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ABSTRACT: In order to achieve efficient doping in polymer solar cell (PSC), the dopant needs 

to be selectively located in the binary components of bulk heterojunction (BHJ) film according to 

its polarity. The rarely studied n-type dopant is thoroughly examined in a simplified planar 

heterojunction (PHJ) device to address its favored location in the active layer. Results show that 

the n-dopant distributing in the acceptor layer or at the donor/acceptor interface produces 

enhanced device performance, whereas it harms the device when locating in the donor layer. 

Based on the results, the benefit of n-type doping is then transferred to the high-efficient BHJ 

devices via a sequential coating procedure. The performance improvement is closely linked with 

the variation of dopant’s location in the BHJ film, which is carefully examined by the 

synchrotron techniques with delicate chemical sensitivity. More interestingly, the sequential 

coating procedure can be easily extended to the p-doped device only by changing the dopant’s 

polarity in the middle layer. These findings pave the way of ambipolar doping in PSCs and make 

performance improvement by molecular doping within expectation. 

INTRODUCTION 

The power conversion efficiency of PSC is dominated by steps of charge generation and 

collection. In theory, the electronic properties of organic semiconductors determine the loss of 

the photovoltaic process.
1-3

 As a widely used strategy, molecular doping modifies the electronic 

properties of organic semiconductors through tuning the electronic structures at working 

interfaces and shaping the density of states at specific energies.
4-6

 The control of these 

fundamental electronic properties has been found vital to improve the performances of organic 

light-emitting diodes (OLEDs),
7,8

 organic field-effect transistors (OFETs),
9-14

 and organic 

thermoelectric devices (OTEs),
15,16

 and also displays attractive potential for PSC.
17-26

 The active 

Page 2 of 31

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



 3 

layer of PSC is made of interpenetrating networks of the electron donor and acceptor, which is 

named as the BHJ structure.
27

 The binary components at nanoscale guarantee efficient free 

charge generation and transportation. The unique BHJ structure proposes a new challenge for 

efficient doping in PSC, which is the well-controlled doping polarity in different components. 

Taking the p-type doping as an example, it reduces the charge recombination and optimizes the 

BHJ morphology when the p-dopants locate in the donor phase.
18-20,23,28,29

 It is also reported that 

the p-type doping facilitates photo-charge generation when the dopants distribute at the 

donor/acceptor heterojunction.
21,30,31

 The n-type doping is assumed to work in similar 

mechanisms for PSCs, although it is yet rarely reported.
23,32

 Consequently, the gap between 

molecular doping and the cell performance lies in the selective dopant’s location for both of p-

type and n-type doping in the BHJ film.  

The difficulties in achieving the controlled dopant’s location in the BHJ film manifest in two 

aspects, the lack of the ability to detect the dopants in various components and the complex film 

formation process. The low chemical contrast between the molecular dopant and organic 

semiconductor due to similar atomic compositions inhibits probing the tiny amount of dopants. 

Usually, people are blind to the dopant’s distribution in the BHJ film. In the solution process, the 

dopant’s location in the BHJ film can be pre-determined in solution or formed during 

morphological evolution. When molecular doping takes place via integer charge transfer (ICT) 

between the dopant and host material in solution, the bounded ion pair will lock the ionized 

dopant in the desired domain.
33-35

 Nevertheless, ICT is prohibited by several factors in the PSC 

devices, including the insufficient energy offset,
36,37

 the un-avoided donor-acceptor molecular 

structure,
38

 the twisted molecular conformation,
39

 the heated solution temperature,
34

 and the poor 
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dopant/component miscibility.
40-42

 Given these circumstances, an emergent study on the doped 

BHJ solar cell should enable us observing and controlling the dopant’s location. 

In a PHJ device structure, the donor and acceptor are well stacked via sequential 

procedure.
43,44

 In this case, the dopant can be well confined in various controlled locations, 

including the donor layer, the acceptor layer, and the donor-acceptor heterojunction.
21,26

 

Apparently, the knowledge of the PHJ devices provide a simple way to deduce the dopant’s 

location compared to the BHJ devices. Furthermore, a synchrotron based technique, the resonant 

soft X-ray scattering (R-SoXS) is a promising tool to directly probe the dopant in the BHJ film. 

The R-SoXS is an optical characterizing methods based on the differences in material’s 

refractive index in soft X-ray region.
45,46

 It is applicable to distinguish organic compounds with 

low chemical contrast, and has obtained numerous success in the BHJ PSCs.
47-50

 For the control 

of dopant’s location in the BHJ film, the dopant and the component with opposite charge polarity 

can be pre-separated via a layer-by layer coating process.
51,52

 The pre-defined phase separation is 

designed to exclude the dopant from the wrong phase. The undesired component is deposited 

first, and the dopant is added in a second step. The doped PSC device is fabricated by coating a 

top layer of the rest component. The doping type of the cell is supposed to be controlled by the 

dopant’s polarity in the middle layer. 

In this contribution, we report a sequential coating procedure, which is applicable to both 

types of doping in PSCs. The rarely studied n-type doped cell is taken as an example to screen 

the influence of dopant’s location on photovoltaic performance in PHJ devices. The results point 

out that the n-type dopants locating at the donor/acceptor heterojunction or in the acceptor layer 

are efficient to improve the device performance. The benefits of n-type doping are then 

transferred into the BHJ devices by sequential coating procedure. The dopant’s distribution is 
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inferred from the PHJ results and detected by the R-SoXS measurements in the blend films. 

These measurements convincingly relate the enhanced performance to the favored dopant’s 

location. Furthermore, the procedure is extended to fabricate the p-type doped cell. The rational 

control of dopant’s location is a key to fully exploiting the doping benefits in PSCs, and we 

believe that it will lead to a performance improvement across a wide range of material systems. 

RESULTS AND DISCUSSION 

We explore the selectivity of n-type dopant’s location in BHJ film with the aid of a simplified 

PHJ device structure. We use (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl) 

phenyl)dimethylamine (N-DMBI)
9,53,54

 as an n-type dopant, and add it in three different locations 

of the 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]] (PTB7-Th)/a fused 

octacylic electron acceptor (FOIC) bilayer,
55

 including the PTB7-Th layer, the FOIC layer, and 

the heterojunction of PTB7-Th/FOIC. The chemical structures of the stuffs are listed in Figure 

1a. The n-type doping effect on FOIC was confirmed by Kelvin probe force microscopy (KPFM) 

in Figure S1. To obtain a well-defined PHJ structure, the PTB7-Th/FOIC PHJ cells in inverted 

structure was fabricated according to our previous reports.
21,26

 The current density versus voltage 

(J-V) curves of the PHJ solar cells at each optimum condition are plotted in Figure 1b, and the 

device parameters are summarized in Table 1. More detailed data are referenced in Table S1-S3. 

It seems that N-DMBI doping almost equally improves the cell performance when it distributes 

in the FOIC layer or at the PTB7-Th/FOIC heterojunction. Adding N-DMBI in the FOIC layer of 

PHJ device produces a short-circuit current (Jsc) increase from 5.36 mA/cm
2
 to above 5.60 

mA/cm
2
 (Figure 1b), which is supported by the external quantum efficiency (EQE) 

measurements (Figure S2). Together with a slightly better fill factor (FF) and a constant open-

Page 5 of 31

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



 6 

circuit voltage (Voc), the overall PCE increases from 2.91% to 3.08%. Locating the N-DMBI at 

the PTB7-Th/FOIC heterojunction produces a similar PCE value of 3.06%. The results of PHJ 

devices demonstrate the importance of N-DMBI’s distribution to cell performance, however the 

correct distribution will not spontaneously form during the BHJ formation. 

In the blend solution of PTB7-Th/FOIC/N-DMBI, the dopant content is actually quite low. 

Taking a typical doping content of 0.01 wt% as an example, the absolute concentration of N-

DMBI is merely 0.001 mg/mL in chlorobenzene (CB), which is 10,000 times lower than PTB7-

Th. Assuming that the N-DMBI precipitates much later than the liquid-liquid (L-L) phase 

separation between PTB7-Th and FOIC, its distribution is mutually determined by the material-

solvent interactions and the extent of morphological evolution.
56,57

 The material-solvent 

interaction can be intuitively deduced from the ternary phase diagram of CB/PTB7-Th/FOIC 

(Figure 1c), and the calculation of ternary phase diagram is described in our previous work.
26 

The binodal line is derived at the chemical potential equilibrium of two liquid phases, below it, 

the L-L phase separation is triggered. The material-solvent interaction is manifested by the tie 

lines. If the left side of the tie lines is higher than the right side, CB resides more in the PTB7-Th 

rich phase; otherwise, CB resides more in the FOIC rich phase. The extent of morphological 

evolution can be roughly estimated by the film formation time due to its dynamic essence. We 

measure the spin-coating and drop-casting film formation time by in-situ reflection spectroscopy 

(Figure 1d). The short time of 2.3 s to 193.0 s reveals that the morphology of spin-coated film in 

device fabrication is far from the thermodynamic equilibrium. The kinetic process hinders the 

morphological evolution, which is visualized to the much smaller phase separation in the spin-

coated film (Figure 1e and f). In this situation, CB tends to carry more N-DMBI into the PTB7-

Th rich phase, because the morphology is freezed at low quenching depth in the ternary phase 
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 7 

diagram (Figure 1c). Apparently, the wrong distribution of N-DMBI hinders the effective n-type 

doping in BHJ devices. 

 

Figure 1. (a) The chemical structures of PTB7-Th, FOIC, and N-DMBI. (b) Photovoltaic 

performances of PTB7-Th/FOIC in PHJ device structure. The ‘control’ represents un-doped 

device, the ‘N-DMBI in PTB7-Th’ contains 0.001 wt% N-DMBI, the ‘N-DMBI in FOIC’ 

contains 0.01 wt% N-DMBI, and the ‘N-DMBI at heterojunction’ is coated by 0.0001 mg/mL N-

DMBI ethanol solution. (c) Ternary phase diagram of PTB7-Th, FOIC, and CB. 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 red arrow is the solvent quenching line, indicting the compositional variation of blend 

solution during solvent quenching. (d) In-situ thickness measurements of the spin-coating and 

drop-casting PTB7-Th/FOIC films.  (e, f) AFM images of PTB7-Th/FOIC films via different 

film formation procedures: (e) spin-coating; (f) drop-casting.  
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 8 

Table 1. Photovoltaic performances of PTB7-Th/FOIC in PHJ device structure corresponding to 

Figure 1b.
a)

 

Conditions  Voc max     

(V) 

Jsc max 

(mA/cm2) 

Jsc avg 

(mA/cm2) 

FFmax     

(%) 

FFavg     

(%) 

PCEmax     

(%) 

PCEavg     

(%) 

Control 0.78 5.36 5.35±0.04 68.5 68.6±0.41 2.91 2.89±0.01 

N-DMBI in PTB7-Th 0.78 5.26 5.32±0.07 68.4 67.7±0.57 2.86 2.84±0.02 

N-DMBI in FOIC 0.78 5.60 5.63±0.06 69.7 69.5±0.27 3.08 3.06±0.02 

N-DMBI at heterojunction 0.78 5.53 5.64±0.05 70.1 69.1±0.52 3.06 3.04±0.02 

a)
Average value of 15 devices fabricated under identical conditions ±1 standard deviation. 

To obstruct the N-DMBI infiltration into the PTB7-Th rich domain, we propose a sequential 

coating procedure instead of the one-step coating procedure from blend solution. As schemed in 

Figure 2a, PTB7-Th and N-DMBI were spin-coated on the cathode substrate separately from the 

orthogonal solvents of CB and ethanol to form a distinct bilayer structure. Then FOIC was 

deposited from CB onto the N-DMBI layer to form a doped sequential-coating BHJ (Seq_BHJ) 

film. The predefined PTB7-Th/N-DMBI phase separation was partially preserved after their fast 

dissolving in CB. We propose that the prior phase separation overcomes the insufficient L-L 

phase separation between PTB7-Th and N-DMBI, thus hinders N-DMBI entering the PTB7-Th 

rich phase.  

Our hypothesis on the modified N-DMBI’s location via different coating procedures was 

proved by the photovoltaic testing. Based on the statistical data, adding N-DMBI in blend 

solution doesn’t improve the device performance (Figure 2b and c, and Table S4). Although the 

Voc and Jsc increase a bit, the suppressed FF compromise the overall device performance of the 

control and 0.01 wt% doped devices (Table 2). Further increasing the N-DMBI’s content 

negatively affects the PCE value. Fabricating devices via the sequential coating procedure, we 

obtain slightly higher PCE value in the control sample. Importantly, when we spin-coat a middle 

layer of N-DMBI in 0.01 mg/mL ethanol solution, the maximum PCE increases from 10.14% to 
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 9 

11.21% (Figure 2d and e, Table 2, and Table S5). The N-DMBI doping in Seq_BHJ devices 

leads to Jsc raising from 21.68 mA/cm
2
 to 23.08 mA/cm

2
, at the same time the FF increases from 

62.7% to 65.8%. These phenomena are well consistent with the PHJ device results, where the 

PCE improvement is directly related to the N-DMBI’s location in the active layer. 

 

Figure 2. (a) Scheme of the sequential coating process and the corresponding model of doped 

Seq_BHJ film. (b, c) Photovoltaic performances of PTB7-Th/FOIC fabricated by one-step spin-

coating: (b) J–V curves; (c) corresponding EQE curves. (d, e) Photovoltaic performances of 

PTB7-Th/FOIC fabricated by sequential spin-coating: (d) J–V curves; (e) corresponding EQE 

curves.  
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 10 

 

Table 2. Photovoltaic performances of PTB7-Th/FOIC in BHJ device structure.
a)

 

Device 

Structure                

Conditions  Voc max     

(V) 

Jsc max 

(mA/cm2) 

Jsc avg 

(mA/cm2) 

FFmax     

(%) 

FFavg     

(%) 

PCEmax     

(%) 

PCEavg     

(%) 

BHJ Control 0.72 22.26 22.37±0.22 60.8 60.8±0.75 9.96 9.90±0.06 

0.01 wt% 0.74 22.60 22.72±0.19 59.8 59.7±0.77 10.01 9.88±0.06 

Seq_BHJ Control 0.74 21.68 21.58±0.38 62.7 62.8±0.66 10.14 9.92±0.13 

0.01 mg/mL 0.74 23.08 22.77±0.43 65.8 65.0±0.94 11.21 10.98±0.11 

a)
 Average value of 15 devices fabricated under identical conditions ±1 standard deviation. 

Aside from the electronic doping, the morphological optimization, especially the enhanced 

crystallinity, is always the explanation for improved cell performance in PSCs. To distinguish 

the role of n-type doping from the morphological optimization, we thoroughly examined the BHJ 

and Seq_BHJ structures by grazing incidence wide-angle X-ray scattering (GIWAXS).
58

 The 

(010) peaks representing the π-π stacking locate at 1.62 Å
-1

 for PTB7-Th and 1.83 Å
-1

 for FOIC 

(Figure S3). The obviously stronger peak intensity in the out of plane direction suggests that 

both of PTB7-Th and FOIC adopt face-on orientation to the substrate in the blend films. 

Furthermore, the addition of N-DMBI doesn’t change the molecular orientation in the blend 

films (Figure 3). The corresponding coherence length (CL) is then fitted to evaluate the 

crystallinity change after N-DMBI addition. In the BHJ films, the CLs of PTB7-Th and FOIC 

coincidently decrease when adding N-DMBI. The values decrease from 9.9 Å to 9.5 Å for PTB7-

Th, and decrease from 31.4 Å to 30.7 Å for FOIC. In the Seq_BHJ films, the CL variations of 

PTB7-Th and FOIC appear opposite. The CLs increase from 9.6 Å to 10.4 Å for PTB7-Th, while 

decrease from 31.9 Å to 27.7 Å for FOIC. This is consistent with the assumption that more N-

DMBI distributes in the FOIC rich phase, which disturbing the crystallinity of FOIC. 

Considering the d-spacing of π-π stacking is 3.88 Å and 3.43 Å for PTB7-Th and FOIC, the 

rather small CL enhancement of 0.8 Å in PTB7-Th is barely responsible for the PCE 
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 11 

enhancement in the Seq_BHJ film. After the detailed analysis by GIWAXS, we exclude the 

improved crystallinity as the reason for better photovoltaic performance, hence we confirm the 

importance of n-type doping in our study. 

 

Figure 3. (a, b) Two-dimensional GIWAXS patterns of BHJ films: (a) Control; (b) 0.01 wt% N-

DMBI doped. (c, d) Two-dimensional GIWAXS patterns of Seq_BHJ films: (c) Control; (d) 0.01 

mg/mL N-DMBI doped. (e) The corresponding in plane and out of plane line cuts of the 

GIWAXS patterns.  

To better understand the different situations in the N-DMBI doped BHJ and Seq_BHJ films, 

herein, we look into more direct evidence for the locations of N-DMBI in various components. 

The difficulty on probing the N-DMBI’s distribution lies in its low content and weak chemical 

contrast in the PTB7-Th/FOIC blend film. Recently, R-SoXS has been popular to distinguish 

chemical compounds from multi-component organic systems.
46,59,60

 By tuning the X-ray photon 

energy matched with the absorption edge of constituent element, unique sensitivity correlating 

with molecular structure is obtained. The chemical contrast comes from the differences in 

energy-dependent index of refraction, and it is expressed as C12(E)=E
4
{[δ1(E) -δ2(E)]

2
+[β1(E)-

β2(E)]
2
}, where δ and β are the real and imaginary indices of refraction, and E is the X-ray 
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 12 

photon energy.
59,60

 The δ and β of PTB7-Th, FOIC, and N-DMBI are plotted in Figure 4a and b, 

which are derived from the near edge X-ray absorption fine structure (NEXAFS) spectroscopy. 

The pairwise scattering contrasts are calculated correspondingly and depicted in Figure 4c. The 

maximum contrast locates at 284.8 eV for PTB7-Th/FOIC and FOIC/N-DMBI, while PTB7-

Th/N-DMBI displays low contrast in the whole range of X-ray photon energy. According to the 

relations in Figure 4a and b, the addition of N-DMBI in FOIC will decrease the R-SoXS 

scattering contrast. We observe the decreased scattering signal with the addition of N-DMBI in 

the Seq_BHJ film, which is in sharp contrast to the overlapped scattering curves in the BHJ 

samples (Figure 4d). These observations clearly reveal that more N-DMBI entering the FOIC 

rich phase by the sequential coating procedure. Since we are unable to give the accurate N-

DMBI’s distribution in the FOIC rich phase, we cannot further evaluate the relative importance 

of bulk doping and heterojunction doping. In general, we think both are responsible for the 

positive device performance. We also compare the nanoscale phase separation in the BHJ and 

Seq_BHJ samples by fitting the peak position. The higher scattering peak with low q position 

demonstrates that the Seq_BHJ film has larger extent of phase separation than the BHJ film, 

which is also clearly visualized by the tapping-mode atomic force microscopy (Figure S4). This 

is expected by the predefined phase separation between PTB7-Th and FOIC via sequential 

coating. From the AFM images, we also notice that the addition of N-DMBI doesn’t alter the 

size order of phase separation between the BHJ and Seq_BHJ films. The doped Seq_BHJ film 

still shows larger extent of phase separation than the doped BHJ film, which is consistent with 

the R-SoXS results. As expected, we are unable to see the dopants in AFM images. We stress 

that the larger domain with higher purity suppresses the N-DMBI interpenetration into the PTB7-

Th rich phase, thus it corrects the wrong N-DMBI’s distribution in the BHJ film. The N-DMBI’s 
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 13 

location in the Seq_BHJ film was further confirmed by the photoluminescence (PL) spectra. 

Opposite effects of N-DMBI are observed: the dopant quenches the PL intensity of FOIC, while 

unexpectedly enhances the PL intensity of PTB7-Th (Figure 4e). In the Seq_BHJ films, N-

DMBI doping quenches the PL intensity (Figure 4f), which proves that more N-DMBI 

distributes in the FOIC rich phase. 

 

Figure 4. (a, b) Real (δ) and imaginary (β) part of the complex index of refraction of PTB7-Th, 

FOIC, and N-DMBI. (c) Pairwise material contrast calculating from the δ and β. (d) 

Corresponding R-SoXS profiles probing at 284.8 eV. (e, f) Photoluminescence spectra recorded 

using 695 nm (PTB7-Th and Seq_BHJ film) and 806 nm (FOIC film) excitation. The N-DMBI 

contents are 1 wt% for single component films in PL measurement. All the samples of blend 
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 14 

films are fabricated in the real device condition, and the N-DMBI contents are chosen according 

to the best performance. 

After successful n-type doping the PSCs, we further explore the potential of p-type doping by 

the sequential coating procedure. A typical p-type dopant, tris(pentafluorophenyl)borane (BCF), 

is chosen in our study.
61,62

 The optimum BCF’s location for photovoltaic performance was 

examined in the PHJ device structure (Figure 5a and b, Table 3, and Table S6-S8). The doped 

devices achieve best performance when BCF locates at the heterojunction of PTB7-Th/FOIC. 

The improved performance is due to the enhanced Jsc from 5.36 mA/cm
2
 to 5.80 mA/cm

2
, 

making the overall PCE value increases from 2.91% to 3.12%. Fixing BCF in the PTB7-Th layer 

also brings Jsc increase to 5.50 mA/cm
2
 with a PCE value of 3.04%. In the BCF doped PHJ 

devices, the heterojunction doping outperforms the bulk doping. These results describe a 

different model that more BCF should locate at the PTB7-Th/FOIC heterojunction to maximize 

the doping effect. Since the predefined S-S phase separation between PTB7-Th and BCF help 

exclude BCF from PTB7-Th rich phase, the only problem here is how to further inhibit BCF 

infiltrating into the FOIC rich phase. Fortunately, the fluorinated chemical structure of BCF has a 

small Hildebrand solubility parameter of 16.3 MPa
1/2

 comparing to N-DMBI of 23.6 MPa
1/2

, 

which makes it immiscible with FOIC (25.9 MPa
1/2

) and PTB7-Th (20.9 MPa
1/2

) (Table S9). 

Thus spontaneous phase separation between BCF and FOIC is thermodynamically favored 

during the FOIC coating step. The Seq_BHJ device doped by 0.001 mg/mL BCF solution 

successfully enhance the Jsc from 21.68 mA/cm
2
 to 22.77 mA/cm

2
. Together with the FF 

increase from 62.7% to 65.5%, the maximum PCE raises from 10.14% to 10.94% (Figure 5c and 

d, Table 3, and Table S10).  
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Figure 5. (a) Photovoltaic performances of PTB7-Th/FOIC in PHJ device structure. (b) 

Corresponding EQE spectra of the PTB7-Th/FOIC in PHJ device structure. The ‘control’ 

represents un-doped device, the ‘BCF in PTB7-Th’ contains 0.01 wt% N-DMBI, the ‘BCF in 

FOIC’ contains 0.001 wt% N-DMBI, and the ‘BCF at heterojunction’ is coated by 0.0001 

mg/mL N-DMBI ethanol solution. (c, d) Photovoltaic performances of PTB7-Th/FOIC 

fabricated by sequential spin-coating: (c) J–V curves; (d) corresponding EQE curves. 

Table 3. Photovoltaic performances of PTB7-Th/FOIC in PHJ and Seq_BHJ device structure 

corresponding to Figure 5.
a)

 

Device 

Structure                

Conditions  Voc max     

(V) 

Jsc max 

(mA/cm2) 

Jsc avg 

(mA/cm2) 

FFmax     

(%) 

FFavg     

(%) 

PCEmax     

(%) 

PCEavg     

(%) 

PHJ Control 0.78 5.36 5.35±0.04 68.5 68.6±0.41 2.91 2.89±0.01 

BCF in PTB7-Th 0.78 5.50 5.60±0.07 69.5 68.0±0.13 3.04 3.00±0.05 

BCF in FOIC 0.78 5.33 5.31±0.01 68.8 68.5±0.28 2.87 2.85±0.02 

BCF at heterojunction 0.78 5.80 5.62±0.10 68.8 69.3±0.35 3.12 3.08±0.03 

Seq_BHJ 0.001 mg/mL 0.74 22.77 22.48±0.22 65.5 65.3±0.55 10.94 10.80±0.18 

a)
 Average value of 15 devices fabricated under identical conditions ±1 standard deviation. 

CONCLUSION 

In summary, we have demonstrated that the key to fulfill the doping benefit in PSCs is the 

rationally controlled dopant’s location in the BHJ blend film. In contrast to the devices 
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fabricating from the doped blend solution, the n-type doped devices via triple-layer coating 

procedure get obviously better device performance. We attribute the efficient n-type doping to 

the correct dopant’s location. The pre-deposited donor/dopant double layers enable complete 

phase separation, hence they force n-type dopants distributing more in the acceptor rich phase 

after the third layer coating. The direct evidence of n-type dopant’s location in the blend film 

comes from the R-SoXS and PL measurements, where the complex index of refraction and 

charge-transfer provide sufficient contrast to probe the ultralow content of n-type dopant. The 

reduced R-SoXS intensity and PL quenching clarify that the n-type dopants reside in the acceptor 

rich phase via sequential coating procedure. We also fabricate the p-type doped cells by 

changing the dopant’s polarity in the middle layer. Therefore, we expect this methodology to 

become a practical tool for the ambipolar doped PSCs in the future. 

EXPERIMENTAL SECTION 

Materials: PTB7-Th and FOIC were purchased from Solarmer Materials Inc. N-DMBI, BCF, 

zinc acetate dihydrate, ethanolamine, 2-methoxyethanol, and Zirconium acetylacetonate (ZrAcac) 

were purchased from Sigma-Aldrich.  

Device Fabrication: The PHJ devices were fabricated with a configuration of 

ITO/ZnO/FOIC/PTB7-Th/MoOX/Al. The BHJ devices were fabricated with a configuration of 

ITO/PEDOT:PSS/PTB7-Th:FOIC/ZrAcac/Al. The ITO substrates were cleaned by sequential 

sonication and plasma treatment. The electron-transporting layer of ZnO was deposited by spin-

coating a ZnO precursor solution (dissolving zinc acetate in 2-methoxyethanol with 

ethanolamine) at 4500 rpm for 30s, followed by thermal annealing at 200 ℃ for 30 min. The 

film-transfer layer of PEDOT:PSS for PHJ devices was deposited by spin-coating at 2000 rpm 

for 30s, followed by thermal annealing at 150 ℃ for 2 min. The hole-transporting layer of 
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PEDOT:PSS for BHJ devices was deposited by spin-coating at 5500 rpm for 30s, followed by 

thermal annealing at 150 ℃ for 20 min. The PHJ devices were fabricated according to our 

recently published process in reference 17 and 22. BHJ devices were fabricated by spin-coating 

PTB7-Th/FOIC blend solution or sequentially spin-coating each single component in the N2 

glove box. Finally, 10 nm MoO3/100 nm Al or 20 nm ZrAcac/100 nm Al were deposited as the 

electrode at a vacuum level of < 1×10
-5

 Pa. 

Instrumentation: The apparatus for morphology characterization (AFM, KPFM, reflectance 

spectra, GIWAXS, and R-SoXS), photovoltaic performance measurements (J–V curves, EQE 

curves and UV–vis absorption spectra), and the film thickness testing are accessible in reference 

15, 17, and 22. PL spectrum was recorded by FLS980 spectrometer (Edinburgh Instruments, EI) 

with different excitation wavelength. 

NEXAFS characterization: NEXAFS spectroscopy was conducted at beamline 5.3.2 

Advanced Light Source (ALS). The NEXAFS samples were spin-coated on PEDOT:PSS glass 

substrates and then transferred to copper grid by floating in water. For the measurement, a 

200μm × 200μm image scan was first run under 320 eV to find the film edge. Then move the 

cursor to a proper position which is supposed to contain both film and vacuum. A focus scan was 

then made across the film edge and set the cursor on focus. Use smaller size range to repeat the 

image scan as well as focus scan until 20 μm × 20 μm. Move line cursor across the film edge to 

do the energy scan from 270 eV to 320 eV. The material contrast between two pure materials can 

be calculated from the absorption spectra. 
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ABBREVIATIONS 

PSC, polymer solar cell 

BHJ, bulk heterojunction 

PHJ, planar heterojunction 

OLEDs, organic light-emitting diodes 

OFETs, organic field-effect transistors 

OTEs, organic thermoelectric devices 

ICT, integer charge transfer 

R-SoXS, resonant soft X-ray scattering 

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

PTB7-Th, 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]] 

KPFM, Kelvin probe force microscopy 

Jsc, short-circuit current 

EQE, external quantum efficiency 
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Voc, open-circuit voltage 

PCE, power conversion efficiency 

FF, fill factor 

CB, chlorobenzene 

Seq_BHJ, sequential-coating BHJ 

GIWAXS, grazing incidence wide-angle X-ray scattering 

CL, coherence length 

NEXAFS, near edge X-ray absorption fine structure 

PL, photoluminescence 

BCF, tris(pentafluorophenyl)borane 
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