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Ethyl Thioglycolate Assisted Multifunctional Surface
Modulation for Efficient and Stable Inverted Perovskite Solar
Cells

Yu Wang, Feng Wang, Jiaxing Song,* Jingchuan Ye, Jieying Cao, Xinxing Yin, Zhen Su,
Yingzhi Jin, Lin Hu, Han Zuilhof, Zaifang Li,* Wensheng Yan,* and Feng Gao

As the core component of sandwich-like perovskite solar cells (PSCs), the
quality of perovskite layer is a challenge for further progress in PSCs due to
the unfavorable defects and uncontrollable crystallization. Here, a surface
post-treatment strategy employing ethyl thioglycolate (ET) as ligand molecule
is developed for property manipulation of perovskite films. ET can lower
surface energy of perovskite facets and induces secondary growth of grains,
giving films with higher crystallinity and lower defect density. Meanwhile,
both carbonyl and sulfhydryl in ET can bind to the Pb2+, thus forming
bidentate anchoring on the surface for defect passivation. Besides, the
perovskite/ET/C60 interface presents improved charge transfer owing to the
well-aligned energy levels. Consequently, the power-conversion-efficiency
(PCE) is boosted to 22.42% and 23.56% (certified 23.29%) for the
FA0.85Cs0.15Pb(I0.95Br0.05)3 and FA0.9MA0.05Cs0.05Pb(I0.95Br0.05)3 PSCs,
respectively, and the FA0.85Cs0.15Pb(I0.95Br0.05)3-based PSC with a larger area
(1.03 cm2) delivers a PCE of 20.01%. Importantly, ET demonstrates effective
management of I2 and PbI2, thereby preventing accelerated degradation and
lead leakage of devices. Thanks to the multiple effects of ET, the resulting
devices exhibit significantly enhanced ambient stability over a course of 800 h,
and a thermal stability of over 1500 h while maintaining 80.4% of its original
efficiency.
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1. Introduction

The characteristics attributed to perovskite
solar cells (PSCs) with facile fabrication
process, rapidly growing power conversion
efficiency (PCE), and their potential indus-
trialization trend have been responsible for
the considerable amount of attention from
academia in the past decade.[1–5] Currently,
the certified PCE for both single-junction
PSCs with regular (n–i–p) and inverted
(p–i–n) type exceeds 25%.[6–10] Compared
to the former, inverted PSCs with a de-
position sequence of hole-transport layer
(HTL)/perovskite (PVK)/electron-transport
layer (ETL) exhibit lower preparation en-
ergy consumption, better stability and
broader application potential in the field
of tandem or flexible photovoltaics.[11–14]

The PVK layer is the core in sandwich-
like PSCs, which is involved in light har-
vesting, charge generation and separation,
playing an important role in obtaining high-
performance devices.[10,15] The lower crys-
tallization energy barrier of polycrystalline
PVK materials is beneficial for the flexibil-
ity in processing, but inevitably lead to a

variety of defects in PVK bulk and at the surfaces and grain
boundaries (GBs) during film processing and growth (e.g., crys-
tallographic defects, point defects).[15–18] The existence of the
high-density defects at PVK GBs and surfaces will induce severe
nonradiative recombination losses through capturing carriers,
and affect energy band alignment between the PVK/HTL or ETL
interface causing the inefficient charge extraction, which greatly
hampers the enhancement in PCE for PSCs.[19–21] In addition,
the defects on PVK films tend to be preferred sites for disrup-
tion by external factors (e.g., oxygen, heat), providing pathways
for migration or volatilization, which accelerates the degradation
of PVK layer and the attenuation of photovoltaic parameters.[22–26]

Therefore, the preparation of high-quality PVK films with large
grain size, and lower GB and defect density is critical to achieving
efficient and stable PSCs.

Additive strategies have been widely applied to synergisti-
cally regulate PVK crystallization and film defects to the point
of obtaining high-quality PVK films, thus benefiting device
performance.[27–31] For example, after introducing phenformin
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hydrochloride (PFCl) into PVK precursors, Zang et al. found
that PFCl was able to not only facilitate the crystallization of
PVK, but also passivate the multiple types of defects.[27] Simi-
larly, Shi et al. demonstrated that the incorporation of 4-fluoro-
phenethylammonium iodide (4-F-PEAI) could simultaneously
optimize the crystallinity and interfacial defects of PVK.[28] Al-
though the introduction of functional molecules into PVK can
achieve the improvement of multifaceted properties of PVK, the
PVK films with additives tend to become preferential degrada-
tion sites due to the presence of heterogeneous microstructures,
which in turn is not conducive to the long-term retention of de-
vice performance.[32]

Currently, the post-treatment on top surface of PVK films
based on the tuning of interfacial properties has become an
effective and popular strategy to improve the performance of
PSCs.[32–38] Liu et al. introduced histamine (HA) on the surface of
inorganic PVK to control defects, prohibiting the nonradiative re-
combination within devices.[37] Zhu et al. introduced ferrocenyl-
bis-thiophene-2-carboxylate (FcTc2) into the PVK surface, which
not only passivated the surface trap states but also inhibited the
ionic migration of PVK.[12] The functional organic salts are also
applied to modulate the terminal environment of PVK surface,
resulting in the suppression of trap-assisted recombination.[38,39]

Yang et al. showed a PVK post-treatment based on organic am-
moniums as modifiers, which enables the secondary growth of
grains, thus acquiring the high quality PVK films.[32] Besides, for
slowing down the damage of I- generated from the PVK on the de-
vice performance, Fang et al. effectively enhanced the device sta-
bility after introducing trimethylolpropane triacrylate (TMTA) to
the PVK surface.[40] However, it is still a great challenge to simul-
taneously realize crystallization modulation, defect passivation,
and decomposition products management of PVKs by employ-
ing one passivation molecule based on the surface treatment.

Noticeably, the intrinsic “soft”-structured halide PVKs with
both crystalline solid and liquid-like behaviors has been demon-
strated to offer the possibility of regulating their thin film re-
crystallization via a simple tuning of surface features.[32,41,42] Be-
sides, it should be further pointed out that PVK is prone to pro-
ducing decomposition products of PbI2 and I2 during device op-
eration, which provides additional channels for PVK decompo-
sition and electrode damage, accelerating device degradation.[26]

Hence, effective management of I2 and PbI2 at the interface by
post-treatment is as essential to the performance improvement of
PSCs as the acquisition of low defect and high crystallinity PVK
films.

Compared to the organic and inorganic salts, the non-ionic or-
ganic modifiers without mobile ions may provide potential as-
sistance toward the stable passivation and device long-term sta-
bility. To establish the surface chemical interaction and tune the
properties of PVKs, appropriate functional groups as electron
donors or acceptors are usually incorporated into the modifier
molecules.[43–46] For instance, the carbonyl (carboxyl and amide)
or sulfhydryl have been widely demonstrated to interact with the
undercoordinated Pb2+ by Lewis base-acid reaction.[47–50] Partic-
ularly, the multiple-active-site organic molecules with multiple
functional groups typically have strong synergistic effects, which
should be developed to maximize their modulation potentials for
PVKs.[50–52] Amongst, the ethyl thioglycolate (ET) molecule pos-
sesses two electron-donating functional groups, both sulfhydryl

(-SH) and carbonyl (C═O), which can coordinate with Pb2+ in
PVKs strongly (that is, show excellent reducing property).[50]

ET based molecules with powerful PVK interactions are highly
expected for achieving multifunctional surface modulation of
PVKs, and it is highly desirable to achieve crystal growth mod-
ulation, defect passivation, and interfacial I2 and PbI2 manage-
ment simultaneously by developing rational multifunctional lig-
and molecules.

Herein, we demonstrate a surface treatment strategy for prop-
erty manipulation of PVK films based on ET, resulting in well-
performing photovoltaic devices (Figure S1 and Table S1, Sup-
porting Information). Theoretical calculations show that ET can
lower the surface energy of the crystal planes of PVK and gen-
erate a driving force for the secondary growth of grains, lead-
ing to PVK films with larger grain sizes, higher crystallinity,
and lower residual stress. Moreover, the uncoordinated Pb2+

on the surface of PVK film can be simultaneously anchored
by R─C═O and R-SH in the ET, achieving a stable and effi-
cient defect passivation. In addition, the introduction of ET en-
ables a more favorable energy band alignment at the PVK//ETL
interface, promoting the electron extraction and transport. Re-
markably, the ET-treated devices exhibit excellent capture of I2
and PbI2 due to the strong electron-donating ability of ET, im-
peding the damage to PVK films and electrodes. As a result,
the ET-treated PSCs based on FA0.85Cs0.15Pb(I0.95Br0.05)3 (FACs)
and FA0.9MA0.05Cs0.05Pb(I0.95Br0.05)3 (FAMACs) yield a champion
PCE of 22.42% and 23.56% (certified 23.29%), respectively, and
a PCE of 20.01% was achieved for the FACs-based PSC with a
larger area of 1.03 cm2. Also, the unencapsulated devices with ET
exhibit a striking enhancement in stability after long-term stor-
age in nitrogen, as well as under ambient air and thermal stress
conditions. This facile, cost-effective and scalable post-treatment
technology may provide support for the development of high-
performance inverted PSCs for industrial application.

2. Results and Discussion

As shown in Figure 1a, an isopropanol (IPA) dissolved ethyl thio-
glycolate (ET) solution was spin-coated on the PVK film sur-
face and the PVK/ET film was received after re-annealing treat-
ment (100 °C, 5 min). To reveal the difference in properties of
PVK films before and after ET modification, the results of mul-
tiple analyses for a comprehensive description were performed.
In the following section, the PVK without and with ET treat-
ment will be denoted as “control” and “target”. First, the effect
of ET on the surface morphology of PVK films were studied us-
ing scanning electron microscope (SEM) and atomic force mi-
croscopy (AFM). As presented in Figure 1b, the SEM images ob-
tained from three different batches of samples consistently indi-
cate that there is a significant increase in grain size for the tar-
get films, and the average grain size has doubled from 174.8 to
357.4 nm (Figure S2a, Supporting Information). The lower mag-
nification SEM images at 1 μm scale are shown in Figure S3
(Supporting Information). Meanwhile, the cross-sectional SEM
images also demonstrate that the target films have larger size
and denser arrangement of grains (Figure 1b). Besides, the X-
ray diffraction (XRD) patterns of the PVK films was obtained (the
diffraction peaks at 14.1°, 19.9°, 24.5°, 28.3° and 31.7° were cor-
responding to the (100), (110), (111), (200) and (210) PVK crystal
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Figure 1. a) Illustration of ET modified PVK. b) Top-view and cross-sectional SEM images of control and target films. Optimized c) (100) and d) (111)
slab model of FACs-based PVKs without (control) and with (target) ET treatment.

planes, respectively),[43] the target films exhibited the much
stronger intensity than that of the control films, and the full
width at half maximum (FWHM) of the main diffraction peaks
for the target films presented smaller values, suggesting the crys-
tallinity was enhanced after ET-treatment (Figure S2b, Support-
ing Information).[43,53] In order to exclude the effect of IPA, the
top-view SEM of PVK films after treatment with pure-IPA was
measured. As shown in Figure S4a (Supporting Information), it
is found that there is no significant change in PVK grain size be-
fore and after pure-IPA treatment. Besides, from Figure S4b–d
(Supporting Information), it can be analyzed that the bright flaky
distributed on the surface of the PVK film are PbI2 and the av-
erage size of the PVK grains after IPA washing is 162.3 nm.
Hence, the increased grain size can be attributed to the intro-
duction of ET on the PVK surface. To further clarify the origin
of ET promoting the growth of PVK crystals, we used the density
functional theory (DFT) to examine the difference in the surface
energy of PVK grains before and after ET modification. Given
the dominance of the (100) and (111) planes in the PVK crystal
growth and the resulting optoelectronic properties of PVK thin
films,[54] hence these two low-index planes were primarily con-
sidered. Theoretical calculations revealed that compared to the

control PVK, the surface energy is remarkably reduced at both
the ET-terminated (100) and (111) planes (Figure 1c; Table S2,
Supporting Information), and the surface energy difference be-
tween (100) and (111) planes is −2.23 and −2.33 eV nm−2 for
the control and target PVK, respectively. Therefore, there is an
increasing surface energy anisotropy, which can provide a driv-
ing force to induce the secondary grain growth of the ET-treated
PVK film, so that the grains will grow larger along the orienta-
tion that minimizes the free energy of the system.[55] The sig-
nificantly enhanced (100) peak intensity in the XRD is consis-
tent with the computational result that the (100) plane is more
energy favorable after ET treatment. As displayed in the UV–vis
absorption spectra of multiple samples (Figure S2c,d, Support-
ing Information), the absorption of the PVK film treated with
ET was increased owing to the improved grain size and higher
crystallinity[29]. Moreover, the surface morphology of PVK films is
further studied using atomic force microscope (AFM), and the re-
sults indicate that the surface roughness of the PVK film dropped
from 20.8 to 19.1 nm (Figure S2e,f), indicating the ET-driven
sample has a smoother surface after secondary crystallization.

The ultraviolet photoelectron spectroscopy (UPS) results show
that the conduction band minimum (CBM) of PVK film moves
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Figure 2. a) Schematic energy level alignment of ITO/PTAA/PVK without or with ET /C60/BCP/Ag. b) The GIXRD with different 𝜓 angles (from 10° to
45°) in the depth of ≈100 nm. c) Linear fit of 2𝜃-sin2(𝜓) based on control and target film. d,e) Steady-state PL spectra and f,g) TRPL decay curves of
control and target PVK films deposited on various substrates. TA spectra at different delay times of h) control and i) target film.

from −3.90 to −4.16 eV after ET treatment, which is closer to
the LUMO of C60 (−4.40 eV) (Figure 2a). The better energy level
alignment at the PVK/C60 interface is beneficial for charge extrac-
tion and transport.[56–58] The calculated energy level parameters
for control/target PVK films are listed in Table S3 (Supporting In-
formation), which is derived from the Tauc-plots and energy cut-
off (Ecut-off) and energy onset (Eon-set) regions of UPS (Figure S5,
Supporting Information). To evaluate the difference in residual
stress (𝜖) of PVK films before and after the ET-induced sec-
ondary grain growth, a series of grazing incident X-ray diffrac-
tion (GIXRD) patterns were conducted. The alternative of the
(210) plane is more feasible than the (110) plane as it can re-
liably display the detailed grain information and attenuate the
effect of orientation on the 2𝜃-sin2𝜓 .[59,60] Figure 2b shows the
diffraction signals of control and target films at different 𝜓 val-
ues. The fitting lines of 2𝜃-sin2(𝜓) reveal (Figure 2c) that the tar-
get PVK film has a lower slope value (0.097) than that of control
film (0.194), indicating that the residual stress in the PVK film
after secondary grain growth is released, which in turn favors
the lattice-matched and stable PVK films. Furthermore, it has

been observed a decrease in stress of PVK films contributes to
an increase in the defect formation energy,[61,62] thus promoting
a reduction in trap-assisted recombination. Then, the steady-state
PL and time-resolved photoluminescence (TRPL) were employed
to investigate the charge carrier dynamics occurring on different
samples. As displayed in Figure 2d,f, the Glass/PVK/ET/C60 film
exhibits lower steady-state PL intensity and faster PL decay, re-
spectively, which suggests an effective charge transfer between
the PVK/C60 interfaces, mainly due to the more matched energy
bands at the interfaces.[41,61] Instead, a stronger PL signal and
longer carrier lifetime (𝜏ave) were observed for the target film
composed of ITO/PVK/ET (Figure 2e,g), which confirms that
the ET-treated PVK film has the lower non-radiative recombina-
tion loss, possibly attributed to the reduction of defects within
the PVK film bulk and at the surface.[63] Tables S4 and S5 (Sup-
porting Information) summarize the lifetime parameters char-
acterized by the doubled-exponential decay function (Supporting
Information for details). Furthermore, the transient absorption
(TA) spectra revealed that there was the lower quenching rate
of GSBS (ground state bleaching signal) for the target samples
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Figure 3. a) Electrostatic potential of ET. b) Schematic illustration of the chemical bridge between the ET and Pb2+. Theoretical models of surface
interaction of Pb2+ traps in the PVKs with c) carbonyl (R─C═O) and d) sulfydryl (R-SH) in the ET. Differential charge density distribution of the optimized
surface structure of the PVKs interacted with e) carbonyl and f) sulfydryl. g) XPS of Pb 4f for control and target films. h) 1H-NMR spectra of ET and
PbI2-ET. i) XRD patterns of PbI2 and PbI2-ET. j) Raman spectra of different samples.

(Figure 2h,i; the pseudo-color plots shown in Figure S6, Support-
ing Information), further demonstrating the suppressed non-
radiative recombination after introducing ET on the PVK films.

In order to elucidate the potential chemical interaction be-
tween PVK and ET molecules, a variety of characterizations were
conducted. As shown in Figure 3a, the computed electrostatic
potential (ESP) diagrams by DFT (Density functional theory) in-
dicate that the carbonyl (R─C═O) and sulfydryl (R-SH) in the
ET have higher electron density (red region). Accordingly, the
ET with these two functional groups can act as Lewis-base to
coordinate with the uncoordinated Pb2+ by donating electrons
(Figure 3b), thus suppressing the formation of defects appear-
ing on the PVK surface. DFT calculations demonstrated that the
binding energy (BE) values between R─C═O/R-SH and Pb were
−0.27 and -0.30 eV, respectively, indicating that both functional
groups can bind to uncoordinated Pb2+ while the sulfhydryl
shows stronger binding ability (Figure 3c,d). Furthermore, the
variation in charge density of the configurations was calculated
to further visualize the interaction. Figure 3e,f suggests that the
electron accumulation (yellow region) and hole accumulation
(cyan region) are separated, which are present not only at the ter-
mination end but also extending deep inside of PVK film, mainly
attributing to the strong binding between ET and PVKs.[64] The X-
ray photoelectron spectroscopy (XPS) showed that the BE peaks

of Pb 4f for the ET-treated PVK shifted from 142.95 and 138.08 eV
to 142.46 and 137.59 eV, respectively, validating the chemical in-
teraction between ET and PVKs (Figure 3g). Notably, as compared
to the control film, a significant S signal from XPS was detected
on the surface of target film, which indicated that the ET can still
anchor on the PVK surface stably after the secondary annealing
of PVK/ET film (Figure S7, Supporting Information). According
to the 1H nuclear magnetic resonance spectroscopy (1H-NMR)
shown in Figure 3h (the original spectrum is shown in Figure S8,
Supporting Information), the proton signal corresponding to the
position C of ET molecule shifted from the 3.27 to 3.25 ppm for
the PbI2-ET solution, suggesting the presence of bonding inter-
action between Pb2+ and the carbonyl/sulfhydryl groups in ET, in
agreement with the XPS analysis. To further reveal the binding
mode of the functional groups in the ET molecule with Pb2+, we
successfully prepared the PbI2-ET complex (Figure S9a, Support-
ing Information), and then measured the XRD pattern. It found
that the diffraction peak of PbI2 at 12.7° completely disappeared
in the PbI2-ET complex sample, accompanied by an emerging
diffraction signal of the new compound at 11.6°, indicating the
strong and irreversible binding of ET and PbI2 (Figure 3i). Mean-
while, the thermogravimetry analysis (TGA) exhibited that the
above complexes could be stabilized within ≈110 °C, again prov-
ing that the PVK/ET films were able to achieve an effective
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Figure 4. a) The device structure of ET-treated PSCs (ITO/HTL/PVKs/ET/C60/BCP/Ag). b) Photocurrent density−voltage (J−V) curves and c) EQE spectra
of FACs-based PSCs with an active area of 0.0975 cm2. d) Steady state output of control and target device. J−V curves of e) FACs-PSCs with an active
area of 1.03 cm2) and f) FAMACs-PSCs with an active area of 0.0975 cm2. Dark I–V curves for the g) electron-only (ITO/PVK/C60/Ag) and h) hole-only
(ITO/PTAA/PVK/MoO3/Au) devices based on the control and target PVKs. i) Voc versus light intensity for the control and target PSCs.

attachment of ET after treatment at 100 °C (Figure S9b, Support-
ing Information). In addition, we analyzed the Raman spectra of
the different liquid samples based on the quartz/Ag substrate.
As presented in Figure 3j and Figure S10a (Supporting Infor-
mation), ET showed significant Raman signals at 2580 and 1736
cm−1, and by comparing the Raman data of ethyl acetate (EA), it
can be analyzed that these two signals belonged to the sulfhydryl
and carbonyl groups in ET, respectively.[65] However, for PbI2-ET
powder, the characteristic signal of carbonyl group appeared at
≈1700 cm−1, while that of sulfhydryl group almost disappeared,
along with a new signal emerging at ≈106 cm−1 (Figure 3j; Figure
S10b, Supporting Information), indicating that the carbonyl and
sulfhydryl can bind to Pb2+ and the sulfhydryl group exhibits a
stronger binding ability. Noteworthily, with increasing PbI2, the
Raman signal of sulfhydryl in the ET+PbI2/DMF samples experi-
enced a regular weakening until it almost disappeared, as shown
in Figure S10c (Supporting Information). This again demon-
strated the sensitive and powerful binding between sulfhydryl in
ET and Pb2+. Therefore, based on the above theoretical and ex-
perimental analyses, it can be concluded that both carbonyl and
sulfhydryl groups in ET can bind to the uncoordinated Pb2+, thus
potentially forming bidentate anchoring on the surface of PVK
for passivation, and the strong interaction between ET and PVK

drives the reduction of surface energies of the crystal planes, lead-
ing to the secondary growth and thus high crystallinity of PVK
grains.

To evaluate the difference in photovoltaic (PV) performance of
the devices without (control) and with (target) ET treatment, the
planar inverted PSCs with the structure of ITO/PTAA/PVK/with
or without ET/C60/BCP/Ag were developed (Figure 4a). As
shown in Figure 4b, the target device exhibit the champion
PCE of 22.42% with a short-circuit current density (Jsc) of
23.91 mA cm−2, an open-circuit voltage (Voc) of 1.117 V, and a fill
factor (FF) of 83.97%, which is superior to the optimum control
device with a PCE of 20.77% (Jsc of 23.05 mA cm–2, Voc of 1.104
V, and FF of 81.67%). Particularly, the significantly improved
average values of the PV parameters were yielded for the target
device (Table S6, Supporting Information) that could be mainly
attributed to the enhanced quality of the PVK film with high
crystallinity and reduced defects, and the favorable interfacial
energy band modulation, as elucidated above. The PV param-
eters (i.e., PCE, Voc, Jsc, FF) statistics of the control and target
devices are shown in Figure S11a (Supporting Information). The
external quantum efficiency (EQE) results (Figure 4c) revealed
the integral currents of 22.78 and 23.59 mA cm–2 for the control
and target devices, respectively, agreeing well with the achieved
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Figure 5. Normalized PCE decay of FACs-based PSCs without (control) or with (target) ET treatment stored in a) ambient air, b) N2 at room temperature,
and c,d) N2 at 60 °C,. e) Water contact angle measurements of control and target films. f) XPS of I 3d for control and target samples after accelerated
aging (continuous light and heating at 80 °C ≈10 days). UV–vis absorption of g) I2/H2O and i) PbI2/H2O without or with ET, h) UV–vis absorption of
the solution after immersion of the control and target devices in chlorobenzene (CB) for two weeks.

Jsc values by the current–voltage (J–V) test. In addition, the steady
power output tests within 1 h showed that the target device ex-
hibited a more efficient and stable PCE output compared to the
control one (Figure 4d). Meanwhile, the high-performance PSC
devices with large-area (1.03 cm2) were successfully fabricated.
As illustrated in Figure 4e, the champion PCE of the FACs-based
PSC has been elevated to over 20% after ET modification (the
PV parameters and statistics are shown in Table S7 and Figure
S11b (Supporting Information)), demonstrating the scalabil-
ity of the ET treatment process and showing its potential for
large-scale manufacturing. Notably, we have successfully applied
the interface strategy of ET processing to the fabrication of
FAMACs-based PSCs, and the significantly increased PCE from
22.20% to 23.56% (certified 23.29%, Figure S12, Supporting
Information) has been obtained for the triple-cation PSCs
(Figure 4f). The detailed PV parameters and statistics see Table
S8 and Figure S11c (Supporting Information), respectively. The
steady power output and EQE spectrum are shown in Figure
S13 (Supporting Information). All excellent device performances
have demonstrated the universality of interface strategy based
on ET functional molecule in enhancing PV performance
of PSCs.

To better understand the charge recombination characteristics
of devices, the dark-current measurement of devices was carried
out. As illustrated in Figure S14a (Supporting Information), there

is the lower leakage current density for the target device, indicat-
ing that the charge carriers of the target device are more prone
to be extracted than recombined. Further, we quantified the dif-
ferences in the defects of PVK films before and after introduc-
ing ET based on the popular space-charge limited current (SCLC)
technique (Supporting Information for details).[63] As shown in
Figure 4g,h, the trap filled limit voltage (VTFL) and calculated trap
densities (Ntrap) of the target devices are 0.28 V and 2.70 × 1015

cm−3 (electron-only), 0.35 V and 3.41 × 1015 cm−3 (hole-only), re-
spectively, which are lower than the values of control electron-
only (VTFL = 0.43 V, Ntrap = 4.22 × 1015 cm−3) and hole-only de-
vices (VTFL = 0.56 V, Ntrap = 5.50 × 1015 cm−3). In terms of the
light intensity dependent Voc results (Figure 4i), the target device
possessed a smaller slope of 1.16 kT q−1 with respect to the con-
trol one (1.33 kT q−1), signifying that the trap-assisted recombina-
tion was suppressed. In addition, the electrochemical impedance
spectroscopy (EIS) showed that a lower Rs (series resistance) but
higher Rrec (recombination resistance) was simultaneously pro-
duced for the target device (Figure S14b, Supporting Informa-
tion), indicative of the improved charge extraction and transport
at the PVK/ET/C60 interface. In brief, these results proved that ET
could effectively reduce the defects of PVKs through surface pas-
sivation and induced crystallization regulation, thus suppress-
ing the non-radiative recombination and promoting transport of
charges.

Adv. Funct. Mater. 2024, 2402632 © 2024 Wiley-VCH GmbH2402632 (7 of 10)
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Not only does the PCE significantly benefit from the ET treat-
ment, but also the stability shows remarkable boost. As illustrated
in Figure 5, the unencapsulated target device exhibited 81% and
93% PCE retention after aging in air (Figure 5a) and nitrogen
(Figure 5b) for ≈800 and ≈1400 h, respectively, while the PCE of
the control device decayed at a higher rate (i.e., the control de-
vice stays 60% and 81% of the initial PCE under the same aging
conditions). The evolution trends of the detailed PV parameters
are shown in Figure S15 (Supporting Information). It is notewor-
thy that after aging at 60 °C for more than 1500 h, the average
PCE of the target device still maintained 80.4% of the initial value
(Figure 5c,d). whereas the PCE of the control device was only
67.8% of the initial value. Figure S16 (Supporting Information)
shows the decay trends of the relevant PV parameters. In addition
to the effective defect passivation and crystallization quality con-
trol for PVK with the introduction of ET, the increased hydropho-
bicity of the PVK/ET surface may partly facilitate the elevated sta-
bility of target device (Figure 5e). Additionally, the MPP (maxi-
mum power point) tracking results for the control and target de-
vice are provided in Figure S17 (Supporting Information). The
normalized PCE of the control device decayed significantly after
≈600 h, retaining only ≈80% of the initial PCE value, whereas
the ET-treated target device still maintained ≈93%.

It is widely known that long-term storage of PSCs at high tem-
perature can easily induce decomposition of PVK to produce PbI2
and I2.[66,67] Besides, the unbonded I- present on the PVK surface
traps holes and thus generates highly corrosive I2 (Although the
accumulated charges at the PVK/ETL interface would make the
I- relatively stable, there are still a minor amount of holes trapped
by I- at the interface, forming I2).[26] The diffusion of I2 will ac-
celerate the corrosion of metal electrodes, which in turn affects
the device performance. As presented in Figure 5f, we examined
the XPS of control/target samples after accelerated aging (i.e.,
continuous light and heating at 80 °C) for 10 days. The peaks
located at 619.27 eV (control) and 619.22 eV (target) are all corre-
sponding to the I- derived from AgI, indicating that the devices
suffered from I2 erosion during aging.[40,46] However, the XPS
signal of I- for the target film was significantly weaker than the
control one, disclosing that the erosion rate of Ag electrodes by
I2 in the PVK/ET/C60/Ag was markedly inhibited. Figure 5g illus-
trates the UV–vis absorption peaks of the I2/H2O are located near
350 and 450 nm, assigned to the characteristic signals of I3

- and
I2, respectively.[22,31] With the addition of ET, the absorption peaks
disappeared visibly, indicating that ET could capture I2 (i.e., the
reduction of I2 by ET) quickly and effectively (Video S1, Support-
ing Information). Therefore, the inhibited generation of I2 origi-
nating from the introduction of ET on the PVK surface can greatly
slow down the degeneration of PVKs and electrodes, thereby im-
proving the stability of PSC device.[26,46] Furthermore, interest-
ingly, it was found that the absorption intensity of PbI2/H2O so-
lution gradually diminished with increasing ET at room temper-
ature (Figure 5i), suggesting that ET has a strong capacity to cap-
ture PbI2, which is in accordance with the analysis of Figure S10c
(Supporting Information). A comparison of UV–vis absorption of
the solutions obtained after immersing the devices in chloroben-
zene (CB) for two weeks revealed that the target solution exhib-
ited a significantly weakened PbI2 characteristic signal compared
to the control one (Figure 5h), further indicative of a decent PbI2
management capability of the ET-processed devices, thereby ob-

structing lead leakage and the channels for PVK degeneration. It
can be seen that the use of low-cost ET combined with the simple
surface modification strategy can provide support and guidance
for solving the long-term stability and environmental unfriendly
problems faced by PSCs in the industrialization process.

3. Conclusion

In summary, we developed a surface engineering by ethyl thiogly-
colate modification to improve the performance of inverted PSCs,
delivering an increased PCE to 22.42% and 23.56% for the tar-
get FACs- and FAMACs-based device, respectively. Besides, the
FACs-based device with a larger area (1.03 cm2) yielded a highest
PCE of 20.01% after ET processing. Attributable to the following
merits: i) the defects present at PVK surface are effectively passi-
vated through the bidentate anchoring of R─C═O and R-SH in
ET with undercoordinated Pb2+ in PVKs; ii) the secondary grain
growth of surface PVK is induced by ET, owing to the reduced
surface energy of crystal planes that provides a growth driving
force, resulting in films with larger grain size and low GBs; iii)
ET-treated PVK/C60 interface exhibits a more matched energy
level, thus enabling more efficient charge transfer at the inter-
face. Besides, ET demonstrated the strong capacity to capture I2
and PbI2, preventing the degradation of PVKs and decay of PV
performance. With the help of multiple effects of ET, the unen-
capsulated target devices exhibited excellent ambient and long-
term stability after storage in air and N2, respectively, and the av-
erage PCE of target device can still keep 80.4% of the initial value
even after aging at 60 °C for more than 1500 h.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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