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ABSTRACT: Poly(3,4-ethylenedioxythiophene):poly- 9]
(styrenesulfonate) (PEDOT:PSS), possessing excellent film- 091
forming properties and high electric conductivity, is widely used ]
in optoelectronic devices. However, the hygroscopicity of PSS
results in progressive degradation of device performance during
storage. Here, 4-tert-butylphenyl glycidyl ether was introduced as a
reactive modifier into the PEDOT:PSS system to weaken the
hygroscopicity of the PEDOT:PSS film. The *C NMR spectra
confirmed the ring-opening reactions initiated by nucleophilic
attack from the sulfonic acid groups in PSS. This reaction formed
the new C—O bond between the carbon atom of the epoxy group 100 200 300 400 500
and the oxygen atom of the sulfonic acid groups in PSS, Time (h)

successfully locking the hygroscopic sulfonic acid groups, thereby

effectively weakening the hygroscopicity of the PEDOT:PSS film. Furthermore, the silicon hybrid solar cells were fabricated with
modified PEDOT:PSS. It was found that, after S00 h of ambient air storage, the device retained 77% of the initial power conversion
efficiency (PCE) of 12.31% compared to only 27% retention with the original PEDOT:PSS. This strategy provides a reference for
developing stable and cost-effective optoelectronic devices utilizing PEDOT:PSS.
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1. INTRODUCTION

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) has become a pivotal material in the energy area
and the process of photovoltaic device fabrication'~* due to its

devices exhibited merely 10% efficiency degradation after
storage in air for 300 h.'® On the other hand, doping
PEDOT:PSS with waterborne acrylic resin (WA) formed a
hydrophobic PEDOT:PSS film, achieving a water contact angle

high electric conduct1v1ty, transmittance, and favorable
mechanical properties.”” The polystyrene sulfonic acid
(PSS) acts as a dispersing agent, resolving the solubility
limitations of PEDOT.'® However, in the PEDOT:PSS film,
the sulfonic acid groups in PSS are prone to absorb moisture in
air,"' ™" which degrades the long-term stability of photovoltaic
devices based on this material. Therefore, weakening the
hygroscopicity of the PEDOT:PSS film is crucial for
developing stable optoelectronic devices.

To minimize the impact of water molecules in air on
PEDOT:PSS film properties, numerous optimization strategies
have been reported. For example, a copper iodide (Cul)
overlayer was deposited on the PEDOT:PSS film to effectively
reduce water absorption of the PEDOT:PSS film. The results
indicated that the Cul-coated device retained 65% of its initial
efficiency after storage in air for 300 h, compared to below 10%
retention without a Cul layer."” Furthermore, a protective
diethyl phthalate (DEP) layer was deposited on PEDOT:PSS/
Si hybrid solar cells via the coating method, effectively
preventing moisture adsorption by PSS. The DEP-treated
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of 100.6° on the PEDOT:PSS film surface. Compared to a
device without WA doping, the WA-doped photovoltaic device
retained 80% efficiency after storage in air for 200 h.'”
Similarly, doping PEDOT:PSS with isobutyltriethoxysilane
(IBTEO) could prepare a hydrophobic PEDOT:PSS film,
enabling 78% efficiency retention after storage in air for 300 h,
relative to 7% retention without IBTEO.'® The hydrophobic
PEDOT:A film was fabricated via in situ synthesis with
fluoropolymer to replace PSS. The PEDOT:A/Si hybrid solar
cells retained 90% of the initial efficiency after storage in air for
300 h, in comparison with 60% retention by PEDOT:PSS/Si
hybrid solar cells.'” At present, most research focuses on
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Figure 1. Mechanism of the ring-opening reaction and XPS spectra of the e-PEDOT:PSS film. (a) The mechanism schematic of the ring-opening
reaction between e-PEDOT:PSS and BPGE. (b) XPS spectra of C 1s of the e-PEDOT:PSS film and (c) with tBPGE doping.

enhancing the hydrophobicity of the PEDOT:PSS film.
However, how to weaken the inherent hygroscopicity of the
PSS component in PEDOT:PSS film is still neglected.

In this study, the PEDOT:PSS solution was prepared as an
ethanol-dispersed PEDOT:PSS system. The hygroscopicity of
PEDOT:PSS was weakened through nucleophilic ring-opening
reactions between 4-tert-butylphenyl glycidyl ether (tBPGE)
and the sulfonic acid groups in PSS. *C NMR spectra
confirmed two distinct ring-opening pathways, and the
formation of new C—O bonds was also found by the
emergence of the sulfonate ester. The new C—O bond
between the carbon atom of the epoxy group and the oxygen
atom of the sulfonic acid groups in PSS successfully locks the
hygroscopic sulfonic acid groups, which effectively weakens the
hygroscopicity of the PEDOT:PSS film. Furthermore, tBPGE-
doped PEDOT:PSS was used to construct Si hybrid solar cells.
It was found that the environmental stability monitor
demonstrated 77% efliciency retention after storage in ambient
air for 500 h, compared to 27% retention without tBPGE.

2. EXPERIMENTAL SECTION

2.1. Material Preparation. Methanol-12C, d, was purchased
from Adamas. Ethylene glycol (EG) (99%) and 4-tert-butylphenyl
glycidyl ether (tBPGE) were purchased from Innochem. Dialysis
membranes (500 Da) were bought from Yobios. A radial (100)
polished single-side n-Si wafer was purchased from Tianjin Obode
Technology Development Co., Ltd., with resistivity of 2—4 -cm and
thickness of 500 ym. PEDOT:PSS aqueous dispersion was Clevios
PH1000 of Heraeus. The aqueous dispersion of PEDOT:PSS was
prepared as an ethanol-dispersed solution of PEDOT:PSS according
to the literature.”* PEDOT:PSS aqueous dispersion was transferred to
the dialysis membrane, and the dialysis membrane was put in the
beaker with ethanol, and the magnetic stirrer was used to assist

62023

dialysis for about 40 min. Then, equivalent ethanol was added to the
resulting product, and the resulting solution was crushed with an
ultrasonic cell crusher for 3 h. During the crushing process, the
program was set to stop for 0.1 s every S s. Finally, the resulting
solution was filtered and then crushed for 1 h to obtain an ethanol-
dispersed solution of PEDOT:PSS (e-PEDOT:PSS).

2.2. Device Fabrication. The Si wafer was cut into 1 X 1 cm* by
a laser dicing machine. And then the Si wafer was cleaned in acetone,
ethanol, and deionized (DI) water for 10 min each, and the Si wafer
was dried with nitrogen. After the cleaning process, hydrofluoric acid
was used to remove the native oxide layer on the Si surface, and then
it was cleaned with DI water. tBPGE (1.5 and 3 vol %) (volume ratio
to e-PEDOT:PSS solution) was doped into e-PEDOT:PSS solution
and stirred adequately for 30 min. Then, 7.5 vol % ethylene glycol
(EG) was doped into the e-PEDOT:PSS solution and stirred
adequately. The e-PEDOT:PSS solution was spin-coated on the Si
wafer at 4000 rpm and annealed at 120 °C for 15 min. A Ag electrode
was deposited onto the e-PEDOT:PSS film through a shadow mask
by magnetron sputtering with a thickness of 200 nm. A Ag film was
prepared as the rear electrode with a thickness of 100 nm.

2.3. Characterization. The solar simulator (Keithley 2400, AM
1.5G, 100 mW/cm?) was used to test the current density and voltage
(J-V) characteristics. The Enli technology QE-R test system was used
to detect external quantum efficiency (EQE) spectra and reflectivity
spectra. The morphology of the e-PEDOT:PSS film without and with
tBPGE doping was characterized by scanning electron microscopy
(SEM-SU8100). Raman spectra of the e-PEDOT:PSS film were
tested on a Si substrate. X-ray photoelectron spectroscopy (XPS-
Thermo Scientific) was used to measure the optoelectronic
information on the e-PEDOT:PSS film and Si surfaces after the e-
PEDOT:PSS film was removed. The *C NMR spectra were obtained
by a nuclear magnetic resonance spectrometer (AVANCE NEO 400),
and using methanol-12C, d, as a solvent. Fourier transform infrared
(FTIR) spectra were obtained by a Fourier transform infrared
spectrometer (Spectrum 3).

https://doi.org/10.1021/acsami.5c14719
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Figure 2. *C NMR spectra and FTIR spectra. (a) "*C NMR spectra of tBPGE. (b) *C NMR spectra of tBPGE-doped e-PEDOT:PSS. (c) FTIR
spectra of tBPGE. (d) FTIR spectra of the e-PEDOT:PSS film without and with tBPGE doping.

3. RESULTS AND DISCUSSION

3.1. The Hygroscopicity of the PEDOT:PSS Film. The
hygroscopicity of PSS chains in the PEDOT:PSS film
originates from sulfonic acid groups, which are hydrolyzed to
generate sulfonate ions that adsorb water molecules, thereby
degrading the performance of the PEDOT:PSS film.">*" This
inherent moisture sensitivity of the PEDOT:PSS film limits the
application of PEDOT:PSS in optoelectronic devices. To
evaluate how the hygroscopicity of PEDOT:PSS films affects
the performance of photovoltaic devices under different
humidity conditions, the PEDOT:PSS/Si hybrid solar cells
were constructed and exposed to a dry air atmosphere (less
than 10% humidity) and ambient air (25% humidity),
respectively. The normalized power conversion efliciency
(PCE) variation with the time of the devices in different
conditions is shown in Figure Sla. It was found that after 500
h, the device performance showed no significant degradation in
a dry air atmosphere, while rapid degradation occurred in
ambient air. In Figure Slb,c, we observed that the PCE
degradation was primarily attributed to the fill factor (FF)
attenuation, while the open circuit voltage (V) and the short
circuit current density (Jsc) remained stable from 0 to 500 h.
The current—voltage (J—V) curves before and after S00 h are
also shown in Figure S2, and after 500 h in ambient air, the
devices exhibited a nearly S-shaped J—V curve in Figure S2a,
whereas the J—V curve maintained appreciable rectangularity
in a dry air atmosphere in Figure S2b. Finally, in Table S1, the
devices retained 75% of the initial efficiency after storage in a
dry air atmosphere for 500 h, compared to only 27% retention
in ambient air, as shown in Table S2. Consequently, the
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hygroscopicity of the PEDOT:PSS film has an obvious impact
on photovoltaic device performance. To overcome this
challenge, we propose a strategy to weaken the hygroscopicity
of the PEDOT:PSS film via the ring-opening reactions of
epoxy compounds.

3.2. Elaboration of Ring-Opening Reactions. In Figure
la, tBPGE is composed of a tert-butyl group, a phenyl group,
an ether linkage, and an epoxy group. For epoxy groups, it
easily undergoes ring-opening reactions by attack of
nucleophilic reagents under acidic or alkaline conditions.””*’
Although PSS is hygroscopic, considering the certain
nucleophilicity of sulfonic acid groups in PSS, tBPGE was
introduced to the PEDOT:PSS system. We found that the
tBPGE is insoluble in water, but it has good solubility in
ethanol, as shown in digital pictures of Figure S3a. Therefore,
ethanol-dispersed PEDOT:PSS (e-PEDOT:PSS) was pre-
pared. In Figure S3a,b, devices fabricated with e-PEDOT:PSS
exhibited comparable performance to conventional PE-
DOT:PSS-based devices, and the specific electrical output
parameters are also shown in Table S3. Although the
PEDOT:PSS solution is prepared as ethanol-dispersed
PEDOT:PSS, we believe that it also faces the problem of
internal hygroscopicity due to the presence of sulfonic acid
groups in PSS, which will affect the long-term stability of the
device.

Thus, the tBPGE was introduced to the e-PEDOT:PSS
solution, and the detailed reaction mechanism between tBPGE
and e-PEDOT:PSS is shown in Figure la. First, under acidic
conditions, it involves protonation of the epoxy group oxygen
atom by H" generated from sulfonic acid groups hydrolysis in
the e-PEDOT:PSS solution, which forms oxonium ions. This
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water on the e-PEDOT:PSS film without and with tBPGE doping. (e) SEM image of e-PEDOT:PSS films without and (f) with tBPGE doping on a

Si surface.

weakens the C—O bond strength within the epoxy structure
and enhances the susceptibility of adjacent ring carbon atoms
attacked by nucleophilic reagents. Next, the sulfonic acid
groups in PSS may attack both of the ring carbons of the epoxy
structure, resulting in two distinct ring-opening pathways and
their corresponding products, forming the new C—O bond
between the carbon atom of the epoxy group and the oxygen
atom of the sulfonic acid groups in PSS.”* Meanwhile, X-ray
photoelectron spectroscopy (XPS) analysis of the e-
PEDOT:PSS film without and with tBPGE doping was
performed, as shown in Figure 1b,c. A noticeable phenomenon
is the increased proportion of C—O bonds, a 55.7% increase in
the C—0O/C~—C peak area ratio from 0.307 to 0.478. The new
C—O bond successfully locks the hygroscopic sulfonic acid
groups, thereby effectively weakening the hygroscopicity of the
PEDOT:PSS film.

In order to further verify that the C—O bonds were the
result of the ring-opening reactions, 13C NMR analysis was first
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tested, and all spectra were referenced to the CD;OD at 49.00
ppm. Figure 2a shows the '*C NMR spectrum of tBPGE,
where the two peaks at 31.95 and 34.89 ppm can be observed
belonging to the tert-butyl carbons of tBPGE. The phenyl
carbons exhibited peaks between 115.16 and 157.85 ppm,25
and the peak at 70.17 ppm corresponds to the ether carbon
adjacent to oxygen in tBPGE. Peaks at 44.97 and 51.40 ppm
belong to the carbons of the epoxy group.”® Figure S4 shows
the *C NMR spectra of e-PEDOT:PSS without tBPGE
doping; we only found the peaks of the solvent of ethanol at
58.29 and 18.28 ppm and ethylene glycol at 64.10 ppm.”” In
Figure 2b, after introducing tBPGE into e-PEDOT:PSS, the
peaks at 44.97 and 51.40 ppm disappeared, confirming that the
epoxy groups undergo the ring-opening reaction. The peaks of
the solvent peaks for ethanol and ethylene glycol do not
change, which proves that they did not participate in the
reaction. Meanwhile, six new peaks emerged at 72.56, 71.69,
70.39, 70.24, 70.03, and 67.87 ppm, proving two distinct ring-
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opening pathways. Each pathway yields three characteristic
peaks consisting of two epoxide ring carbons and one adjacent
carbon.

Furthermore, it was demonstrated that the newly formed
C—O0 bond was between the carbon atom of the epoxy group
and the oxygen atom of the sulfonic acid groups. The FTIR
spectra of tBPGE and the tBPGE-doped e-PEDOT:PSS film
are shown in Figure 2¢,d. In Figure 2c, peaks at 1458, 1513,
and 1609 cm™ are attributed to the aromatic C=C stretch,
and the peak of 1241 cm™ corresponds to the C—O—C stretch
in the aromatic ether group of tBPGE. Methyl and methylene
groups are observed at the peaks of 2962 and 2870 cm™’, while
the peak at 916 cm™" is ascribed to the epoxy group.”*™°

In Figure 2d, the peak at 1372 cm™" originates from the C—
C and C=C stretch of the quinoidal structure of the
thiophene ring,31 and the peaks at 1262 and 1063 cm™" are
associated with the C—O—C stretch of PEDOT.”” The peak at
1040 cm™" is assigned to SO, stretching of PSS.>** After
doping tBPGE with e-PEDOT:PSS, the disappearance of the
epoxy group at 916 cm™ is observed. Noticeably, the peak of
SO;™ exhibits a slight shift to a lower wavenumber from 1040
cm™' to 1023 cm™', confirming that the sulfonic acid groups
participate in the reaction. In addition, a new peak at 1358
cm™!, which was the characteristic peak of the sulfonate ester’
compound (—SO,0—C—R), confirmed the formation of the
new C—O bond between the carbon atom of the epoxy group
and the oxygen atom of the sulfonic acid groups in PSS.

Based on the above analysis, the carbon atom of the epoxy
group of tBPGE forms a C—O bond with the oxygen atom of
the sulfonic acid group in PSS through a ring-opening reaction,
thus weakening the hygroscopicity of the e-PEDOT:PSS film.
To further verify the weakening of the hygroscopicity of the e-
PEDOT:PSS film after tBPGE doping, Figure 3a,b shows the
Raman spectra of e-PEDOT:PSS films without and with
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tBPGE doping stored in air for 0 and 500 h. We found that the
peaks of the e-PEDOT:PSS film without tBPGE doping
showed an obvious blue shift from 1430 to 1440 cm™ after
storage in air for 500 h. In contrast, the tBPGE-doped e-
PEDOT:PSS film remained almost constant with only an
extremely small blue shift under identical storage conditions. It
has been reported in the literature'® that this blue shift
phenomenon is mainly due to the hygroscopicity of the
PEDOT:PSS film. Furthermore, XPS was used to characterize
the performance of the interface silicon oxide (SiOy) layer. If a
film deposited on a Si wafer exhibits hygroscopic behavior, it
may accelerate the growth of SiOy at the interface.**™** Figure
3c shows the XPS spectra of Si 2p of an HF-treated fresh Si
wafer, a Si wafer after 500 h of storage in air, and a Si wafer
after 500 h of storage followed by removal of e-PEDOT:PSS
films (with and without tBPGE doping). The binding energy of
about 102.5 eV was assigned to the SiOy.*® The peak intensity
of SiOy is the weakest for the fresh Si wafer treated with HF,
while it is the strongest for the Si wafer after 500 h of storage,
followed by the removal of the e-PEDOT:PSS film. The SiOy
peak intensities for both naturally oxidized and after removal of
the tBPGE-doped e-PEDOT:PSS film are lower than pristine
e-PEDOT:PSS. These observations demonstrate that the
doping of tBPGE effectively suppresses SiOy layer growth at
the interface. After comprehensive analysis, the addition of
tBPGE to the e-PEDOT:PSS solution resulted in the
formation of new C—O bonds between the carbon atoms of
the tBPGE epoxy group and the oxygen atoms of the sulfonic
acid group in PSS due to ring-opening reactions, which indeed
weaken the hygroscopicity of the e-PEDOT:PSS film.

Next, we further demonstrated that the above results are due
to the weakening of the hygroscopicity of the e-PEDOT:PSS
film by the ring-opening reaction and not realized by the
enhancement of the hydrophobicity of the e-PEDOT:PSS film.
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Figure 5. Normalized photovoltaic parameters varied with time of e-PEDOT:PSS/Si hybrid solar cells without and with tBPGE doping. (a) The
normalized PCE varied with time in dry air and (b) ambient air. (c) The normalized FF varied with time in dry air and (d) ambient air. (e) The

normalized V¢ and Jg¢ varied with time in dry air and (f) ambient air.

The contact angle of water on the e-PEDOT:PSS film surface
is also shown in Figure 3d. The water contact angle without
tBPGE doping was 22.73°, while the water contact angle was
only slightly enhanced to 36.80° after the doping of tBPGE.
However, this enhancement is not considered to be an
enhancement of the hydrophobicity of the films compared to
other studies where the water contact angle was upward of
100°. This also indicates that the slowing of the oxidation
process on the silicon wafer surface was not achieved by
enhancing the hydrophobicity of the e-PEDOT:PSS film
surface. Instead, it was due to effectively weakening the
hygroscopicity of the e-PEDOT:PSS film, thereby suppressing
the growth of interfacial SiOy. Furthermore, the surface
morphology of the films was analyzed by scanning electron
microscopy (SEM), as shown in Figure 3ef The results
revealed that the surface morphology of the films was not
changed between pristine and tBPGE-doped e-PEDOT:PSS
films.
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For materials used in optoelectronic devices, their
conductivity is also crucial. To evaluate the electric
conductivity of the films prepared with tBPGE doping, the
electric conductivity of the films was assessed via the
transmission line method (TLM). Figure 4ab shows the
dark I=V characteristic curves of the e-PEDOT:PSS films
without and with tBPGE doping for silver-grid line spacings
from 0.2 to 0.6 cm. As the silver grid line spacing increases, the
resistance of the film between the silver grid lines increases,
and the current decreases. Therefore, the resistance of films
with different widths can be calculated from Figure 4a,b, and
the resistances obtained at different distances are fitted linearly
as shown in Figure SSa,b. By linearly fitting the resistance
obtained from different distances, the slope is the resistance
per unit width of the film (p). It can be seen from Figure SSa,b
that the p of e-PEDOT:PSS film without tBPGE doping is
45.099 Q/cm, while the p of tBPGE-doped e-PEDOT:PSS film
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Table 1. Electrical Output Parameters of e-PEDOT:PSS/Si Hybrid Solar Cells without and with tBPGE Doping in a Dry Air

Atmosphere”

type
e-PEDOT:PSS (dry)
500h-e-PEDOT:PSS (dry)

¢-PEDOT:PSS-tBPGE (dry)

500h-e-PEDOT:PSS-tBPGE (dry)

Jsc (mA/em?)
2743 (27.39 + 0.48)
28.34 (27.96 + 0.63)
29.99 (30.18 + 0.50)
30.60 (30.72 + 0.54)

Voc (mV)
567.25 (568.17 + 2.37)
527.45 (541.48 + 10.35)
562.55 (570.98 + 5.25)
546.15 (553.65 + 8.03)

FF (%)
72.39 (71.40 + 1.60)
46.23 (47.69 + 2.18)
71.53 (70.85 + 1.18)
69.67 (67.53 + 2.05)

PCE (%)
1126 (11.11 + 0.34)
6.91 (7.22 + 0.44)
12.06 (12.20 + 0.09)
11.64 (11.48 + 0.13)

“The statistical data are from five sets of solar cell data.

Table 2. Electrical Output Parameters of e-PEDOT:PSS/Si Hybrid Solar Cells without and with tBPGE Doping in Ambient

Air”

Type
e-PEDOT:PSS (air)
500h-e-PEDOT:PSS (air)

e-PEDOT:PSS-tBPGE (air)

500h-e-PEDOT:PSS-BPGE (air)

Jsc (mA/em?)
28.77 (28.50 + 0.34)
27.44 (27.36 + 0.95)
30.20 (30.10 + 0.33)
30.43 (30.38 + 0.30)

“The statistical data are from five sets of solar cell data.

Voc (mV)
562.55 (562.07 + 4.29)
536.8 (545.69 + 8.29)
567.25 (567.70 + 3.09)
555.50 (558.80 + 6.39)

FF (%)
70.89 (70.30 + 1.03)
2138 (21.13 + 2.03)
71.86 (71.21 + 0.67)
56.60 (55.36 + 0.93)

PCE (%)
11.47 (11.26 + 0.30)
3.15 (3.17 + 0.43)
12.31 (12.16 + 0.13)
9.57 (9.40 + 0.13)
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Figure 6. Performance of e-PEDOT:PSS/Si hybrid solar cells with different tBPGE doping concentrations. (a) J—V curves, (b) EQE spectra, (c)
reflectivity spectra, and (d) J—V curves under dark conditions of e-PEDOT:PSS/Si hybrid solar cells with different tBPGE doping concentrations.

is 40.096 €2/cm. Therefore, the conductivity of the film can be
obtained by formula 1 as follows:

PR
pPXAXh (1)

where o is the electric conductivity of the film, A is the length
of the silver grid line (1.7 cm), and 4 is the thickness of the
films (e-PEDOT:PSS film is 77.4 nm, and tBPGE-doped e-
PEDOT:PSS film is 81.4 nm), as shown in Figure SSc,d. The
electric conductivity of the tBPGE-doped e-PEDOT:PSS film
reached 1802.26 S/cm, compared to 1685.16 S/cm for the
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undoped sample, as shown in Figure 4c. To elucidate this
improvement, Raman spectra were analyzed, as shown in
Figure 4d. The peaks between 1400 and 1500 cm™" correspond
to the C, = C4 symmetric stretching in the five-member ring of
PEDOT.”” The tBPGE-doped e-PEDOT:PSS film shows a
shift from 1430 cm™ to 1413 cm™' compared with the pristine
e-PEDOT:PSS film. This result indicates that the doping of
tBPGE promotes the packing of PEDOT chains,**™* leading
to enhanced film conductivity.

3.3. Application in Si Hybrid Solar Cells. Based on the
above analysis, tBPGE doping effectively weakens the
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Table 3. Electrical Output Parameters of e-PEDOT:PSS/Si Hybrid Solar Cells®

type Jsc (mA/cm?)
e-PEDOT:PSS 27.43 (2739 + 0.48)
e-PEDOT:PSS-1.5 vol % tBPGE 30.20 (30.10 + 0.33)
e-PEDOT:PSS-3 vol % tBPGE 29.54 (29.22 + 0.22)

“The statistical data are from five sets of solar cell data.

Voc (mV) FF (%)
567.25 (568.17 + 2.37)
567.25 (567.70 + 3.09)
562.55 (568.17 + 5.03)

PCE (%)
11.26 (11.11 + 0.34)
12.31 (12.16 + 0.13)
10.92 (10.99 + 0.26)

72.39 (71.40 + 1.60)
71.86 (7121 + 0.67)
65.69 (66.24 + 1.24)

hygroscopicity of the e-PEDOT:PSS film via nucleophilic ring-
opening reactions, thereby attenuating both the changes in the
film structure and the growth of the SiOy. To explore the
feasibility of this strategy to construct stable photovoltaic
devices, we used the e-PEDOT:PSS films with and without
tBPGE doping to fabricate Si hybrid solar cells. The devices
were stored in different environments of a dry air atmosphere
and ambient air to monitor the change of performance. The
normalized PCE of the devices in a dry air atmosphere is
shown in Figure 5a. It was found that, in Table 1, the initial
PCE of the device without tBPGE doping was 11.26%; after
500 h, the device without tBPGE doping retained 61% of the
initial efficiency, while the tBPGE-doped device retained 96%
of the initial efficiency of 12.06%, which is a 57.3% increase in
stability compared to the undoped device. In Figure 5b, after
storage in ambient air for 500 h, the normalized PCE of the
undoped device retained only 27% of its initial efficiency, while
the tBPGE-doped device retained 77% of its initial efficiency of
12.31% in Table 2, which is a 185.1% increase in stability
compared to the undoped device. In Figure 5¢c,d, we observed
that the normalized FF and PCE of the devices exhibit parallel
degradation trends in different environments. As shown in
Figure Se/f, the normalized V¢ and Jsc exhibited almost no
degradation. To further demonstrate the potential of our
strategy for practical application, the devices were further
stored under about 35—40% humidity conditions. The
normalized PCE of the devices is shown in Figure S6. It was
found that in Table S4, the undoped device retained only 18%
of the initial efficiency, while the tBPGE-doped device retained
72% of the initial efficiency after storage for 120 h. After the
comparison of the stability of the devices in different humidity
conditions, the tBPGE-doped device shows a satisfactory
result, confirming the effectiveness of this strategy.

Finally, we investigated the impact of tBPGE doping on the
performance of the e-PEDOT:PSS/Si hybrid solar cells. In
Figure 6a, the devices doped with 1.5 vol % tBPGE achieved a
Jsc of 30.20 mA/cm® compared to 27.43 mA/cm?® for the
undoped devices, and the FF and Vc almost remained
unchanged. The improvement in Jg¢ is mainly attributed to the
increase in film conductivity. Therefore, the PCE achieved an
improvement from 11.26% to 12.31%, as shown in Table 3.
The EQE and reflectivity spectra of the devices are shown in
Figure 6b,c. It was found that the EQE response was better
than that of the undoped devices over the wavelength range
from 500 to 1000 nm, and the reflectivity was lower than that
of the undoped devices. As shown in Figure 6d, the dark J-V
curves exhibited no obvious gaps, but the device doped with
1.5 vol % tBPGE was still the best. However, a significant
decrease in the FF of the device (from 71.86% to 65.69%)
occurs with the increase in tBPGE doping (from 1.5 to 3 vol
%), which leads to a decrease in the PCE of the device from
12.31% to 10.92% in Table 3. We further measured the Raman
spectra of the e-PEDOT:PSS film at the condition of 3 vol %
tBPGE doping, which found an obvious blue shift from 1413
cm™ to 1435 cm™" in Figure S7. It may cause the decrease in

the conductivity of the e-PEDOT:PSS film, which further
causes the decrease in FF and PCE of the device. According to
the above study, the hygroscopicity of the e-PEDOT:PSS film
was effectively weakened by tBPGE doping into e-
PEDOT:PSS solution, and the storage stability of the device
was also enhanced. But when applying this strategy to the
fabrication process of photovoltaic devices, we need to ensure
that the performance of photovoltaic devices is not damaged.

4. CONCLUSIONS

The hygroscopicity of e-PEDOT:PSS was successfully
weakened through ¢BPGE incorporation, which undergoes
ring-opening reactions, forming the C—O bonds between the
carbon atom of the epoxy group and the oxygen atom of the
sulfonic acid groups in PSS, successfully locking the
hygroscopic sulfonic acid groups. The emerging chemical
signals of six carbons in the 13C NMR spectra (72.56, 71.69,
70.39, 70.24, 70.03, and 67.87 ppm) confirmed two ring-
opening pathways of tBPGE. The peak intensity of surface
SiOy of the e-PEDOT:PSS film with tBPGE doping was lower
than that of the undoped system after storage in air for 500 h.
Through tBPGE doping, the electric conductivity of the e-
PEDOT:PSS film was 1802.26 S/cm. Therefore, e-PE-
DOT:PSS/Si hybrid solar cells achieved a PCE of 12.31%
compared to 11.26% without tBPGE. In a dry air atmosphere,
the tBPGE-doped device exhibited a 57.3% stability enhance-
ment compared to the undoped device. Meanwhile, in ambient
air, the stability enhancement reached 185.1%, demonstrating
long-term stability. This study not only gives a strategy that
weakens the hygroscopicity of PEDOT:PSS for solving the
stability of PEDOT:PSS/Si hybrid solar cells but also provides
a potentially universal solution to reply to the inherent
hygroscopicity challenge of PEDOT:PSS. It is expected to offer
new insights for constructing a range of high-performance and
stable PEDOT:PSS-based optoelectronic devices (such as
perovskite tandem solar cells or OLEDs).
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