semiconductors is depicted by Gaussian disorder 

model (GDM).
[41-42]

 It deciphers the thermally assisted tunneling process between neighboring 

transport sites, and correlates the mobility with temperature and disorder.
[43]

 At low doping 
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concentration, the small amount of counterions does not contribute to either structural (Figure S10 and 

S11, Supporting Information) or energetic disorder, therefore the total Gaussian disorder should be 

reduced accompanying with the doping-filled band-tail.
[44-45]

 Due to the inferior electron transport 

property of Y6 (Figure S13 and Table S1, Supporting Information), we focus on its electron 

transporting energetic disorder (σ). It is calculated according to Equation (1) 

        [ 
 

 
(
 

   
)
 
]         (1) 

where μ0 is the zero-field mobility, μ∞ is the upper limit of the mobility, T is the temperature, and kB 

represents for the Boltzmann constant. The Gaussian disorder decreases from 26.1 meV to 16.0 meV 

and 13.9 meV via p- and n-doping respectively (Figure 3c, Figure S14, Supporting Information). We 

deduce that p-doping reduces σ due to the decreased electron trap density in segregated PM6 domains. 

Lower σ values release the trapped carriers in the band-tail, and hence improve the photovoltaic 

performance for better charge transport in the dilute BHJ film. The above analysis well explains the 

Jsc enhancement via p-doping, and points out that either doping polarity suppresses the non-geminate 

recombination in the dilute BHJ film which might be the origin of better FF and Voc. 

  The FF in OSC has been well-related to Figure of Merits (FoM) θ and α.
[46-48]

 Bartesaghi et al. 

proposed the parameter θ as a measure of the ratio of the recombination to extraction rates,  

  
    

    
 

    

        
           (2) 

where krec and kext are the recombination and extraction rates, γ is the bimolecular recombination 

coefficient, G is the charge generation rate, d is the film thickness, μn and μp are the electron and hole 

mobilities, and Vint is the internal voltage. The measurements of γ, G, μn and, μp are described in the 

supporting information,
[49]

 and the corresponding results are displayed in Figure S15 and Table S6 
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(Supporting Information). In Figure 3d, we observe that θ reduces from 4.5×10
-3

 to 3.4×10
-3

 and 

2.9×10
-3

 upon p- and n-doping. The lower θ values are consistent with the FF enhancements.
[47]

 The 

parameter θ can be related to the drift length (ldr) of carriers driven by the Vint under short-circuit 

condition, which is expressed by θ=d
2
/ldr

2
.
[46]

 The ldr of the un-doped film is 1.27×10
3
 nm, which is 

much higher than the film thickness of 85 nm (Figure 3d). Though either types of doping increase the 

ldr, the larger ldr from smaller σ in the n-doped Y6 is more beneficial for the FF improvement. In the 

transport-limited device, Neher et al. proposed another parameter α to analytically depict the balance 

between the free charge recombination and extraction,  

  √
      

     (   )
           (3) 

where q is the elemental charge. The parameter α decreases from 1.08 of un-doped sample to below 1 

after doping, demonstrating reduced charge transport loss (Figure 3e).
[48]

 Based on α, we are able to 

calculate the diffusion length (ldif) according to α=d
2
/2ldif

2
.
[46]

 The ldif enhances from 58 nm to 65 nm 

and 67 nm respectively via p- and n-doping (Figure 3e). Both of the increased ldr and ldif undoubtedly 

point out that either type of doping increases the FF via enhanced charge transport, and n-doping is 

more efficient for it decreasing the energetic disorder most. The charge transport is often evaluated by 

the product of carrier mobility and lifetime. Since n-doping slightly decreases the carrier mobility in 

the dilute blend film (Figure S15b and c, and Table S6, Supporting Information), the longer carrier 

lifetime according to the transient photovoltage (TPV) measurements is key to the enhanced FF in our 

experiments (Figure 3f). 

  In order to understand the doping effect on Voc, we studied the energy loss with combined 

characterizations of photovoltaic EQE (Figure S16, Supporting Information) and electroluminescence 

EQE (EQEEL, Figure 3g).
[50-52]

 We observe that neither type of doping changes the photovoltaic 
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bandgap (Eg
PV

, see more details in the supporting information). Though the Eg
PV

 of 1.367 eV in the 

dilute BHJ film is lower than that of 1.382 eV in the BHJ film, the charge-transfer (CT) states are 

constant at ~1.310 eV (Figure S17 and Table S7, Supporting Information). The constant CT position 

demonstrates that exciton splitting in the dilute BHJ devices obeys the same principle with the BHJ 

devices, and the Voc variation comes from the carrier recombination due to the discontinuous 

morphology. After evaluating the three parts of energy loss in OSC (see supporting information), we 

conclude that the Voc enhancement after n-doping is due to the reduction in the non-radiative loss from 

0.220 eV to 0.185 eV (Figure 3h). Its reduction can be related to the doping-filled band-tail states,
[53]

 

which will be thoroughly discussed in our following work. 

Since we have fully demonstrated that adding either type of dopants can enhance the photovoltaic 

performance of the dilute BHJ film, we now explore its potential in semi-transparent photovoltaic 

devices. The semi-transparent devices were fabricated by replacing the topmost 100 nm-thick Al 

cathode with a laminated cathode of 9 nm-thick Ag onto a 2 nm-thick Al seed layer. The AVT values 

of the semi-transparent devices vary between the range of BHJ to pure Y6 film, namely between 

20.9% to 41.4% (Figure 4a and Table S8, Supporting Information). The relatively low AVT values are 

limited by the transmittance of the top cathode. The color coordinate correspondingly shifts from a 

blue point (0.2576, 0.2755) of BHJ film to white point (0.3002, 0.3165) of pure Y6 film (Figure 4b 

and Table S8, Supporting Information), which is visualized by the photographs taken through the 

devices (Figure 4c). We first measure the device with PM6:Y6 ratio of 0.07:1, which is the research 

object in our mechanism study. P-doping increases Jsc from 9.3±0.3 mA cm
−2

 to 10.6±0.2 mA cm
−2

, 

while n-doping leads to a large FF enhancement from 52.4% to 59.9% (Figure 4d and Table 2). The 

Jsc variation is consistent with the EQE measurements, where the integrated current density 

demonstrates an improvement of 1.3 mA cm
−2

 after p-doping (Figure 4f). Compared to the BHJ 

device, though the dilute BHJ device exhibits a much higher AVT value of 38.1%, their low PCE of 
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only 4.1% limits their application in semi-transparent photovoltaics. In order to obtain higher PCE 

values, we appropriately increase the PM6 content to 20%. It is impressive that PCE enhancement 

after doping is visible even when the PM6 content reaches 15% (Figure S18, Table 2 and Table S9, 

Supporting Information), where the Jsc is increased from 14.2±0.2 mA cm
−2

 to 14.6±0.3 mA cm
−2

 

after p-doping and FF is enhanced from 62.3% to 65.3% after n-doping (Figure 4e). The increased Jsc 

is well supported by the EQE measurements from 13.8 mA cm
−2

 to 14.6 mA cm
−2

 (Figure 4g). To 

fairly compare the properties of semi-transparent devices with variation in both AVT and PCE, we 

adopted another figure of merit light utilization efficiency (LUE = AVT × PCE). When the PM6 

content reaches 15%, it exhibits an LUE value of 2.61% without doping, which is comparable to the 

BHJ devices of 2.55% (Figure S18a and b, and Table S9, Supporting Information). Under this 

condition, p-doping increases the LUE value to 2.80%, which is higher than that of the BHJ device.  

In summary, we study the effects of either p- or n-type molecular doping on the photovoltaic 

performance of dilute PM6:Y6 BHJ film with low donor content. We find that adding p-dopants 

enables the trapped holes to transfer from the segregated PM6 domains back to the continuous Y6 

phase leading to enhanced Jsc. While n-doping fills the band-tail states of Y6 phase resulting in better 

FF and Voc. We further apply the molecular doping in semi-transparent dilute BHJ devices, displaying 

superior LUE values as compared to the widely used BHJ films. As adjusting donor:acceptor ratio is 

the most effective strategy in developing colorful and semi-transparent OSC and the inevitable 

geometry defects are unlike to be solved by other means exemplified by molecular design and 

morphology modification, we envisage that our discovery opens new avenues for future application of 

OSC based power window. Further studies on novel transparent electrodes, and organic photovoltaic 

materials screening, will lead to future progress in molecularly doped semi-transparent OSCs. 
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Figure 1. (a) Scheme of the non-geminate recombination pathways in the dilute BHJ film: electrons 

recombinating with the localized holes in donor segregations and with the holes in acceptor. (b) 

Mechanism scheme of p-doping on suppressed non-geminate recombination in dilute BHJ film. (c) 

Mechanism scheme of the n-doping on suppressed non-geminate recombination in dilute BHJ film. 
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Figure 2. (a) The chemical structures of PM6, Y6, hydrated BCF, and N-DMBI. (b) The 

transmittance spectra of blend films with various PM6:Y6 weight ratios (0:1, 0.01:1, 0.03:1, 0.05:1, 

0.07:1, 0.10:1, 0.15:1, 0.20:1, 0.83:1) and the photonic response of the human eye. (c) The PL 

quenching efficiency of PM6:Y6 films with various weight ratios (0:1, 0.01:1, 0.03:1, 0.05:1, 0.07:1, 

0.10:1, 0.20:1) and the statistical hole mobility of hole-only devices with various PM6:Y6 weight 

ratios (0:1, 0.01:1, 0.03:1, 0.05:1, 0.07:1, 0.10:1, 0.15:1, 0.20:1). (d) The J-V curves of the control, 0.5 

wt% hydrated BCF, and 0.1 wt% N-DMBI doped opaque PM6:Y6 (0.07:1) devices. (e) EQE and 
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corresponding integrated current density curves of the control, 0.5 wt% hydrated BCF doped, and 0.1 

wt% N-DMBI doped opaque PM6:Y6 (0.07:1) devices. (f) Jph–Veff curves for the control, 0.5 wt% 

hydrated BCF doped, and 0.1 wt% N-DMBI doped PM6:Y6 (0.07:1) films. 
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Figure 3. (a) Illustration of the molecular conformation of hydrated BCF doped PM6-trimer via DFT 

calculation. (b) Energy levels of PM6-trimer, hydrated BCF doped PM6-trimer, and hydrated BCF via 

DFT calculation. (c) Zero-field electron mobility versus the square of reciprocal temperature for the 

control, 0.5 wt% hydrated BCF doped, and 0.1 wt% N-DMBI doped PM6:Y6 (0.07:1) devices. (d) 

Values of FoM θ and ldr for the control, 0.5 wt% hydrated BCF doped, and 0.1 wt% N-DMBI doped 

PM6:Y6 (0.07:1) devices. (e) Values of FoM α and ldif for the control, 0.5 wt% hydrated BCF doped, 

and 0.1 wt% N-DMBI doped PM6:Y6 (0.07:1) devices. (f) TPV determined carrier lifetimes for the 

control, 0.5 wt% hydrated BCF doped, and 0.1 wt% N-DMBI doped PM6:Y6 (0.07:1) devices. (g) 

EQEEL measurements for the control, 0.5 wt% hydrated BCF doped, and 0.1 wt% N-DMBI doped 

PM6:Y6 (0.07:1) devices. (h) Histograms of the energy loss for the control, 0.5 wt% hydrated BCF 

doped, and 0.1 wt% N-DMBI doped PM6:Y6 (0.07:1) devices. Eg
PV

-ECT is the charge generation 

energy loss, qΔVr is the radiative recombination energy loss, and qΔVnr is the nonradiative 

recombination energy loss. 
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Figure 4. (a) The transmittance spectra of semi-transparent devices with various PM6:Y6 weight 

ratios (0:1, 0.07:1, 0.10:1, 0.15:1, 0.20:1, 0.83:1). (b) The color coordinates of devices with various 

PM6:Y6 weight ratios (0:1, 0.07:1, 0.15:1, 0.83:1). (c) Photographs of Qian Xuesen Library filtered 

by devices with various PM6:Y6 weight ratios (0:0, 0.07:1, 0.15:1, 0.83:1). (d-e) The J-V curves of 

the control, 0.5 wt% hydrated BCF doped, and 0.1 wt% N-DMBI doped semi-transparent PM6:Y6 

(0.07:1) and (0.15:1) devices, respectively. (f-g) The EQE and corresponding integrated current 

density curves of the control, 0.5 wt% hydrated BCF doped, and 0.1 wt% N-DMBI doped semi-

transparent PM6:Y6 (0.07:1) and (0.15:1) devices, respectively. 
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Table 1. Photovoltaic performance of the control, 0.5 wt% hydrated BCF doped, and 0.1 wt% N-

DMBI doped opaque PM6:Y6 (0.07:1) devices.
a 

Materials 
V

oc max
 

(V) 

V
oc avg

 

 (V) 

FF
 max

 

(%) 

FF
 avg

 

 (%) 

J
sc max

 

(mA cm−2) 

J
sc avg

  

(mA cm−2) 

PCE
max

  

(%) 

PCE
avg

 

 (%) 

EQE 

(mA cm−2) 

Control 0.84 0.84±0.01 52.3 52.2±0.6 17.2 17.1±0.2 7.6 7.5±0.1 17.2 

P-doped 0.84 0.84±0.00 54.4 53.7±0.9 18.4 18.1±0.3 8.4 8.1±0.1 18.1 

N-doped 0.85 0.85±0.01 57.6 55.8±1.0 17.2 17.3±0.3 8.5 8.2±0.1 17.3 

a
 The maximum and average values were obtained from more than 15 independent devices. 

 

Table 2. Photovoltaic performance of the control, 0.5 wt% hydrated BCF doped, and 0.1 wt% N-

DMBI doped semi-transparent PM6:Y6 (0.07:1) and (0.15:1) devices.
a
 

Materials 
V

oc max
 

(V) 

FF
 max

  

(%) 

J
sc max

 

(mA cm−2) 

J
sc avg  

(mA cm−2) 

PCE
max

  

(%) 

PCE
avg

 

(%) 

EQE 

(mA cm−2) 

LUE 

(%) 

0.07:1 

Control 0.85 52.4 9.5 9.3±0.3 4.2 4.1±0.1 9.2 1.61 

P-doped 0.85 55.7 11.0 10.6±0.2 5.2 5.0±0.1 10.5 1.99 

N-doped 0.86 59.9 9.6 9.5±0.3 5.0 4.7±0.2 9.5 1.89 

0.15:1 

Control 0.85 62.3 14.5 14.2±0.2 7.7 7.5±0.1 13.8 2.61 

P-doped 0.85 64.2 15.1 14.6±0.3 8.3 7.9±0.1 14.6 2.80 

N-doped 0.86 65.3 14.3 14.1±0.2 8.0 7.8±0.1 13.5 2.72 

a
 The maximum and average values were obtained from more than 15 independent devices. 
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Varying the blend ratio is effective to tune the optical properties of BHJ film for future application in 

semi-transparent and colorful power window. We discover that either type of molecular doping helps 

overcome the discontinuous charge transport networks led carrier recombination in dilute BHJ film. 

Our discovery provides a new methodology to reduce the electrical-optical gap of semi-transparent 

OSCs. 

 

Y. Tang, H. Zheng,* X. Zhou, Z. Tang, W. Ma, H. Yan* 

 

Molecular Doping Increases the Semi-Transparent Photovoltaic Performance of Dilute Bulk 

Heterojunction Film with Discontinuous Polymer Donor Networks 
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