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ABSTRACT: Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) ~ *
(PEDOT:PSS) is commonly used in optoelectronic devices, but its
intrinsic hygroscopicity impairs device stability. Here, a PEDOT derivative
film with surface hydrophobicity and reduced internal hygroscopicity was
designed through dual-sulfonated polymer, successfully improving the
stability of Si hybrid solar cells. The surface hydrophobicity of the film was
associated with EG-induced enhanced exposure of the fluorocarbon chains
of Nafion, achieving a water contact angle of 108.1°. Furthermore, after /! (=~
poly(propylene glycol) diglycidyl ether (PPGDGE) was introduced to | hdrophobiciey |
construct a cross-linked network, the internal hygroscopicity of the film |
was further reduced. As a result, the device retained 78% of its initial power | i
conversion efficiency (PCE) after 432 h of storage in air, compared with L g EE
only 57% for PEDOT:PSS. This provides a feasible design concept for

mitigating the adverse impact of PEDOT:PSS on device stability and also indicates the potential of this film to construct other stable
optoelectronic devices.
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oly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) film. Therefore, it remains of great significance to develop a
(PEDOT:PSS), owing to its good film-forming ability, design concept starting from the material itself to construct
relatively high conductivity, and solution processability, has films with surface hydrophobicity and reduced internal
been widely used for fabricating high-performance optoelec- hygroscopicity for improving the stability of Si hybrid solar
tronic devices.' ™ In Si hybrid solar cells, PEDOT:PSS not cells.
only forms a heterojunction with n-Si but also serves as a hole In this work, based on the dual-sulfonated polymer PSS and
transport layer and therefore plays an important role in Nafion, we designed a PEDOT derivative film with surface
achieving high device performance.””'’ However, PE- hydrophobicity and reduced internal hygroscopicity for
DOT:PSS is typically used as the front surface functional improving the stability of Si hybrid solar cells. By designing
layer and is directly exposed to air; therefore, its intrinsic the contact sequence among EDOT, PSS, and Nafion, we
hygroscopigity is detrimental to the long-term stability of regulated the film conductivity and identified the optimal
devices.” sequence for achieving the highest electric conductivity of the
In order to improve the stability of Si hybrid solar cells, films. The surface hydrophobicity of the film originated from
various strategies have been developed. For example, in terms the ethylene glycol (EG)-induced redistribution of surface

of additive engineering, hydrophobic molecules or functional components. Furthermore, the introduction of poly(propylene
additives have been introduced to improve the hydrophobicity glycol) diglycidyl ether (PPGDGE) restrained the internal
of the PEDOT:PSS film and therebl); Slhance the stability of hygroscopic behavior of the film, which was attributed to the
PEDOT:PSS/Si hybrid solar cells. ™ In terms of surface formation of a cross-linked network with sulfonic acid groups.
protection of the PEDOT:PSS film, capping layers can On the basis of this film, PEDOT derivative/Si hybrid solar

effectivel'y- block the penetration. of m(?isture, thus mf?_r?;’ ing cells were fabricated, exhibiting improved storage stability.
the stability of PEDOT:PSS/Si hybrid solar cells.™ In

addition, weakening the hygroscopicity of the PEDOT:PSS -
film also provides a route to imgprove the stability of Rec'e“'ed‘ Mar_Ch 26, 2026
PEDOT:PSS/Si hybrid solar cells.'® The above strategies Revised:  April 22, 2026
have all played a positive role in improving the stability of Si Acce.l’ted‘ May 4, 2026
hybrid solar cells, but most of these methods focus on single Published: May 7, 2026
pathways such as surface hydrophobic regulation, external

physical protection, or weakening the hygroscopicity of the
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Figure 1. Structural evolution in PPN with corresponding film surface morphology and wettability. (a) Schematic illustration of the preassembly
structure of EDOT, PSS, and Nafion before oxidative polymerization. (b) Schematic illustration of the PPN structure after oxidative
polymerization. (c) Schematic illustration of the PPN structure after EG addition. Surface SEM images of (d) PPN and (e) PPN-EG films on Si
substrates. The contact angles of water on (f) PPN and (g) PPN-EG films.

After 432 h of storage, the best-performing device retained into contact with Nafion, followed by the introduction of PSS
78% of its initial power conversion efficiency (PCE), (PNP); and EDOT, PSS, and Nafion were brought into
significantly higher than the 57% retained by PEDOT:PSS contact simultaneously (PPP). Detailed preparation proce-
devices. dures are provided in the Experimental Section of the
To mitigate the adverse influence of the intrinsic Supporting Information. Except for the different contact
hygroscopicity of conventional PEDOT:PSS films on the sequences of EDOT with PSS and Nafion, PNP and PPP
stability of Si hybrid solar cells, we sought to design a PEDOT underwent the same post-treatment procedures as PPN.
derivative film with surface hydrophobicity and reduced To verify the successful polymerization of the PEDOT
internal hygroscopicity. On the basis of this idea, PSS and derivative, the XPS spectra of PPN and PEDOT:PSS films
Nafion were introduced into the oxidative polymerization were analyzed, and the elemental compositions of the two films

process of EDOT. As shown in Figure Sla, EDOT was first were further compared, as shown in Figure S2. The survey
brought into contact with PSS, followed by the introduction of spectrum of the PPN film exhibits S, C, O, and F signals,

Nafion and subsequent oxidative polymerization to form PPN. whereas only S, C, and O are detected in the PEDOT:PSS film
Figure S1b—d further shows the dialysis purification, in Figure S2a. At the same time, in the C 1s region, the PPN
centrifugation, and dispersion processes used to obtain a film shows an additional peak at 291.8 eV, which is assigned to
uniform and stable PPN solution. The other two contact the fluorocarbon (C—F) bond of Nafion,'” while no
sequences were defined as follows: EDOT was first brought corresponding high binding energy peak is observed for
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Figure 2. Cross-sectional TEM images and EDS elemental mapping of PPN and PPN-EG films. (a) Cross-sectional TEM image of PPN film. (b)
EDS elemental mapping of C, O, F, and S in PPN film. (c) C—S overlay mapping image of PPN film. (d) F—S overlay mapping image of PPN film.
(e) Cross-sectional TEM image of PPN-EG film. (f) EDS elemental mapping of C, O, F, and S in PPN-EG film. (g) C—S overlay mapping image of

PPN-EG film. (h) F—S overlay mapping image of PPN-EG film.

PEDOT:PSS. In Figure S2b, the PPN film exhibits the
characteristic S 2p doublet peaks of PEDOT, confirming the
successful formation of the PEDOT structure.”’ The peak at
168.5 eV is attributed to sulfonic acid groups, and the double
peaks between 164 and 165 eV correspond to PEDOT.
Notably, the S 2p peak of PPN shifts slightly toward a higher
binding energy relative to that of PEDOT:PSS. This may be
associated with the introduction of Nafion during polymer-
ization because the strong electron-withdrawing character of
fluorocarbon chains in Nafion reduces the electron density
around the sulfonic acid groups.'” In addition, a distinct F
signal at 688.9 eV is observed for the PPN film but is absent in
PEDOT:PSS, as shown in Figure S2c. These results confirm
the successful incorporation of Nafion into the polymer
framework and the construction of PPN. Next, the electric
conductivity of the films prepared under the three different
contact sequences was further evaluated. The electric
conductivity was calculated according to eq 1:

1

o= ——
pXAXh (1)

The detailed measurement method has been reported in our
previous work,”' where p represents the resistance per unit
width of the film, A is the length of the Ag grid electrode (1.7
cm), and 4 is the film thickness. It was found that the electric
conductivity strongly depends on the contact sequence in
Figure S2d. The PPN film exhibits the highest electric
conductivity of 36.51 S/cm, followed by PNP (31.41 S/cm),
whereas PPP shows the lowest value of 24.07 S/cm. As shown
in Figure S2e, the three kinds of films have nearly identical
thicknesses of about 494 nm, indicating that the effect of
thickness on the electric conductivity calculation can be
neglected. The corresponding p values and extraction process
are shown in Figure S3.

The schematic microstructural models of PPN at different
processing stages are proposed in Figure 1. A localized
preassembled state can form when EDOT is first brought into
contact with PSS before oxidation, as shown in Figure la.
EDOT can be protonated under acidic conditions.”” Because

5882

the sulfonic acid groups on the PSS chains are negatively
charged, the preferential contact between EDOT and PSS is
conducive to the formation of localized preassembled
structures through electrostatic interactions, causing EDOT
to be preferentially distributed around the PSS chains in a
relatively uniform manner. After Nafion is introduced, its
sulfonic acid groups can further interact with EDOT
monomers that have not been fully associated in the system.
However, because the preassembled structure of EDOT and
PSS has already formed, the spatial distribution of Nafion may
be affected, resulting in a state in which part of Nafion is
associated with EDOT while the rest remains relatively free.
The structural state after oxidative polymerization and
subsequent dispersion into solution is illustrated in Figure
1b. Under the effect of oxidation, EDOT monomers are
polymerized into positively charged PEDOT, while the
sulfonic acid groups in the system serve as counterions to
maintain charge balance. Because localized preassembled
structures have already formed at the precursor stage, they
can be partially retained during polymerization, causing
PEDOT to preferentially grow around the PSS chains and
form PEDOT:PSS structures. Meanwhile, EDOT previously
interacted with Nafion can also be polymerized into
PEDOT:Nafion structures. Their spatial distribution may
partially interpenetrate with that of PEDOT:PSS rather than
forming completely isolated regions. Considering that EG is
known to induce a conformational rearrangement of PEDOT
chains and influence the local distribution of conductive
domains in PEDOT:PSS,”> EG was further introduced. As
illustrated in Figure lc, the PEDOT chains may evolve from
relatively coiled conformations to more extended ones under
the EG-induced effect. This conformational change is favorable
for the formation of conductive domains on the local scale.
The corresponding surface morphologies of PPN films are also
shown in Figure 1d,e. The film without EG is smooth and
compact, whereas the EG-treated film is slightly rougher, which
may lead to the change in surface hydrophobicity. Figure 1fg
shows the water contact angles on the film surfaces. The PPN
film without EG exhibits a water contact angle of 56.97°
indicating a hydrophilic surface, whereas the EG-treated PPN

https://doi.org/10.1021/acs.jpclett.6c00980
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Table 1. Electrical Output Parameters of Si Hybrid Solar Cells Constructed with Different Films before and after 432 h“

Jsc (mA/cm?)
22.5 (2226 + 0.63)
23.26 (22.87 + 0.25)
30.27 (30.52 + 0.31)
21.8 (21.39 + 0.48)
PPN-GDGE/Si-432 h 23.11 (22.74 + 0.21)
PEDOT:PSS/Si-432 h 30.29 (30.22 + 0.36)

“The data in parentheses were calculated from five sets of solar cells.

PPN/Si
PPN-GDGE/Si
PEDOT:PSS/Si
PPN/Si-432 h

Voc (V)
0.564 (0.556 + 0.006)
0.562 (0.559 + 0.002)
0.560 (0.560 + 0.002)
0.555 (0.552 + 0.002)
0.548 (0.546 + 0.003)
0.520 (0.521 + 0.001)

FF (%)
59.13 (60.54 + 2.42)
58.01 (58.6 + 0.56)
69.37 (69.83 + 0.49)
39 (40.76 + 1.76)
46.96 (46.53 + 0.55)
42.78 (44.52 + 1.35)

PCE (%)

7.51 (7.49 + 0.1)
7.59 (7.5 + 0.09)
11.76 (11.94 + 0.15)
472 (4.82 + 0.26)
5.95 (5.78 + 0.11)
6.74 (7.02 + 0.22)
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Figure 3. Normalized photovoltaic parameters of different Si hybrid solar cells over time: (a) PCE, (b) FF, (c) Vo, and (d) Jsc.

film shows a contact angle of 108.1°, demonstrating obviously
surface hydrophobicity. This behavior is likely related to the
EG-induced structural rearrangement in the film. Specifically,
EG may promote phase separation of PEDOT and PSS and
drive the C—F chains of Nafion to become more exposed at
the film surface. Therefore, the film exhibits good surface
hydrophobicity.

As shown in Figure S4a, the case in which EDOT
preferentially contacted with Nafion was similar to PPN, but
Nafion has different structures in pure water and alcohol/water
mixed solvents.”* > Under the alcohol/water condition used
in this work (the volume ratio was 6:1), the exposure of Nafion
side chains is reduced, while the C—F backbone becomes more
pronounced before and after EG addition in Figure S4b,c. This
structural change may affect the local formation of conductive
domains, which may account for the lower conductivity of the
PNP film compared with that of PPN. In addition, the surface
morphology of the PNP film is nearly identical to that of PPN
in Figure S4d,e, while its water contact angle increases from
58.66° without EG to 105.94° after EG introduction in Figure
S4f,g. This indicates that EG can also enhance the surface
hydrophobicity of the PNP film and further supports the
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judgment that EG induces changes in the surface exposure of
film components. As shown in Figure SSa—c, when EDOT,
PSS, and Nafion are brought into contact simultaneously,
EDOT may interact with the sulfonic acid groups of both
polymers at the same time, triggering competitive effects. As a
result, it is difficult to form localized preassembled structures
dominated by a single component, even after the introduction
of EG. Notably, the PPP film exhibits obvious large particle
aggregation and poor film quality, together with the lowest
conductivity, as shown in Figure S5d,e. Meanwhile, its water
contact angle increases from 67.13° to 108.65° after EG
introduction in Figure SSfig. Although none of the three
pristine films exhibited hydrophobicity, their water contact
angles were still higher than that of 17.04° of the PEDOT:PSS
film in Figure S6.

To demonstrate the inducing effect of EG on the surface
components of thin films, the cross-sectional TEM images of
the PPN and PPN-EG films are shown in Figure 2ae. From
top to bottom, the layers correspond to the Pt, Ag protective
layer, PPN or PPN-EG film, and Si substrate. The
corresponding elemental distributions obtained from energy-
dispersive X-ray spectroscopy (EDS) clearly show the spatial

https://doi.org/10.1021/acs.jpclett.6c00980
J. Phys. Chem. Lett. 2026, 17, 5880—5888
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Figure 4. The reaction pathway of PPGDGE in the PPN solution and verification. (a) The reaction pathway of PPGDGE in the PPN solution. (b)
FTIR spectrum of PPGDGE. (c) FTIR spectra of PPN and PPN-GDGE films. XPS spectra of C 1s core level of (d) PPN and (e) PPN-GDGE

films.

distributions of C, O, F, and S within the PPN and PPN-EG
films in Figure 2b,f. Overall, the surface distribution of S is
obvious in the PPN film, whereas the surface distributions of C
and F become more obvious in the PPN-EG film. To further
compare the surface distribution characteristics of different
elements, we compared the overlay images of C—S and F—S§
elements. In Figure 2c, the overlay image of C—S of the PPN
film shows a more obvious surface distribution of S, whereas
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the distribution of C appears to be largely masked by the S
distribution. In contrast, the surface distribution of C becomes
more obvious in the PPN-EG film, as shown in Figure 2g.
Considering that Nafion contains hydrophobic C—F chains,
the surface distributions of C and F are expected to exhibit
similar variation trends. This is also supported by the overlay
image of F—S. As shown in Figure 2d, the surface distribution
of S is more obvious in the PPN film, whereas the surface

https://doi.org/10.1021/acs.jpclett.6c00980
J. Phys. Chem. Lett. 2026, 17, 5880—5888
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Figure S. Raman spectra of different films and XPS spectra of the corresponding Si surface. (a) Raman spectra of pristine PEDOT:PSS film and the
film stored in air after SO0 h. (b) Raman spectra of pristine PPN film and the film stored in air after S00 h. (c) Raman spectra of pristine PPN-
GDGE film and the film stored in air after S00 h. (d) Si 2p core level spectra of HF-etched Si, Si, and the Si surfaces after the removal of

PEDOT:PSS, PPN, and PPN-GDGE films.

distribution of F appears to be largely masked by the S
distribution. In contrast, in the PPN-EG film shown in Figure
2h, the surface distribution of F becomes more obvious. These
results indicate that EG induces the redistribution of surface
components and promotes the exposure of the hydrophobic
C—F chains of Nafion at the film surface. This endows the
PEDOT derivative film with surface hydrophobicity.

Based on the above analysis of the electric conductivity and
surface hydrophobicity of the three kinds of films, we used
PPN, PNP, and PPP films to construct Si hybrid solar cells
directly and further investigated their influence on device
performance. The current density—voltage (J—V) curves of the
three kinds of Si hybrid solar cells are shown in Figure S7, and
the detailed electrical output parameters are shown in Table
S1. Among the three devices, the PPN/Si hybrid solar cell
exhibits the best photovoltaic performance, with a PCE of
7.51%. In comparison, the PCE of the PNP/Si device was 7.1%
due to the decrease of the fill factor (FF). The PCE of the
PPP/Si device was 6.1% because of the poorer surface
morphology and lower electric conductivity of the PPP film.

Furthermore, the storage stability of the PPN/Si hybrid solar
cell with the highest PCE among the three devices and the
PEDOT:PSS/Si hybrid solar cell was evaluated in air at a
relative humidity of 20%—30%. The detailed electrical output
parameters are shown in Table 1, and the four normalized
photovoltaic parameters of the devices are shown in Figure 3.
Under the same testing conditions, the PCE of the
PEDOT:PSS device decreased more noticeably within 150 h,
whereas the PCE of the PPN device decreased more slowly.
After 432 h of storage, the PPN device still retained 62% of its
initial PCE, decreasing from 7.51% to 4.72%, while the
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PEDOT:PSS device retained only 57%, with its PCE
decreasing from 11.76% to 6.74%, as shown in Figure 3a and
Table 1. This difference is mainly attributed to the stronger
surface hydrophobicity of the PPN film. In Figure 3b, the
decay trend of FF was generally consistent with the trend of
the PCE of PPN/Si and PEDOT:PSS/Si hybrid solar cells. We
also found that the open-circuit voltage (Voc) of the
PEDOT:PSS device decreased during the early stage, but
that of the PPN device remained relatively stable, as shown in
Figure 3c. Meanwhile, the short-circuit current density (Jsc) of
both devices remained nearly unchanged throughout the entire
testing period, as shown in Figure 3d.

Overall, although the PPN device exhibits better stability
than the PEDOT:PSS device, the extent of improvement is still
limited. This indicates that, although the surface hydro-
phobicity of the film can improve the stability of the device, the
internal hygroscopicity of PSS within the film bulk still has a
negative impact on the long-term stability of the device.
Therefore, PPN was further modified with poly(propylene
glycol) diglycidyl ether (PPGDGE) to reduce the internal
hygroscopicity of the film and improve the stability of PPN/Si
hybrid solar cells. As shown in Figure 3a, the decrease in PCE
of the PPN-GDGE device was clearly slowed over the entire
testing period compared to that of PPN. After 432 h, the
device still retained 78% of its initial PCE, decreasing from
7.59% to 5.95%. Meanwhile, as shown in Figure 3b, FF
exhibited a similarly slow decline trend as PCE, while the Vi
and Jc remained stable throughout the entire testing period, as
shown in Figure 3c,d. On this basis, the performance of the
PPN-GDGE/Si hybrid solar cell was further evaluated. The J—
V curve and detailed electrical output parameters are shown in
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Figure S8a and Table 1. The results indicate that the
introduction of PPGDGE does not cause a negative effect on
the device PCE compared with the PPN device. Meanwhile,
the PPN-GDGE device still maintains a relatively stable EQE
response, as shown in Figure S8b. Although its PCE is lower
than that of the PEDOT:PSS device in Figure S8, it exhibits
better stability.

To further understand why the introduction of PPGDGE
improves device stability, the possible reaction pathway of
PPGDGE in the PPN solution was analyzed, as shown in
Figure 4a. In stage 1, under acidic conditions,”” the two epoxy
groups in PPGDGE are first protonated to form oxonium ions.
Subsequently, the sulfonic acid groups in PSS attack the
carbon atoms of the epoxy groups in stage 2.'° After
deprotonation in stage 3, new C—O bonds are formed
between the O atoms of the sulfonic acid groups and the C
atoms of the epoxy groups. Due to the presence of two epoxy
groups in PPGDGE molecules, PPGDGE can form linkages
with the sulfonic acid groups of PSS during the reaction
process, thereby constructing a cross-linked network structure
in stage 3. The presence of this cross-linked structure can
restrain the hygroscopic behavior of the film, thereby reducing
the internal hygroscopicity of the PPN film and improving the
device stability. Meanwhile, the water contact angle of the
PPN-GDGE film was also measured, as shown in Figure S9.
The water contact angle was 100.81° indicating that the
introduction of PPGDGE did not destroy the surface
hydrophobicity of the film.

To verify the occurrence of this reaction, the FTIR spectra
of PPGDGE, PPN film, and PPN-GDGE films were analyzed,
as shown in Figure 4b,c. Peaks at 838 and 907 cm™ were the
vibrations of the epoxy group, and the vibration of C—O—-C
was found at 1091 cm™"***” The Eeaks at 2870 and 2972
cm™! were methylene and methyl.>””" As shown in Figure 4c,
compared with the PPN film, the characteristic peaks
associated with the epoxy groups disappear in the PPN-
GDGE film, indicating that the epoxy groups underwent
reaction. For the PPN film, the peaks at 862 and 998 cm™! are
assigned to the C—S bonds of the thiophene ring in PEDOT,*
while the peak at 1048 cm™ corresponds to SO;™.*° It was
found that the SO, peak of PPN-GDGE shifts to 1044 cm™".
This shift toward a lower wavenumber further indicates that
the sulfonic acid groups participated in this reaction.
Considering that this reaction generates new C—O bonds,
the XPS spectra of C 1s of the two films were further analyzed,
as shown in Figure 4d,e. The peak at 291.8 eV is assigned to
the CF, of Nafion. In addition, the area ratio of the C—O peak
to the C—C/C=C peak increased from 0.53 in the PPN film
to 0.75 in the PPN-GDGE film, indicating an increase in the
proportion of C—O bonds in the film. This further confirmed
the occurrence of the reaction.

To further verify the reduced internal hygroscopicity of the
film, Raman spectra of the pristine PEDOT:PSS, PPN, and
PPN-GDGE films, as well as of the corresponding films after
storage in air for 500 h, were analyzed, as shown in Figure Sa—
c. The characteristic PEDOT peak at 1436 cm™' in the
PEDOT:PSS film blue-shifts to 1441 cm™" after S00 h. During
the stability monitoring of PEDOT:PSS/Si hybrid solar cells,
this blue-shift is usually associated with the hygroscopicity of
PEDOT:PSS and can induce conformational changes in
PEDOT, thereby damaging the PCE of the device.'”'® The
Raman spectra of the PPN film are shown in Figure Sb. A blue-
shift of the same characteristic peak is also observed, but the

extent of the shift is smaller than that of the PEDOT:PSS film
because of the surface hydrophobicity of the film. For the
PPN-GDGE film, the peak position remains almost unchanged
before and after 500 h of storage, as shown in Figure Sc. This
indicates that the cross-linked network indeed reduced the
internal hygroscopicity of the film.

In addition, humid environments can accelerate the
formation of the SiO, layer on the Si surface,™ which is
detrimental to the long-term stability of Si hybrid solar
cells.""® In Figure 5d, the HF-etched Si surface exhibits the
lowest SiO,, peak intensity at 102.2 eV, whereas the Si surface
after the removal of the PEDOT:PSS film shows the highest
SiO, peak intensity. The SiO, peak intensity for the Si surface
after the removal of the PPN film is close to that of
PEDOT:PSS, indicating that although the film surface is
hydrophobic, the film still possesses a certain degree of internal
hygroscopicity. The SiO, peak intensity after the removal of
the PPN-GDGE film is lower than those of both PEDOT:PSS
and PPN, indicating that the internal hygroscopic behavior of
the PPN film was restrained. As a result, it can effectively retard
the growth of SiO,, which is beneficial for maintaining the
stability of the device.

In summary, a PEDOT derivative film with surface
hydrophobicity and reduced internal hygroscopicity was
designed based on the dual-sulfonated polymer PSS and
Nafion. Different contact sequences among EDOT, PSS, and
Nafion led to different electric conductivities of the PPN, PNP,
and PPP films, which were 36.51, 31.41, and 24.07 S/cm,
respectively. The surface hydrophobicity of the film was mainly
affected by EG introduction rather than the contact sequence,
and all EG-treated films exhibited water contact angles above
100°. Compared with PPN, the introduction of PPGDGE
restrained the internal hygroscopic behavior of the film and
reduced its hygroscopicity. The Si hybrid solar cells based on
this film exhibited a PCE of 7.59%. After 432 h of storage in
air, the devices still retained 78% of their initial PCE,
significantly higher than the 62% of the uncross-linked device
and the 57% of conventional PEDOT:PSS. It is expected to be
further applied in the fabrication of other optoelectronic
devices, such as all-perovskite tandem solar cells and organic
solar cells.
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