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The interconnecting layer (ICL) plays a critical role in series-connected tandem solar cells (TSCs). 
However, the PEDOT:PSS layer, commonly used hole transport layer in ICL, still exhibits non-negligible 
light absorption, which remains an obstacle to further improve the photovoltaic performance of TSCs. 
Here, we demonstrate an efficient strategy to mitigate optical and electrical losses in PEDOT:PSS-based 
ICLs by reconstructing PEDOT:PSS film via alkali metal carbonate (AMC) doping. AMC doping can increase 
the proportion of PEDOT in PEDOT:PSS thin films, allowing them to be ultra-thin but robust enough to 
isolate adjacent active layers. Comprehensive characterizations demonstrate that AMC doping promote
increased transmittance, decreased resistance and optimized surface morphology for PEDOT:PSS films.
As a result, both the short-circuit current density (Jsc) and power conversion efficiency (PCE) are
improved after AMC doping in PEDOT:PSS for TSCs with different active layer combinations, exhibiting
excellent universality in TSCs application. Notably, the PCEs of organic homo-TSCs and perovskite/organic
TSCs with AMC doping reached 20.04 % and 26.05 %, respectively. Our work underscores the great poten-
tial of AMC doping in optimizing PEDOT:PSS films in ICL, offering an innovative pathway for fabricating
highly efficient TSCs.
© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by 

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI
training, and similar technologies.
1. Introductio n

Tandem solar cells (TSCs) are considered as a promising solu-
tion to overcome the efficiency limitation in single-junction solar
cells owing to significantly suppressed transmission and thermal-
ization losses [1–5]. According to Shockley and Queisser’s calcula-
tion, a single-junction solar cell can only convert 30 % of the solar 
energy under 1 sun irradiance, while a tandem solar cell combined
with two cells can convert 42 % [6,7]. Typically, TSCs are composed 
of three parts, including the front subcell, rear subcell and inter-
connecting layer (ICL) that establishes electrical contact between
the two subcells. The ICL, basically consisting of hole transport
layer (HTL) and electron transport layer (ETL), enables the collec-
tion of photogenerated charge carriers from the subcells and facil-
itates their efficient recombination, which plays a critical role in 
TSCs. An ideal ICL should meet several critical requirements,
including physical/chemical robust, high optical transmittance,
sufficient electrical conductivity, etc. [5]. 

Among these various ICLs, the combination of metal oxide (ZnO 
and SnOx) as ETL and poly(3,4-ethylenedioxythiophene):poly(styre 
nesulfonate) (PEDOT:PSS) as HTL remains a widely adopted choice
in not only organic/organic TSCs, but also perovskite-related tan-
dem photovoltaics (perovskite/perovskite, perovskite/organic and
perovskite/silicon TSCs) [2,4,8]. Beyond the most fundamental 
robust barrier requirement, high optical transmittance and suffi-
cient electrical conductivity are very important. Ultra-thin metal
layers [9–19] are sometimes used inside ICLs to facilitate efficient 
recombination, while they exhibit severe parasitic light absorption 
and lead to current reduction. It has been reported that some trans-
parent conductive oxides (such as ITO or IZO) [20–22] and
reserved,
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graphene-oxide [23] recombination layers can significantly reduce 
optical losses and lead to an effective ohmic contact for carrier
transport in TSCs. To increase the electrical conductivity of
PEDOT:PSS, acid doping [24] and self-assembled monomer
[16,25]modify have been established to improve the hole collection 
and transport. Despite much effort has been devoted to the opti-
mization of ICLs, optical losses are still existed and limit the current 
performance of TSCs. Compared with highly transparent (even with 
anti-reflection property) metal oxide ETLs, the PEDOT:PSS layer still 
exhibits non-negligible light absorption in the visible and near-
infrared region. However, few studies have been reported on
improving the transmittance of the PEDOT:PSS layer in ICLs.

In this study, we report an alkali metal carbonate (AMC) doping 
strategy in PEDOT:PSS to improve its transmittance and the corre-
sponding efficiency of TSCs. It is found that AMC doping can opti-
mize the composition of PEDOT:PSS films, making the optimal film 
thickness become thinner and thus improving the transmittance. 
Higher PEDOT content enables the film to remain sufficiently robust 
to block solvent penetration even at a very thin thickness.Moreover, 
doped PEDOT:PSS films show decreased resistance, which is benefi-
cial for charge transport. As a result, both the short-circuit current 
density (Jsc) and power conversion efficiency (PCE) are improved
after AMC doping in PEDOT:PSS for TSCs with different active layer
combinations. Notably, the PCEs of organic homo-TSCs and per-
ovskite/organic TSCs with AMC doping reached 20.04 % and
26.05 %, respectively. These findings demonstrate that AMC doping
has great potential for optimizing PEDOT:PSS films in ICLs.

2. Experimen tal

2.1. Materials 

PM6 was purchased from Hyper, Inc. L8-BO and BTP-eC9 was 
purchased from Solarmer Material. CH22 was synthesized accord-
ing to the reported work [26]. (2-(9H-carbazol-9-yl)ethyl)phospho 
nic acid (2PACz) was purchased from Hyper, Inc. Fluorine-doped 
tin oxide (FTO) glass, indium tin oxide (ITO) glass, formamidinium 
iodide (FAI), methylammonium iodide (MAI), lead iodide (PbI2, 
99.999 %), lead bromide (PbBr2, 99.999 %) and (4-(7H-dibenzo[c,g 
]carbazol-7-yl)butyl) phosphonic acid (4PADCB) were purchased 
from Advanced Election Technology. Lead sulfocyanide [Pb 
(SCN)2], rubidium iodide (RbI, 99.9 %), N,N-dimethylformamide 
(DMF, 99.8 %), and dimethyl sulfoxide (DMSO, anhydrous) were 
purchased from Sigma-Aldrich. Isopropanol (IPA, 99.5 %) and ethyl
acetate (EA, 99.9 %) were purchased from J&K Scientific. Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
was purchased from Heraeus. C60 was purchased from Leyan,
Shanghai, China. 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP) was purchased by Xi’an Yuri Solar. Silver (99.999 %) and gold
(99.999 %) were purchased from ZhongNuo Advanced Material
(Beijing). All chemicals and other regents, unless otherwise speci-
fied, were directly used without further purification.

2.2. Fabrication of organic homo-TSCs

First, ITO-coated glasseswere sequentially cleaned by sonication 
with detergent, deionized water, acetone and isopropanol for 
20 min, respectively. Second, the surface of ITO-coated glass was 
treated in an ultraviolet-ozone chamber for 20 min. For PM6: 
CH22-based homo-TSCs, a thin layer of PEDOT:PSS was deposited 
on the ITO substrate at 4300 r min−1 for 20 s and then dried at 
150 °C for 15 min in ambient air. For the other two homo-TSCs, a
thin layer of 2PACz (0.3 mg mL−1 in methanol) was deposited on
the ITO substrate at 4000 r min−1 for 20 s. PM6:CH22 (1:1.2 w/w)
was dissolved in chloroform at the total blend concentration of
15.4 mg mL−1 with 0.4 % chloronaphthalene (CN) as the solvent
additive. PM6:L8-BO (1:1.2 w/w) was dissolved in chloroform at 
the total blend concentration of 17.6 mg mL−1 with 0.25 % DIO as 
the solvent additive. PM6:BTP-eC9 (1.2:1 w/w for front cell and 
1:1.2 w/w for rear cell) was dissolved in chloroform at the total 
blend concentration of 17.6 mg mL−1 with 0.5 % DIO as the solvent 
additive. The front and rear active layers were spun onto the coated 
substrate at 3000/1800 r min−1 for PM6:CH22-based homo-TSCs, 
7000/2000 r min−1 for PM6:L8-BO-based homo-TSCs, and 
4000/2000 r min−1 for PM6:BTP-eC9-based homo-TSCs. Then the 
films were treated with thermal annealing at 100 °C for 5 min. 
For the ICLs, ZnO nanoparticles methanol solution of 25 mg mL−1 

was spin-coated on the active layer at 2000 r min−1 for 20 s and 
then diluted PEDOT:PSS (PEDOT:PSS/H2O = 1/2.5, v/v) was spin-
coated on the ZnO layer with 4000 r min−1 for 20 s. Subsequently,
the substrate was annealed at 120 °C for 5min in ambient air. Phos-
phomolybdic acid (PMA, dissolved in methanol a concentration of
1 mg mL−1) was spin-coated on the substrate layer with
4000 r min−1 for 20 s. After the deposition of rear active layers,
the methanol solution of PNDIT-F3N (1 mg mL−1) with 0.5 % acetic
acid was spin-coated at 3000 r min−1 for 20 s. Finally, Ag electrode
with the thickness of 150 nm was evaporated under 1 × 10−4 Pa.

2.3. Fabrication of perovskite/orga nic TSCs

To prepare WBG PVK precursor (FA0.7MA0.2Rb0.1Pb(I0.5Br0.5)3) 
with a concentration of 1.4 M, FAI, MAI, RbI, PbI2, PbBr2 and Pb 
(SCN)2 were dissolved in DMF:DMSO (4:1, v/v), with a molar ratio 
of FAI:MAI:RbI of 0.7:0.2:0.1 and PbI2:PbBr2:Pb(SCN)2 of
0.2:0.8:0.04. After stirring overnight, the solution was filtered with
a 0.22 lm PTFE filter and ready for spin-coating.

The monolithic perovskite-organic TSCs were fabricated with a 
device architecture of Glass/FTO/4PADCB/Al2O3/WBG PVK/C60/ 
SnOx/Au/PEDOT:PSS/PM6:BTP-eC9/PNDIT-F3N/Ag. The pre-
patterned FTO glass substrates were sequentially cleaned by soni-
cation with detergent, deionized water, acetone and isopropanol 
for 20 min, respectively. The cleaned FTO substrates were treated 
with ultraviolet-ozone for 25 min. Subsequently, a self-
assembled monolayer (SAM) were fabricated by spin-coating the 
4PADCB (0.2 mg mL−1 in ethanol) onto the FTO at 4000 r min−1 

for 30 s and annealed at 120 °C for 15 min. After cooling to room 
temperature, a dispersion of aluminum oxide (Al2O3) nanoparticles 
was dynamically spin-coated at 4000 r min−1 for 30 s, followed by 
an annealing step at 100 °C for 5 min. Then a volume of 60 lL of the 
filtered perovskite solution was deposited onto the substrate and 
spin-coated at 5000 r min−1 . During the final 15 s of the spin-
coating process, 200 lL of EA was quickly dripped onto the center 
of the perovskite film to induce rapid crystallization. The film was 
then annealed at 100 °C for 20 min. Next, spin-coating of cis-
CyDAI2 (at a concentration of 0.3 mg mL−1 in 200:1, v/v, IPA:
DMF) was done onto the as-formed perovskite at 3000 r min−1

for 30 s, followed by annealing at 100 °C for 5 min. C60 (25 nm)
was deposited on the perovskite layer, followed by the deposition
of a 20 nm SnOx via atomic layer deposition (ALD). After that, 1 nm
Au layer was deposited by thermal evaporation at a rate of 0.1 Å s−1

under a vacuum of 1 × 10−4 Pa. PEDOT:PSS, which was diluted by
IPA (1:3, v/v), was coated at 4000 r min−1 for 25 s and then heated
at 120 °C for 5 min. Subsequently, the process followed the same
steps as the preparation of the rear cell of PM6:BTP-eC9-based
homo-TSCs. The methanol solution of PNDIT-F3N was spin-
coated at 3000 r min−1 for 20 s. Finally, a 150-nm Ag layer was
thermally evaporated under a vacuum of 1 × 10−4 Pa.

2.4. Characterizatio n

The current density–voltage (J-V) curves of devices were 
recorded on a Keithley 2400 source-measure unit in a glove box
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filled with nitrogen. Enli SS-F5-3A solar simulator with AM1.5 G 
was used as the light source, and the light intensity was 
100 mW cm−2 which was calibrated by a standard Si solar cell 
(made by Enli Technology Co., Ltd., Taiwan, and calibrated report 
can be traced to NREL). The voltage step in the scan was 20 mV 
with a delay time of 1 ms, using a Keysight B2901A SourceMeter. 
The device areas determined by shadow masks were 3.24 cm2 for
homo-TSCs and 10.24 cm2 for perovskite-organic TSCs. The EQE
responses were measured using a Solar Cell Spectral Response
Measurement System QE-R3-011 (Enli Technology). The light
intensity at each wavelength was calibrated using a standard
single-crystal Si photovoltaic cell. A Veeco Dektak 150 profilometer
was used to measure the thickness of the thin layers.

UV–vis absorption and transmittance spectra were recorded on 
a Cary 5000 UV–vis spectrophotometer. The atomic force micro-
scopy spectroscopy (AFM) measurements were performed on Bru-
ker NanoIR3 by using in tapping mode. The pH values were 
measured by using a pH meter (BPH 7100). UPS and XPS were 
tested through a Kratos AXIS ULTRA DLD spectrometer. Raman
spectra were tested through a WITec Alpha300 spectrometer. The
cross-sectional morphology of the devices was investigated using
a Hitachi S-4800. For the cross-sectional imaging, the cross-
sectional surface of the sample was coated with approximately
1-nm-thick gold using sputtering to enhance conductivity.

The electrical conductivity is measured by using the device 
structure of Glass/ITO/PEDOT:PSS/Ag. The resistance (R) of 
PEDOT:PSS film can be obtained from the J-V curves recorded on 
a Keithley 2400 source-measure unit in a glove box filled with 
nitrogen. Electrical conductivity is the reciprocal of electrical resis-
tivity. Resistivity (q) can be determined using the formula q = R ×
(A/L), where A is the cross-sectional area and L is the thickness of
PEDOT:PSS film.

3. Results and discussion

The device structure of tandem solar cells used in this study is
shown in Fig. 1a. The interconnecting layer (ICL) consists of ZnO 
or atomic layer deposition (ALD) SnOx as electron transport layers 
and PEDOT:PSS as hole transport layer. To investigate the impact of 
PEDOT:PSS layer on the photovoltaic performance of tandem solar 
cells, we altered the PEDOT:PSS formulation by doping it with
three distinct alkali metal carbonates (AMCs) to tune its photoelec-
tronic properties, while maintaining all other conditions constant.
Firstly, homo-tandem organic solar cells with PM6:CH22 [26] as 
active layer of both the front and rear cell were conducted to inves-
tigate the doping effect. The detailed tandem cell fabrication and
doping process can be found in the experimental section. As shown
in Fig. S1 and Table S1, when the concentration of AMCs is higher 
than 5 mM, all the photovoltaic parameters, including open-circuit 
voltage (Voc), Jsc, fill factor (FF) and PCE, are decreased to some 
extent. This is primarily due to the molecular aggregation of 
PEDOT:PSS caused by the high AMC concentration, which can be 
seen from the morphology data, as will be discussed in detail later.
However, the Jsc exhibited a particularly significant enhancement
within the doping concentration range of 5 mM. At optimal doping
concentration (1 mM), both the Jsc and PCE of AMCs doped tandem
devices exhibited significant enhancement in the statistical data
(Fig. 1b, c, Fig. S2 and Table 1). The Jsc of the tandem devices is 
increased by approximately 0.5 mA cm−2 when doping with AMCs, 
while the PCE rises from 18.41 % to exceeding 19 % after doping.
Interestingly, there is no obvious difference on the device perfor-
mance for the three different AMCs.

To gain insight into the AMC doping effect on the influence of 
tandem device performance, transmittance spectra were measured
not only for the PEDOT:PSS layer but also the whole ICL (Fig. 2a, b 
and Fig. S3). At optimal AMC doping concentratio n of 1 mM, the
transmittance of the PEDOT:PSS film was enhanced across the 
350–900 nm wavelength range. A similar enhancement trend 
was observed in the ICL. Furthermore, the transmittance of both
PEDOT:PSS and ICL demonstrated a sequential enhancement trend
with increasing atomic number of the alkali metals (Fig. 2c). The 
thicknesses of pristine and AMC doped PEDOT:PSS layers were
measured via atomic force microscopy (AFM) (Fig. 2d and 
Fig. S4). The optimal thicknesses for the pristine and doped 
PEDOT:PSS layers with Li2CO3,  Na2CO3 and K2CO3 are 23, 20, 17 
and 15 nm, respectively, which is consistent with the transmit-
tance enhancement discussed above. To investigate the cause of
the reduced PEDOT:PSS thickness with AMC doping, contact angle
measurements were performed. As shown in the Fig. S5, the con-
tact angle of PEDOT:PSS dispersion on the ZnO layer exhibits an 
increase trend from pristine to K2CO3-doped PEDOT:PSS. The 
decreased wettability of the PEDOT:PSS dispersion on ZnO is one 
of the main factors contributing to the thinner film thickness. 
The combined effect of reduced film thickness and enhanced trans-
mittance directly facilitates photocurrent and PCE improvement in
tandem devices. To further verify the necessity of AMC doping for
performance enhancement, organic homo-TSCs were fabricated
using an undoped PEDOT:PSS layer with a thin thickness of
15 nm. As shown in Fig. S6 and Table S2, although the Jsc increases, 
both the Voc and FF decrease, indicating that a thinner undoped
PEDOT:PSS layer is insufficient to effectively isolate the two active
layers.

To investigate the influence of AMC doping on the work func-
tion of PEDOT:PSS layers, ultraviolet photoelectron spectroscopy
(UPS) was conducted (Fig. 2e, f). The work function of PEDOT:PSS 
layers doped with AMCs were slightly decreased, with the lowest 
value of 5.01 eV for K 2CO3 doped PEDOT:PSS. This negligible work
function change wouldn’t reduce the Voc of the tandem device, as
shown in Table 1, especially when an additional phospho molybdic
acid hydrate (PMA) [27–29] layer with high work function is mod-
ified on the PEDOT:PSS layer.

X-ray photoelectron spectroscopy (XPS) was performed to 
investigate the AMC doping effect on the PEDOT:PSS layer. As
shown in Fig. S7, the signals of Li 1s,  N  1s and K 2p peaks confirmed 
successful doping of AMCs. S 2p peaks were separately identifiable 
for the two primary components, where the XPS peaks between
162 and 166 eV belong to sulfur atoms in PEDOT, and XPS peaks
between 166 and 172 eV come from sulfur atoms in PSS [30] 
(Fig. 3a). The gradually increased PEDOT peak compared with that 
of pristine PEDOT:PSS indicates a gradually higher PEDOT propor-
tion in the films. By calculation, the PEDOT/PSS ratio indeed shows
a gradually increased trend from pristine film (15 %) to K2CO3

doped film with the highest value of 19 % (Fig. 3b). This PEDOT/ 
PSS ratio change may give rise to the phase separation between
PEDOT and PSS induced by AMC doping [31,32]. The AMCs, which 
consist of alkali metal cations and carbonate anions, screen the 
charges on PEDOT and PSS, and interact specifically with nega-
tively charged PSS chains and positively charged PEDOT chains,
respectively [32]. This charge screening reduces the Coulombic 
attraction between PEDOT and PSS, leading to the phase separation 
between PEDOT and PSS. When a water-based solution is used, the 
water-soluble alkali metal PSS can be more readily removed from 
the substrate during the spin-coating process. This mechanism 
explains both the increased PEDOT/PSS ratio and the reduced film
thickness with AMC doping. It is noted that higher PEDOT content
can enhance the robustness of the film, effectively keeping the two
subcells apart even when the PEDOT:PSS film is very thin (15 nm
for K2CO3 doped film).

To gain more insight into the influence of AMC doping effect on 
the PEDOT:PSS layers, optical absorption and Raman spectra were
carried out. Optical absorption results at optimal doping concen-
tration (1 mM) show reduced trend compared with the pristine

move_f0005
move_t0005
move_f0010
move_f0015


) FF

B. Guo, R. Wu, S. Wang et al. Journal of Energy Chemistry 115 (2026) 151–158

Fig. 1. (a) Basic device structure of tandem solar cells with metal oxide/PEDOT:PSS as interconnecting layer, chemical structure of PEDOT:PSS and the dopants. Statistics of (b)
Jsc and (c) PCE in corresponding conditions for 11–14 individual devices.

Table 1 
Photovoltaic parameters of PM6:CH22-based homo-TSCs under the illumination of AM 1.5 G, 100 mW cm−2.

PEDOT:PSS Voc 
a (V) Jsc 

a (mA cm−2 a (%) PCEa (%) 

w/o 1.736 (1.730 ± 0.004) 13.41 (13.35 ± 0.10) 79.06 (79.15 ± 0.88) 18.41 (18.27 ± 0.12)
Li2CO3 1.733 (1.731 ± 0.002) 13.94 (13.76 ± 0.11) 78.83 (79.13 ± 0.49) 19.04 (18.85 ± 0.09)
Na2CO3 1.730 (1.730 ± 0.003) 13.95 (13.82 ± 0.12) 79.23 (79.09 ± 0.49) 19.12 (18.91 ± 0.13)
K2CO3 1.733 (1.730 ± 0.04) 13.90 (13.79 ± 0.09) 79.27 (79.07 ± 0.46) 19.10 (18.87 ± 0.13)

a The average values and standard deviations were obtained from statistical analysis of 11–14 individual devices.
PEDOT:PSS film (Fig. S8), which is consistent with the transmit-
tance data above. While the small change in optical absorption is
unable to estimate the doping state of different PEDOT:PSS layers.
Fig. S9 depicted the absorption spectra at higher doping concentra-
tion (50 mM) of AMC. The absorption results exhibit a decrease in 
intensity in the near-infrared (NIR) region and an increase in inten-
sity in the visible region, indicating a reduced doping level in the
PEDOT:PSS [33]. The oxidation degree of PEDOT by AMC doping 
is also evident by Raman spectra (Fig. 3c and Fig. S10). All the films 
show a main peak between 1350 and 1500 cm−1 , corresponding to 
the Ca =  Cb symmetrical stretching vibration on the PEDOT chain. 
The red-shifted peak position and narrowed spectra indicate that
a dedoping process occurs from the pristine film to the K2CO3-
doped film [34]. The dedoping process leads to a slight reduction 
in the vertical conductivity of the PEDOT:PSS films with AMC dop-
ing at 1 mM (Fig. 3f and Table S3). The detailed conductivity mea-
surements can be found in the experimental section. This 
phenomenon parallels the conductivity reduction observed in
sodium hydroxide-doped PEDOT:PSS, wherein increased doping
concentration of AMC gradually increases pH values [35] 
(Fig. S11 and Table S4). Due to the reduction in film thickness after 
doping, the resistance of the PEDOT:PSS films itself does not
increase relative to the pristine film (Fig. 3d, e), thus facilitating 
charge collection and transport. It should be pointed out that the 
compensatory effect between sequentially enhanced electrical 
resistance and optical transmittance across Li 2CO3, Na2CO3 and
K2CO3-doped PEDOT:PSS films lead to comparable photovoltaic
performance in tandem devices (Fig. 3f). 

To illustrate the reason of reduced conductivity of PEDOT:PSS 
films doped with AMCs, a possible mechanism is proposed. Due 
to hydrolysis, aqueous solutions of alkali metal carbonates exhibit 
alkalinity. This alkalinity induces the deprotonation of PSSH to
PSS−, which in turn reduces a portion of the highly doped PEDOT
chains (enriched with bipolarons) to polarons and even to a neutral
state [36]. Owing to the difference of alkali metal cation radius, the 
three cations exhibit different affinity for the PSS− chains, with the 
largest K+ possessing the weakest affinity. During the spin-coating 
process of the film itself and subsequent PMA alcohol solution, K+

with weakest affinity is more readily removed, whereas most Li+

remains in the PSS matrix. To balance the negative charge from
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Fig. 2. (a) Transmittance spectra of PEDOT:PSS films. (b) Transmittance spectra of ICLs. (c) Transmittance values of PEDOT:PSS and ICLs with different AMC doping. (d) 
Thicknesses of PEDOT:PSS films. (e) UPS spectra of PEDOT:PSS films. (f) Work functions of PEDOT:PSS films and PMA layer. The doping concentration is maintained at 1 mM
for all these AMC dopants.

Fig. 3. (a) S 2p XPS spectra of PEDOT:PSS films. (b) Calculated ratios of PEDOT/PSS films. (c) Raman spectra of PEDOT/PSS films. (d) The current–voltage curves of devices with 
the structure of ITO/M-PEDOT (modified PEDOT:PSS)/Ag. (e) The current–voltage curves of devices with the structure of ITO/ICL/Ag. (f) Resistance and conductivity of PEDOT:
PSS films with different AMC doping. The doping concentration is maintained at 1 mM for all these AMC dopants, except the Raman spectra (50 mM).
PSS− after the alkali metal cations are removed, the p-type doped 
PEDOT chains will accept the electrons from PSS− and become 
dedoped. This dedoping process explains the observed decrease
in conductivity from pristine film to the K2CO3-doped film.
The surface morphology of these PEDOT:PSS films was mea-
sured via tapping mode AFM. As shown in Fig. 4, the PEDOT:PSS 
films are getting slightly rougher after AMC doping with 1 mM,
with root-mean-square (RMS) roughness values of 0.86, 1.28,

move_f0020
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1.27 and 1.23 nm for the pristine, Li2CO3,  Na2CO3 and K2CO3-doped 
films, respectively. Rougher surface of AMC-doped PEDOT:PSS 
films could increase the surface area, which may facilitate the 
charge collection and suppress the charge recombination in the 
ICL. The degree of bimolecular recombination in the TSCs was eval-
uated using the relationship: Jsc (Plight)S, where the exponential
factor S value close to 1 implies weak bimolecular recombination
in the device. Fig. S12 reveals that the AMC-based devices achieve 
relatively higher S values, conforming a reduction of bimolecular 
recombination. At high AMC doping concentration, the AFM image
reveals obvious aggregation (Fig. S13), consistent with the pro-
posed phase separation and the resultant decrease in device
performance.

To validate the universality of AMC doping in PEDOT:PSS films, 
different active layer systems were employed to construct tandem 
devices by using Na2CO3 as a doping agent. As shown in the current
density–voltage (J-V) curves (Fig. 5a, b), for homo-tandem organic 
solar cells based on PM6:L8-BO [37] and PM6:BTP-eC9 [38] as 
active layers, the Jsc has been obviously increased after doping with 
Na2CO3 for the PEDOT:PSS layer in the ICL. Since Voc and FF remain 
relatively constant, the correspondi ng efficiencies are significantly
improved. Notably, PM6:BTP-eC9-based homo-TSC achieves a high
PCE of 20.04 %, which is among the highest reported values for
homo-TSCs to date [25,39]. To compare with the other strategies 
reported previously, we also fabricated PM6:BTP-eC9-based 
homo-TSCs employing 2PACz-mod ified PEDOT:PSS layer as part
of the ICL according to the previous work [25]. As shown in
Fig. S14 and Table S5, this tandem device achieved a PCE of 
19.41 %, which is consistent with the reported values [25]. 
However, compared to the Na2CO3-based tandem device, the 
2PACz-based tandem device exhibits relatively lower J sc. The
enhanced device performance of the Na2CO3-based tandem device
Fig. 4. AFM height images: (a) two-dimensional and (b) three-dimensional images. (c
concentration is maintained at 1 mM for all these AMC dopants.
is attributed to the enhanced transmittance and decrease d resis-
tance of its ICL (Fig. S15). These results indicate that AMC doped-
PEDOT:PSS leads to superior tandem device performance com-
pared to the 2PACz modification.

Moreover, perovskite/organic TSCs are also tested for validating 
the universality of the AMC doping strategy. Besides subcell engi-
neering [40–43], the ICL is critical to the performance of per-
ovskite/organic TSCs. As shown in Fig. 5c, both the Jsc and PCE 
are increased with Na2CO3 doping for the PEDOT:PSS layer in the 
ICL, reaching a high PCE of 26.05 % with PM6:BTP-eC9 as the active
layer of rear cell. Cross-sectional scanning electron microscopy
(SEM) image (Fig. 5d) displays that the wide-bandgap perovskite 
(PVK) and PM6:BTP-eC9 active layers are distinctly separated by 
the ICL. Half-stacked TSCs with the structure of glass/FTO/front
cell/ICL were assembled to investigate the optical transmission
behavior in a more straightforward manner (Fig. 5e). As expected, 
the Na2CO3-based half-stacked-TSC demonstrates a slightly supe-
rior transmission in the 700–900 nm region, indicating that more 
near-infrared photons can reach the organic rear cell. Subse-
quently, external quantum efficiency (EQE) measurements are con-
ducted to investigate the photon-to-electron conversion in the
TSCs (Fig. 5f). While the EQE values for the front cells remain 
almost the same (14.47 and 14.48 mA cm−2 ), the rear cell based 
on Na2CO3 doping exhibits a slightly enhanced response in the 
700–900 nm region, increasing the EQE value from 14.35 to 
14.52 mA cm−2 . This improvement in the rear cell’s EQE value 
achieves better current balance between the subcells, which in
turn boosts the Jsc of the tandem device from 14.32 to
14.70 mA cm−2. The EQE curves are consistent well with the optical
transmittance measurements. Therefore, these results indicate that
the AMC doping strategy in PEDOT:PSS films exhibits good univer-
sality in TSC optimization.
) AFM phase images of PEDOT:PSS films with different AMC doping. The doping

move_f0025
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Fig. 5. J-V curves of organic homo-TSCs with (a) PM6:L8-BO and (b) PM6:BTP-eC9 as active layers. (c) J-V curves of perovskite/organic TSCs with PM6:BTP-eC9 as active layer 
of rear cell. (d) Cross-sectional SEM image of the optimal perovskite/organic TSC. (e) Transmittance spectra of half-stacked TSCs with the structure of glass/FTO/front cell/ICL.
(f) EQE curves of perovskite/organic TSCs.
4. Conclusion s

In conclusion, we develop an AMC doping strategy to recon-
struct PEDOT:PSS film in the ICL and effectively enhance the per-
formance of TSCs. XPS data implies that AMC doping can induce 
a gradually higher PEDOT proportion in the PEDOT:PSS films. This 
reconstruction makes the PEDOT:PSS films in ICLs to be ultra-thin 
but robust enough to protect front cell active layers from subse-
quent processing. Thin PEDOT:PSS films with AMC doping show 
decreased resistance along with a rougher surface, which jointly 
facilitates charge collection and transport. Consequently, this 
results in both Jsc and PCE enhancement for TSCs after AMC doping
in PEDOT:PSS. Notably, AMC doping strategy in PEDOT:PSS films
exhibits good universality in TSCs with different active layer com-
binations. PM6:BTP-eC9-based organic homo-TSCs achieve a high
PCE of 20.04 %, which is among the highest reported values for
homo-TSCs to date. Moreover, a high PCE of 26.05 % is obtained
for perovskite/organic TSCs with PM6:BTP-eC9 as the active layer
of rear cell. These findings underscore the great potential of AMC
doping in optimizing PEDOT:PSS films in ICL, offering innovative
pathways for fabricating various highly efficient TSCs.
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