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Abstract: Molecular doping is an effective mean to achieve high performance organic solar cells (OSCs). 
However, the introduction of dopants aggravates the problem of morphological complexity in bulk 
heterojunction (BHJ) OSCs, and the choice of solvent after mixing with the donor and acceptor is greatly 
limited. Here, we innovatively propose a solution to solve the above problems by inserting a dopant layer 
between the donor layer and the acceptor layer to construct OSCs with a stacked structure through layer-by-
layer (LbL) spin-coating solution method. Compared with the control devices (16.95%), the performance of 
PM6/PABA/BO-4Cl devices with the addition of the dopant layer 4-Aminobenzoic acid (PABA) was 
significantly enhanced, achieving an efficiency of 17.46%. Morphological characterization and charge 
analysis showed that the performance improvement was attribute to the film morphology optimization by the 
dopant located at the D/A interface, while effectively increasing the exciton dissociation rate and charge 
mobility of OSCs. Thus, our work demonstrates that the doping layer strategy coupled with sequential solution 
deposition is an effective way to construct efficient devices and is a promising alternative to BHJ OSCs. 
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1. Introduction 
In recent years, the problem of environmental pollution 
has become more and more serious, and solar cells using 
renewable energy sources are an effective approach to 
alleviate the above problem. Among them, organic solar 
cells (OSCs) have attracted much attention due to their 
advantages such as simple fabrication process, low cost, 
the ability to prepare flexible devices and their potential 
sustainability[1-3]. Thanks to the efforts of researchers, 
representative polymer donors such as PM6 and D18 
coupled with high-performance non-fullerene acceptor 
materials such as Y6 and its derivatives have been able to 
achieve OSCs with efficiency exceeding 18%[4-6]. 
However, the continued improvement of the efficiency of 
OSCs remains the primary goal of researchers. It is well 
known that the common strategies to obtain high-
performance devices are as follows: developing novel 
materials[7, 8], designing new device structures[9, 10], 
and using dopants[11, 12]. The former is time-consuming 
and expensive. The complex fabrication process of new 
device structures is not conducive to future commercial 
applications. In contrast, the use of dopant strategy is a 
simple and more feasible way to improve device 
performance. 
In the early period, conventional OSCs were prepared 
with bulk heterojunction (BHJ) structure, where donor 
and acceptor were mixed homogeneously and spin-coated 

to form[13-15]. Therefore, the introduction of dopant in 
BHJ devices requires that donor, acceptor, and the dopant 
can be dissolved in the same solvent, which makes the 
choice of solvent very limited. At the same time, the 
introduction of dopants tends to increase the complexity 
of BHJ devices morphology. By contrast, sequential 
solution deposition structure by spin coating of donor and 
acceptor layer individually to fabricate Layer-by-layer 
(LbL) OSCs has become a promising alternative to BHJ 
structure[16-20]. LbL devices with the stacked structure 
plays a significant role in the vertical morphology, the fine 
tuning of the morphology and the direct charge transport. 
Moreover, one of its unique advantages is that it is less 
dependent on the ratio of donor and acceptor materials as 
well as the choice of solvent. Inspired by the sequential 
spin-coating solution method, we innovatively applied 
dopants into LbL OSCs that introducing the dopant layer 
between the donor layer and the acceptor layer. 
In this paper, we used 4-aminobenzoic acid (PABA) and 
3, 4-Diaminobenzoicacid (DABA) as the dopant layer for 
the preparation of high-performance OSCs with stacked 
structure. Among them, PM6/PABA/BO-4CL devices 
exhibited the better results. Compared with the control 
devices (16.95%), the PM6/PABA/BO-4CL devices with 
the introduction of the dopant layer PABA achieved a 
maximum PCE of 17.46%, a VOC of 0.835 V, a JSC of 
26.77 mA cm-2, and an impact factor of 78.02%. 
Moreover, the solvents applied in OSCs were eco-friendly 
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solvents that the donor, dopant and acceptor were 
dissolved in o-xylene, methanol, and o-xylene, 
respectively. As a result, the devices we prepared were 
eco-green energy devices. It is worth noting that methanol 
and o-xylene are orthogonal solvents, so the introduction 
of dopant layer can also protect the donor layer from being 
affected when spin-coating the acceptor solution. Charge 
dynamic characterization and PL spectroscopy 
demonstrated that the introduction of the dopant layer 
effectively enhanced the exciton dissociation and charge 
collection rates as well as accelerated the charge transfer 
(CT) process between donor and acceptor. AFM and TEM 
tests indicated that interfacial doping was an effective 
method to optimize the film morphology. Therefore, this 
work demonstrates that the insertion of a suitable doping 
layer between the donor and acceptor layers is an effective 
way to fabricate efficient green LbL OSCs. 

2. Experimental Section 
All devices in this paper adopted a conventional structure 
that Indium Tin Oxide (ITO)/PEDOT: PSS/Active 
Layer/PDINN/Ag. The glass substrates with ITO were 
sonicated in ethanol, acetone and ethanol solvent for 
30mins respectively. After sonication, the substrates were 
blown dry with nitrogen and then placed into UV ozone 
treatment for 20mins. PEDOT: PSS was uniformly 
dropped onto the surface of the above treated ITO glass 
substrate and spin coated at 4000 rpm for 30 s, followed 
by annealing at 150°C for 15 mins in the air atmosphere. 
The substrates coated with PEDOT: PSS film were 
transferred to a glove box, and then the donor solution, 
dopant, and acceptor solution were spin-coated 
sequentially to form an active layer based on LbL 
structure, followed by thermal annealing at 100 °C for 10 
min. Among them, donor PM6 was dissolved in O-XY 
solvent at a concentration of 10 mg/ml. The dopants 
PABA or DABA was dissolved in methanol solvent at a 
concentration of 0.5 mg/ml. Acceptor BO-4Cl was 
dissolved in O-XY solvent at a concentration of 8 mg/ml 
and 0.5% v/v DIO was added. After that, PDINN solution 
dissolved in methanol with a concentration of 1 mg/mL is 
spin-coated onto the active layer at 3000 rpm for 30 
seconds to form the electron transport layer. Finally, 100 
nm silver (Ag) electrode was deposited by vacuum vapor 
deposition under vacuum conditions of 5×10-4 Pa. 

3. Results and Discussion 
In this work, we chose PM6/ BO-4Cl as the main system 
and added PABA or DABA as the interfacial dopant 
between the donor layer and the acceptor layer to fabricate 
green LbL OSCs. The molecular structure of the materials 
and the flow chart of the active layer are shown in Figure 
1. The normalized absorption spectra of pure PM6, 
PM6/PABA, PM6/DABA and pure BO-4Cl films are 
given in Figure 2a. Among them, the absorption of PM6 
was mainly in the short-wave region of 500-650 nm, with 
the main absorption peaks as well as the shoulder peaks 
located at 575 nm and 615 nm, respectively. And the 
absorption of BO-4Cl was in the region of 700-900 nm. 

The complete complementarity of photon absorption by 
PM6 and BO-4Cl facilitates the preparation of high-
performance devices. It is noteworthy that the relative 
intensity between the main peak and the shoulder peak of 
the films changed after spin-coating the dopant layer on 
PM6, which indicated that the introduction of the dopant 
layer affected the crystallization of the donor films. 
Furthermore, the absorption spectra of PM6/BO-4Cl, 
PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl films are 
detailed in Figure 2b. It can be seen that the absorption 
intensity of the films after inserting the dopant layer was 
significantly higher than that of the control film. This 
revealed that the addition of the dopant layer between the 
donor layer and the acceptor layer optimized the 
aggregation of the polymer PM6 with better molecular 
alignment, which increased the photon capture and 
enabled the devices to obtain higher JSC values. 

 

Figure 1. Molecular structure of PM6, Y6, the dopants PABA 
and DABA as well as the flow chart of the active layer. 

The PL emission spectra of pure PM6 and LbL films with 
or without the dopant layer are visible in Figure 2c, where 
PM6 had a strong emission peak at 600-800 nm. After 
spin coating BO-4Cl on PM6 film by sequential solution 
deposition method, the emission peak was quenched. 
Further, the quenched situation was more effective after 
introducing the interfacial doping layer between the donor 
layer and the acceptor layer. Compared to PM6/BO-4Cl 
films (94.37%), the quenched efficiency of 
PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl were 
97.98% and 97.32%, respectively. This indicated that the 
insertion of the doping layer allowed the excitons 
generated in active layer to dissociate into free charges 
more efficient. 

 

Figure 2. (a) Absorption spectra of pure PM6, PM6/PABA, 
PM6/DABA and pure BO-4Cl film. (b) Absorption spectra of 
PM6/BO-4Cl, PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl 

LbL films. (c) PL spectra of pure PM6 film, PM6/BO-4Cl, 
PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl films. 

We fabricated OSCs with the conventional structure. 
Figure 3a provides the J-V characteristic curves of the 
devices based on PM6/BO-4Cl system with or without the 
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doping layer, and the detailed parameters are listed in 
Table 1. It can be found that the optimal PCE of the 
PM6/BO-4Cl devices was 16.95%, where VOC was 0.834 
V, JSC was 26.40 mA cm-2 and FF is 76.87%. With the 
introduction of the doping layer PABA or DABA, the 
devices exhibited a certain degree of improvement in JSC, 
FF and PCE. Among them, the PM6/PABA/BO-4Cl 
device had the best performance with PCE of 17.46%, 
where VOC was 0.835 V, JSC was 26.77 mA cm-2 and FF 
was 78.02%. From the above, it implied that the doping 
layer contributed to the performance enhancement of LbL 
devices. This is probably due to the active layer 
morphology was improved as well as charge transport and 
collection was enhanced after the addition of PABA or 
DABA. 

 

Figure 3. (a) J−V curves and (b) EQE spectra of PM6/BO-4Cl, 
PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl devices. 

Table 1. The relevant detailed performance parameters of 
OSCs. 

Devices 
VOC 

[V] 
JSC[mA 

cm−2 ] 
FF 

[%] 

PCE 
(ave) 
[%] 

PM6/BO-4Cl 0.834 26.40 76.87 
16.95 

(16.80) 

PM6/PABA/BO-

4Cl 
0.835 26.77 78.02 

17.46 

(17.34) 

PM6/DABA/BO-

4Cl 
0.833 26.54 77.70 

17.17 

(17.04) 

The EQE spectra of LbL OSCs are displayed in Figure 3b. 
In the range of 450-850 nm, the EQE intensity of the 
control OSCs (PM6/BO-4Cl) was around 80%. When the 
doped layer was inserted, the EQE intensity was enhanced 
in the range of 300-900 nm. And in the range of 500-800 
nm, the EQE intensity reached more than 80%. The 
increase of EQE intensity suggested that the introduction 
of PADA or DABA between the donor layer and the 
acceptor layer improved the photoelectric conversion 
efficiency, which was consistent with the trend of JSC. 
And comparing the calculated JSC from the EQE 
integration with the value obtained from the J-V curve, 
the error was within 5%. 
The carrier mobility of the LbL devices with or without 
the doped layer were further measured using space 
charge-limited current (SCLC), as detailed in Table 2 and 
Figure 4a-b. Compared to the PM6/BO-4Cl-based devices 
(3.74×10-4cm2V-1s-1), the hole mobility (μh) of 

PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl devices 
were enhanced to 4.34×10-4cm2V-1s-1 and 4.10×10-4cm2V-

1s-1. Similarly, the introduction of the doping layer had a 
positive effect on the increase of electron mobility (μe). μe 
of PM6/BO-4Cl, PM6/PABA/BO-4Cl and 
PM6/DABA/BO-4Cl devices were 2.96×10-4cm2V-1s-1, 
3.66×10-4cm2V-1s-1 and 3.44×10-4cm2V-1s-1, respectively. 
After calculation, the μh/μe value of PM6/PABA/BO-4Cl 
device was closer to 1 among the above devices, 
indicating that the device had a more balanced charge 
transport, which was consistent with the FF results 
obtained from the tests. 

 

Figure 4. (a) Hole mobility, (b) electron mobility and (c) Jph-
Veff curves of PM6/BO-4Cl, PM6/PABA/BO-4Cl and 

PM6/DABA/BO-4Cl devices. 

Table S2. Summary of charge mobilities of PM6/BO-4Cl, 
PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl devices. 

Devices 
μh (×10-

4cm2V-1s-1) 

μe (×10-

4cm2V-1s-

1) 

μh 

/μe 

PM6/BO-4Cl 3.74 2.96 1.26 

PM6/PABA/BO-

4Cl 
4.34 3.66 1.18 

PM6/DABA/BO-

4Cl 
4.10 3.44 1.19 

To further illustrate the effect of the doping layer on the 
charge dynamics of LbL devices, the relationship curves 
between Jph and Veff were observed, as shown in Figure 
4c. Theoretically, when the value of Veff is large enough 
(typically, Veff = 2.0 V), the electrode can fully extract the 
photogenerated carriers, at which time Jph is close to the 
saturation value of the current (Jsat). And the Jpower/Jsat 
value can be used to express the charge collection 
efficiency (ηcoll), where Jpower is the corresponding current 
density value at the maximum power. [92, 93]. After 
calculation, the ηcoll values of PM6/BO-4Cl, 
PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl devices 
were 87.4%, 88.7% and 88.0%, respectively. It can be 
seen that LbL devices containing the doping layer, 
especially for PM6/PABA/BO-4Cl OSCs, had higher ηcoll 
values compared with the control devices, indicating that 
the introduction of the doping layer promoted exciton 
dissociation, facilitated charge transport and collection. 
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Figure 5. AFM images of (a) pure PM6 film, (b) PM6/PABA 
film, (c) PM6/DABA film. AFM images of (d) PM6/BO-4Cl, 
(e) PM6/PABA/BO-4Cl and (f) PM6/DABA/BO-4Cl films. 

In order to investigate the effect of the introduction of the 
doping layer on the active layer morphology, we observed 
the change of the film surface morphology by AFM, as 
shown in Figure 5a-c. It can be seen that the root mean 
square roughness (RMS) of the pure PM6 film was 1.14 
nm. After spin-coating the doping layer PABA or DABA 
on PM6 film, the value of RMS was 1.05 nm and 0.79 nm, 
respectively. The introduction of the doping layer resulted 
in a decrease in the surface roughness of the film, 
indicating that PABA or DABA affected PM6 film, 
making the film surface smoother and preventing 
excessive penetration of acceptor, resulting in a P-I-N 
morphology favorable for charge transport. AFM images 
of LbL films are given in Figure 5d-f. The RMS values of 
the PM6/BO-4Cl, PM6/PABA/BO-4Cl and 
PM6/DABA/BO-4Cl films were 1.04 nm, 1.07 nm, and 
1.03 nm, respectively. After adding the doped layer, the 
surface roughness of the films remained almost 
unchanged. It is attribute to the presence of the dopant 
layer between the donor layer and the acceptor layer, 
which mainly affects the interface and has less influence 
on the surface morphology of the overall active layer. 

 

Figure 6. TEM images of (a) PM6/BO-4Cl, (b) 
PM6/PABA/BO-4Cl and (c) PM6/DABA/BO-4Cl films.  

Figures 6a-c represent the corresponding TEM images of 
the LBL films described above. It can be observed that the 
phase separation between donor and acceptor in PM6/BO-
4Cl film was relatively pronounced. In contrast, the LbL 
films after the introduction of the dopant layer, both 
PM6/PABA/BO-4Cl and PM6/DABA/BO-4Cl films 
showed a fine bicontinuous interpenetrating network. In 
particular, the distribution of donor and acceptor was 
more uniform in the PM6/PABA/BO-4Cl films. It could 
be attributed to the presence of the dopant at the interface, 
which given the active layer film a better microscopic 
morphology and thus improving devices efficiency. 
 
 

4. Conclusion 
In this work, we have prepared efficient green LbL 
devices by inserting the dopant layer between the donor 
and acceptor layer. For control LbL OSCs based on 
PM6/BO-4Cl system, the PCE of 16.95% was obtained, 
while the efficiency of LbL devices constructed after the 
introduction of doping layer PABA or DABA were higher 
than that of the control devices. Among them, the 
PM6/PABA/BO-4Cl devices obtained the optimized PCE 
of 17.46%, which is one of the highest values for the 
efficiency of green LbL devices. The exciton dissociation 
and charge collection rates calculated from the Jph -Veff 
curves indicated that in LbL devices containing the doped 
layer, excitons dissociate more fully into free charges and 
charges are more easily collected by the corresponding 
electrodes, leading to devices with higher FF and JSC. 
Morphological characterization illustrated that interfacial 
doping between the donor layer and the acceptor layer 
contributed to improved material distribution and 
optimized film morphology. Therefore, the simplicity of 
interfacial doping and its effectiveness in improving 
OSCs performance make this approach promising for 
future applications of green LbL OSCs. 
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