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Surpassing 90% Shockley—Queisser Vo limit in
1.79 eV wide-bandgap perovskite solar cells using
bromine-substituted self-assembled monolayersf

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2025, 18, 1847

Zhouyin Wei, (2 £2° Qilin Zhou,+° Xiuxiu Niu,®® Shunchang Liu, ©2° Zijing Dong,*
Haoming Liang,®® Jinxi Chen,® Zhuojie Shi,*“® Xi Wang,* Zhenrong Jia,**

Xiao Guo, (22¢ Renjun Guo, (2 §° Xin Meng,*® Yu-Duan Wang,®® Nengxu Li,?
Zhiguang Xu, (2 € Zaifang Li, 2 ¢ Armin Gerhard Aberle, ab Xinxing Yin (2 *¢ and
Yi Hou (2) *3¢

All-perovskite tandem solar cells (TSCs) hold the promise of surpassing the efficiency limits of single-junction
solar cells. However, enhancing TSC efficiency faces the challenge of significant open-circuit voltage (Voc)
loss in the wide-bandgap (WBG) subcell. In this study, we employed a bromine-substitution strategy to
develop a novel self-assembled monolayer, (4-(3,11-dibromo-7H-dibenzolc,glcarbazol-7-yl)butyl)phosphonic
acid (DCB-Br-2), as the hole-transporting layer for 1.79-eV WBG perovskite solar cells. The bromine in DCB-
Br-2 donates a pair of non-bonded electrons to uncoordinated Pb?* ions or halide vacancies, enhancing
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interaction with the perovskite layer and suppressing interfacial non-radiative recombination. DCB-Br-2 also
adjusts energy level alignment, facilitating fast hole extraction. The optimized WBG solar cell achieved a
maximum Vo of 1.37 V, surpassing 90% of the Shockley—Queisser limit. Combined with a 1.25-eV narrow-
bandgap subcell, this enabled a two-terminal all-perovskite TSC with a champion power conversion
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efficiency of 27.70%, advancing the development of high-performance tandem devices.

All-perovskite tandem solar cells (TSCs) have garnered significant attention due to their great potential to break the Shockley-Queisser (S-Q) limit of single-junction
solar cells. However, wide-bandgap (WBG) perovskite subcells experience substantial Vi loss primarily due to perovskite bulk quality, interfacial non-radiative

recombination loss, and energy level misalignment, impeding the further improvement of TSCs. Recently, self-assembled monolayers (SAMs) as hole transporting

layers (HTLs) have shown great promise in addressing these challenges owing to their tunable energy levels, cost-effectiveness, rapid hole extraction, and facile
synthesis. Herein, we adopted a bromide-substitution strategy to modify the terminal group of the SAM. This approach effectively modulates the interfacial
interaction and energy level alignment between the SAM and perovskite, resulting in reduced non-radiative recombination and faster hole extraction. Consequently,
we achieved a remarkable V¢ of 1.37 V in a 1.79-eV WBG cell with only a 0.42 V Vg loss, surpassing 90% of the S-Q Vq¢ limit. This research underscores the
importance of the rational design of SAM HTLs for WBG subcells with high Vi, contributing to the further advancement of high-performance TSCs.
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Introduction

Perovskite solar cells (PSCs) have obtained significant attention
in recent years, achieving a notable power conversion efficiency
(PCE) of 26.7%," approaching the theoretical limit for single-
junction solar cells of approximately 33%.> All-perovskite tan-
dem solar cells (TSCs) hold the potential to break the Shockley-
Queisser (S-Q) limit of single-junction solar cells, boasting
a higher theoretical limit of 45%.> The highest certified PCE
of all-perovskite TSCs has reached 30.1%,' exceeding that
of single-junction PSCs. Notably, the rapid increase in the
PCE of all-perovskite TSCs is attributed to the advance-
ments in narrow-bandgap (NBG, 1.2-1.3 eV) subcells. However,
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wide-bandgap (WBG, 1.7-1.8 eV) subcells suffer from larger
open-circuit voltage (Voc) losses than their normal-bandgap
and NBG counterparts, impeding further improvement in high-
efficiency all-perovskite TSCs.*” The significant Voc loss in
WBG subcells can be attributed to bulk quality of WBG
perovskites,® " interfacial non-radiative recombination,"> ™
and energy level misalighment between WBG perovskites and
the charge transport layer."**® The design of hole-transporting
layers (HTLs) plays a critical role in addressing these issues.

The most widely used HTLs in p-i-n inverted PSCs are
poly[bis(4-phenyl) (2,4,6-trime-thylphenyl) amine] (PTAA) and
NiOyx. However, PTAA exhibits poor wettability, while NiOx suffers
from surface defects and energy band misalignment, both requiring
additional treatment to achieve high-performance WBG PSCs.'* 2
Recently, self-assembled monolayers (SAMs) have drawn attention
to replacing the conventional HTLs in WBG PSCs, attributing to
their tunable energy levels, improved hole selection and extraction,
and reduced interfacial trap density.”"***° SAMs typically consist
of three components: anchoring groups, spacer groups, and
terminal groups, offering large design potential to suit various
interfaces.”®*® For example, Zhang et al. modified the commonly
used anchoring group phosphonic acid (-POsH) by adding an
adjacent cyano group, forming the cyanovinyl phosphonic acid
(-CPA) anchoring group with enhanced hydrophilicity.** Their novel
SAM, MPA-CPA, featured a super-wetting HTL surface, facilitating
the deposition of pinhole-free and homogeneous perovskite (PVSK)
films. He et al. introduced a novel carbazole-derived terminal group,
7H-dibenzo carbazole (DCB), to form a new SAM (4-(7H-
dibenzo[c,g]carbazol-7-yl)butyl) phosphonic acid (4PADCB).*> DCB
introduced a special steric hindrance, leading to a more homo-
geneous anchoring on ITO. Compared to the commercial 4PACz,
4PADCB achieved more uniform coverage and better wettability,
benefiting the deposition of high-quality perovskite films. These
improvements reduced non-radiative recombination loss and
achieved a better device performance. Li et al. replaced the widely
used alkyl spacer group with a conjugated phenyl spacer. Compared
to MeO-2PACz, their newly designed MeO-PhPACz achieved better
energy level alignment with the perovskite layer because the phenyl
spacer exhibited a higher negative charge, which shifted down the
work function (WF) of ITO.** Yi et al introduced electron-
withdrawing bromine (Br) substituents at the DCB terminal group
to form (4-(5,9-dibromo-7H-dibenzo[c,g]carbazol-7-yl)butyl)phos-
phonic acid (DCB-BPA). The Br-substitution can lower the high-
est occupied molecular orbital (HOMO) level and achieve
better energy level alignment, leading to a higher Voc.'® So far,
most of the SAM designs have focused on improving SAM
morphology,*** modulating SAM surface wettability,”***” and
achieving better energy level alignment.***° Additionally, some
studies have explored strengthening the interaction between the
SAM and the perovskite layer by incorporating an interlayer
between the SAM and perovskite or modifying the SAM’s term-
inal group.*"*> However, detailed investigations into the nature
of SAM-perovskite interaction and its impact on device perfor-
mance remain limited.

In this work, we focused on enhancing the interaction
between SAM and perovskites by modifying the terminal group
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of the SAM. We introduced Br substituents to the DCB terminal
group of the referenced SAM (4-(7H-dibenzo|c,g]carbazol-7-yl)-
butyl)phosphonic acid (DCB-C4POH) and studied the influence
of different substitution positions. The modified SAMs, (4-(5,9-
dibromo-7H-dibenzo[¢,g]carbazol-7-yl)butyl)phosphonic  acid
and (4-(3,11-dibromo-7H-dibenzo|c,g]carbazol-7-yl)butyl)phos-
phonic acid, are denoted as DCB-Br-1 and DCB-Br-2, respectively.
X-ray photoelectron spectroscopy (XPS) results demonstrated
that the Br substitution position directly influences the strength
of the interaction between the corresponding SAM and perov-
skites. DCB-Br-2 passivates defects and suppresses non-radiative
recombination more effectively due to its stronger interaction
with perovskites. Additionally, it exhibits better energy level
alignment, facilitating faster hole extraction. Consequently,
we achieved a notable high V¢ of 1.37 V in a 1.79-eV WBG
PSC based on DCB-Br-2, marking one of the highest reported Voc
values to date. This advancement enables the fabrication of all-
perovskite TSCs with a champion efficiency of 27.70% with good
operational stability, maintaining 80% of their initial PCE after
440 hours continuous operation under 1-sun illumination.

Results and discussion
The properties of SAMs

Fig. 1a—c show the chemical structure of the three studied SAMs,
namely DCB-C4POH, DCB-Br-1, and DCB-Br-2. The detailed synth-
esis and characterization of DCB-Br-2 are described in Scheme S1
and Fig. S1-S5 (ESIT). All three molecules are based on the same
terminal group DCB, differing in the positioning of two Br
substituents. Specifically, DCB-C4POH serves as the referenced
SAM, with Br substituents introduced at the 5,9-position of DCB
for DCB-Br-1 (side position), and 3,11-position for DCB-Br-2 (top
position). We first investigated the morphology and optical prop-
erties of these three SAMs on ITO. The root-mean-square (RMS)
roughness of ITO/SAMs slightly decreased in the order of DCB-
C4POH (1.9 nm), DCB-Br-1 (1 nm), and DCB-Br-2 (0.5 nm), as
observed from the atomic force microscopy (AFM) measurements
in Fig. S6 (ESIt). DCB-Br-2 performed the most uniform HTL
coating, which might benefit the subsequent deposition of the
perovskite layer. We then analyzed the optical properties of the
SAMs using ultraviolet-visible (UV-vis) transmittance spectroscopy
(Fig. S7, ESIt). The ultra-thin SAM-modified ITO exhibits high
transmittance across almost the entire visible region, except for
the range of 320 nm to 450 nm, which shows lower transmittance.
DCB-Br-2 exhibits slightly higher transmittance compared to DCB-
C4POH and DCB-Br-1, which could potentially contribute to a
higher short-circuit current (Jsc).

Interaction between SAMs and perovskite

Considering the high electronegative Br groups function as
Lewis bases, capable of donating a pair of non-bounded elec-
trons to uncoordinated Pb*" ions or halide vacancies,*® we
conducted XPS measurements to evaluate the interaction
between the Br from SAMs and Pb from perovskite. Fig. 1d

and e show Br 3d spectra of ITO/SAMs and ITO/SAMs/PbI,.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Molecular structure and the interaction between SAMs and perovskite. Molecular structures of DCB-C4POH (a), DCB-Br-1 (b), and DCB-Br-2 (c).
(d) XPS spectra of Br 3d of SAMs coated on ITO substrates. (e) XPS spectra of Br 3d of ITO/SAMs/Pbl,. The samples are prepared by evaporating a 5 nm
Pbl thin film on ITO/SAMs substrates. (f) Schematic of the interaction between SAMs and the perovskite layer. Confocal PL mapping of perovskite films
deposited on ITO/DCB-C4POH (g), ITO/DCB-Br-1 (h), and ITO/DCB-Br-2 substrates (i).

Comparing these two spectra with and without Pbl,, there is an
obvious additional doublet with lower binding energy in the
ITO/DCB-Br-2/Pbl, case and a less pronounced one in the ITO/
DCB-Br-1/Pbl, case, which could be attributed to the Pb-Br
interaction.***® Furthermore, the Pb 4f peaks show a reduction in
binding energy, following the order of DCB-C4POH (143.9 eV),
DCB-Br-1 (143.7 eV), and DCB-Br-2 (143.6 eV) in Fig. S8 (ESIt),
confirming the interaction between Br substituents and Pb
atoms.”” DCB-Br-2 demonstrates a notably stronger interaction
compared to DCB-Br-1 due to higher electron density as shown in
calculated electrostatic surface potential (ESP) results (Fig. S9,
ESIT). These findings suggest that Br-substitution within the
DCB terminal group exerts an obvious interaction with uncoordi-
nated Pb*" at the HTL/perovskite interface, especially for DCB-Br-2
with smaller steric hindrance and higher electron density.*®*°
Accordingly, we drew a schematic diagram to illustrate the inter-
action between SAMs and perovskite (Fig. 1f).

We then investigated the morphology and crystal quality of the
perovskite film based on different SAMs with various interactions.
The DCB-Br-2-based perovskite film exhibits a slightly larger grain
size without pinholes compared with the other two samples from
the scanning electron microscopy (SEM) results in Fig. S10 (ESIT),
which is attributed to lower nucleation density on the more
hydrophobic surface of DCB-Br-2 as shown in Fig. S11 (ESIT).>*"°
The cross-sectional SEM images of DCB-Br-2 reveals that the
perovskite bottom surface is uniform and pinhole-free. These
results suggest that DCB-Br-2 effectively enhances the bulk quality

This journal is © The Royal Society of Chemistry 2025

of the perovskite. The X-ray diffraction (XRD) results in Fig. S12
(ESIT) demonstrate negligible differences in perovskite crystallinity
across the various SAMs. To evaluate the defect behavior of the
perovskite films with different interactions with SAMs, we con-
ducted the confocal photoluminescence (PL) mapping as shown in
Fig. 1g-i and Fig. S13 (ESIT). The DCB-Br-2-based sample performs
higher PL intensity and better uniformity due to its stronger
interaction with uncoordinated Pb*", which effectively inhibits
non-radiative recombination. Therefore, we demonstrate that the
Br-substitution on the DCB terminal group with appropriate steric
hindrance could effectively modify the halide vacancies, thereby
reducing the defect density at the interface.

Energy level alignment analysis

In addition to the interaction effect, the electron-withdrawing Br-
substitution serves to decrease the HOMO level of the SAMs,
thereby enhancing energy level alignment with the perovskite
layer. According to Gaussian calculations, DCB-Br-2 has the lowest
HOMO level of —5.45 eV (Fig. S14, ESIY), followed by DCB-Br-1
(—5.34 eV) (Fig. S15, ESIT) and DCB-C4POH (—5.09 eV) (Fig. S16,
ESIt). We conducted ultraviolet photoelectron spectroscopy (UPS)
measurements to investigate the energy level alignment between
SAMs and perovskites (Fig. 2a and Fig. S17, ESIT). The WFs of the
ITO/SAMs are increased from 4.69 eV (DCB-C4POH) to 5.03 eV
and 5.20 eV for DCB-Br-1 and DCB-Br-2, respectively. And the WF
of the WBG perovskite is 4.80 eV in Fig. S17 (ESIT). Combing their
optical bandgaps (3.20 eV for DCB-C4POH, 3.06 eV for DCB-Br-1,

Energy Environ. Sci., 2025, 18,1847-1855 | 1849
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Fig. 2 Characteristics of SAMs and perovskite films deposited on SAMs. (a) UPS spectra of ITO/SAMs. (b) Energy level diagram of different ITO/SAMs and
PVSK. (c) TRPL spectra of perovskite films deposited on ITO/SAMs. KPFM images of ITO/DCB-C4POH (d), ITO/DCB-Br-1 (e), and ITO/DCB-Br-2 (f).

3.13 eV for DCB-Br-2, and 1.785 eV for perovskite), as obtained
from the absorption spectra in Fig. S18 and S19 (ESI{), we plotted
the energy band structure of the different SAMs (Fig. 2b). ITO/
DCB-Br-2 exhibits the smallest valence band offset of 0.05 eV with
perovskite, succeeded by ITO/DCB-Br-1 at 0.15 eV, and ITO/DCB-
C4POH at 0.28 eV. Therefore, DCB-Br-2 could greatly reduce the
energy level misalignment between the HTL and perovskite layer
compared to DCB-C4POH and DCB-Br-1, facilitating faster hole
extraction from the perovskite layer to the HTL. Furthermore,
kelvin probe force microscopy (KPFM) measurements were con-
ducted to evaluate the average surface contact potential difference
(CPD) of different ITO/SAMs (Fig. 2d-f). The CPD values for ITO/
DCB-C4POH, ITO/DCB-Br-1, and ITO/DCB-Br-2 are —0.15 V,
—0.70 V, and —1.06 V, respectively. The lower CPD of ITO/DCB-
Br-2 means a larger WF than the other two,”>** which is consistent
with the UPS results. We then observed a faster hole extraction in
the DCB-Br-2 case, which can be confirmed by time-resolved
photoluminescence (TRPL) measurements as shown in Fig. 2c
and Table S1 (ESIt). For the DCB-Br-2-based sample, faster initial
decay in the early times was discovered, showing a lower 7, value of
28.54 ns compared to the DCB-Br-1-based sample (33.36 ns) and
DCB-C4POH-based sample (40.02 ns), indicating faster hole extrac-
tion from the perovskite layer to DCB-Br-2.>*>> The t, values
of DCB-Br-2 and DCB-Br-1-based samples are 1489.18 ns and
783.46 ns, respectively, higher than the DCB-C4POH-based sample
of 776.19 ns. The longer 1, value indicates that the interfacial non-
radiative recombination is effectively suppressed by DCB-Br-2,">
which is consistent with the previous PL mapping results.

The introduction of bromine into the SAM not only enhances
the surface interaction between the SAMs and perovskites but also

1850 | Energy Environ. Sci., 2025, 18, 1847-1855

lowers the HOMO level of the SAM, thereby improving energy level
alignment. The position of the Br substitution plays a critical role
in this enhancement. Specifically, DCB-Br-2 exhibits reduced
steric hindrance and higher electron density, enabling stronger
interactions with the perovskite and more effective defect passiva-
tion. Furthermore, DCB-Br-2 possesses a deeper work function,
and the DCB-Br-2-modified ITO exhibits improved energy level
alignment compared to DCB-Br-1. As a result, DCB-Br-2 demon-
strates superior performance over DCB-Br-1 in terms of both
surface interaction and energy level optimization.

Performance of wide-bandgap PSCs and Vo loss analysis

Encouraged by the stronger interaction and better energy level
alignment, we fabricated single-junction WBG perovskite solar cells
with an inverted device structure of glass/ITTO/SAMs/Cg,/BCP/Ag. As
shown in Fig. 3a and Fig. S20 (ESIt), the best performance was
achieved by DCB-Br-2-based device with a remarkable Vo of 1.37 V
(1.36 V), a PCE of 20.76% (20.42%), an FF of 83.53% (83.15%), and
a Jsc of 18.12 mA cm™ 2 (18.08 mA cm™ 2) under reverse (forward)
scan with negligible hysteresis. The device further demonstrated
good operational stability, maintaining a stabilized PCE of 20.5%
during 400 seconds of maximum power point (MPP) tracking
(Fig. S21, ESIt). The performance of DCB-Br-1 was slightly better
than the control sample DCB-C4POH with a higher Voc 0f 1.33 V, a
PCE of 19.54%, an FF of 82.81%, and a Jsc of 17.70 mA cm > (Voc=
1.31 V, PCE = 19.08%, FF = 82.31%, and Jsc = 17.64 mA cm ™2 for
DCB-C4POH). The integrated Jsc values obtained from external
quantum efficiency (EQE) spectra for DCB-C4POH, DCB-Br-1, and
DCB-Br2 are 17.18 mAcm ™ 2, 17.29 mA cm 2, and 17.52 mA cm 2,
respectively (Fig. 3b), consistent with the Jscs from the jv

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Single-junction wide-bandgap solar cell performances and characterizations with different HTLs. (a) JV curves of WBG PSCs based on DCB-
C4POH, DCB-Br-1, and DCB-Br-2 with an aperture area of 0.055 cm?. (b) EQE spectra of WBG PSCs with different HTLs, the integrated Jsc for DCB-
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1.76 to 1.80 eV (the detailed photovoltaic performance is presented in Table S2, ESIt). (d) Steady-state PL spectra of perovskite films on different
substrates. Purple: glass/Al,O3/PVSK; blue: glass/Al,O3/DCB-C4POH/PVSK; green: glass/Al,Os/DCB-Br-1/PVSK; orange: glass/Al,Os/DCB-Br-2/PVSK.
(e) The calculated QFLS values obtained from the steady-state PL measurements. (f) p-JV curves of perovskites with different HTLs as obtained from
intensity-dependent PLQY measurements. (g) SCLC of the hole-only devices (glass/ITO/SAMs/perovskite/PTAA/MoOy/Aqg). (h) Light intensity-dependent
Voc of perovskites with different SAMs. (i) High-resolution EQE measurements of WBG PSCs with different HTLs.

measurements. And the 1st derivative of the EQE spectrum was
also calculated to verify the bandgap, which is 1.79 eV (Fig. S22,
ESIt). Similarly, the bandgaps obtained from UV-vis absorption
(1.785 eV) and PL measurements (1.789 eV) align well with the EQE
results, confirming their consistency. The overall performance is
significantly enhanced by DCB-Br-2, as evidenced by increases in
FF, Jsc, and particularly Vo, which shows a remarkable improve-
ment of 0.06 V compared to the controlled sample DCB-C4POH.
The statistical distribution of the photovoltaic performance is
shown in Fig. S23 (ESIf), demonstrating that the V¢ improve-
ments of DCB-Br-2 and DCB-Br-1 compared to DCB-C4POH
are reproducible with average Vocs of 1.347 £+ 0.012 V, 1.313 +
0.013 V, and 1.300 + 0.0134 V, respectively. Apart from the
improvement in Vo, the enhancement in FF is also notable, with
an average FF of 80.06 + 2.06%, significantly higher than that of
DCB-Br-1 (78.85 + 2.70%) and DCB-C4POH (78.69 + 3.32%). This
increase in FF can be attributed to the effective passivation of

This journal is © The Royal Society of Chemistry 2025

interfacial defects and improved energy level alignhment. Moreover,
DCB-Br-2-based devices exhibit an increased Jsc, driven by the
reduced interfacial non-radiative recombination and enhanced
hole extraction.

Fig. 3c summarizes the reported V¢ values of WBG PSCs
with a bandgap of 1.76 to 1.80 eV (the detailed data are
presented in Table S2, ESIt). To the best of our knowledge,
our champion Vo of 1.37 V (bandgap: 1.79 eV) is among the
highest values reported so far, surpassing 90% of S-Q limit with
only 0.42 V V¢ loss.>® Additionally, the nonradiative recombi-
nation V¢ loss is calculated to be 0.13 V. To better understand
the origin of the improved Vo, we performed steady-state
photoluminescence (PL) and PL quantum yield (PLQY). As
shown in Fig. 3d, the perovskite film on DCB-Br-2 shows the
strongest PL intensity, followed by perovskite film on DCB-Br-1
and then on DCB-C4POH. Fig. 3e shows the calculated quasi-
Fermi level splitting (QFLS) or implied V¢ of perovskite films

Energy Environ. Sci., 2025, 18, 1847-1855 | 1851
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deposited on different SAMs. Perovskite film on DCB-Br-2
shows the highest QFLS of 1.403 eV, which is even higher than
the perovskite film itself (QFLS = 1.396 eV), followed by QFLSs
of perovskites on DCB-Br-1 and DCB-C4POH, which are 1.378
and 1.368 eV, respectively. The stronger PL intensity and QFLS
of the perovskite film on DCB-Br-2 compared to bare perovskite
and perovskites on DCB-C4POH and DCB-Br-1 suggests a
reduction in non-radiative recombination due to enhanced
defect passivation and accelerated hole extraction at the HTL/
perovskite interface. We also constructed the pseudo-current—
voltage (p-JV) curves (Fig. 3f) from intensity-dependent absolute
PL measurements without transport loss, the detailed para-
meters are listed in Table S3 (ESIt). With DCB-Br-2, the drop of
the pseudo-FF (p-FF) introduced by the HTL/perovskite inter-
face is the lowest (from 91.4% to 88.8%), indicating the reduced
non-radiative recombination loss and contributing to a higher
device FF (Fig. S24, ESIt). With the increased pseudo-Vo¢
(p-Voc) and p-FF, the achieved pseudo-PCE (p-PCE) for DCB-
Br-2-based device is 22.95%, higher than that of DCB-Br-1

View Article Online
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(22.42%) and DCB-C4POH (22.24%) based devices. We further
used the space charge limited current (SCLC) characterization to
analyze the trap density level based on hole-only devices with the
structure of glass/ITO/SAMs/perovskite/PTAA/MoOx/Ag (Fig. 32).
The trap-filled limit voltage (Vyg) value of DCB-Br-2-based device
is the smallest (0.49 V), indicating the lowest trap density, likely
due to the improved perovskite quality on the DCB-Br-2 surface.
The ideal factor (n), derived from the linear fitting of the
intensity-dependent Vo measurements, shows the value closest
to 1 on DCB-Br-2-based device (the n values for DCB-C4POH,
DCB-Br-1, and DCB-Br-2-based perovskite film are 1.56, 1.40, and
1.20, respectively), indicating a lowest Shockley-Read-Hall
recombination in Fig. 3h. The Urbach energy values derived
from high-resolution EQE measurements (Fig. 3i) decrease from
33.98 meV for DCB-C4POH to 29.90 meV and 22.69 meV for DCB-
Br-1 and DCB-Br-2, respectively. This suggests a decreased
electronic disorder of the DCB-Br-2-based device, indicating
reduced non-radiative recombination. Fig. S25 (ESIt) shows the
JV curves of PSCs with different SAMs under the dark condition,
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Fig. 4 All-perovskite TSC performances and characterizations with different HTLs. (a) Device configuration of the two-terminal all-perovskite TSC.
(b) Cross-sectional SEM image of an all-perovskite TSC. (The WBG perovskite layer is ~370 nm thick, and the NBG layer is ~1100 nm). (c) JV curves of
all-perovskite TSCs based on DCB-C4POH, DCB-Br-1, and DCB-Br-2 with an aperture area of 0.055 cm? (solid line: reverse scan, dash line: forward scan,
inset table are the photovoltaic parameters of the reverse scan). (d) EQE spectra of the TSC including the integrated Jsc values. Statistic PCE (e) and Vo (f)
distribution of TSCs with different HTLs (20 devices in count). (g) 5 min MPP tracking of the DCB-Br-2-based TSC (unencapsulated, 20 °C, in glovebox).
(h) MPP tracking under continuous 1-sun illumination of the DCB-Br-2-based TSC (encapsulated, in ambient air, 25 °C, ~85% RH, ISOS-L-1).
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the DCB-Br-2-based device shows the lowest dark current, indi-
cating reduced current leakage. All the results substantiate that
DCB-Br-2 reduces the density of defect states and significantly
suppresses the non-radiative recombination, which are consis-
tent with the increased V¢ and FF in DCB-Br-2-based devices.

Performance of all-perovskite TSCs

To demonstrate the application potential of DCB-Br-2 in TSCs,
we integrated the optimized WBG top cell with the 1.25-eV NBG
bottom cell. The NBG Csg g5FAg7MAq »5Pbg 5Sn 513 subcell was
optimized using ethane-1,2-diammonium iodide (EDAI) post-
treatment. As shown in Fig. S26 (ESIt), EDAI treatment signifi-
cantly enhanced the device performance, increasing the average
PCE from 17.32 £ 0.89% to 19.44 + 0.75%. The EDAI-treated
NBG subcell achieved a champion PCE of 20.89%, with a V¢ of
0.804 V, an FF of 78.38%, and a Js¢ of 33.14 mA cm ™2 as shown
in Fig. S27 (ESIf). Furthermore, the EQE spectrum of the NBG
PSC (Fig. S27b, ESIt) shows an integrated Jsc of 32.62 mA cm ™2,
which aligns well with the Jsc obtained from the JV measure-
ment. The device structure of the TSC is glass/ITO/SAMs/WBG
PVSK/Cgo/SnO,/ITO/PEDOT:PSS/NBG PVSK/Cg/BCP/Ag (Fig. 4a).
We optimized the thickness of the WBG and NBG perovskite
layers to achieve current matching between the two subcells. The
optimized perovskite thicknesses are ~370 nm for WBG per-
ovskite and ~1100 nm for NBG perovskite, as confirmed by the
cross-sectional SEM image (Fig. 4b), which also demonstrates
excellent crystallinity of the tandem stack. The JV curves of the
tandem device with varying SAM HTLs are shown in Fig. 4c, the
detailed parameters are listed in Table S4 (ESIt). The improve-
ments of Voc and FF are prominent in the DCB-Br-2-based TSC.
The champion TSC based on DCB-Br-2 exhibits a high PCE of
27.70% (Voc = 2.11 V, FF = 79.81%, and Jsc = 16.49 mA cm ?)
under the reverse scan with negligible hysteresis. The EQE-
integrated Jsc values for WBG and NBG subcells are 16.23 and
16.59 mA cm >, respectively (Fig. 4d), demonstrating a well-
matched current and aligning closely with the Jsc values
obtained from the JV measurement. Fig. 4e and f, and Fig. S28
(ESIt) show the statistical distribution of the photovoltaic para-
meters based on these three SAMs in the same batch. DCB-Br-2-
based tandem devices show higher repetability with an averaged
PCE and Vo of 27.07 £ 0.32% and 2.097 £ 0.006 V, respectively.
The improvement in Vo achieved by DCB-Br-2 is significant and
reproducible, primarily due to the enhanced Vo of the WBG
subcell. However, the tandem devices experience an additional
Voc loss of approximately 0.05 V, attributed to the interconnec-
tion layer (ICL) and tandem fabrication processes. Addressing
and minimizing these losses in the tandem stack will be a key
focus of our future efforts. As shown in Fig. S28 (ESI{), the FF
and Jsc improvements are also notable, driven by the better
performance of the WBG subcell and its improved current
matching with NBG subcell. Turning to device stability, the
DCB-Br-2-based tandem solar cell demonstrated good perfor-
mance, maintaining a steady-state efficiency of 27.12% after
300 seconds of MPP tracking (Fig. 4g). Furthermore, the encap-
sulated DCB-Br-2-based tandem device exhibited strong

This journal is © The Royal Society of Chemistry 2025
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operational stability under the ISOS-L-1 protocol,”” retaining
80% of its initial PCE after 440 hours of MPP tracking (Fig. 4h).

Conclusions

Through the utilization of the Br substitution strategy, we
successfully created DCB-Br-1 and DCB-Br-2. As revealed by
XPS, Br substituents on the DCB terminal group have an
interaction with the uncoordinated Pb>". We also found that
different Br substitution positions can effectively manipulate
the interaction strength between SAMs and perovskites. DCB-
Br-2, with stronger interaction, suppresses interfacial defects
more effectively and exhibits better energy level alignment. As a
result, we achieved an impressive V¢ of up to 1.37 Vwith a PCE
of 20.76% based on DCB-Br-2, which is among the highest
reported Voc values of WBG PSCs with similar bandgaps.
Moreover, we demonstrated a two-terminal all-perovskite TSC with
a champion efficiency of 27.70% by integrating it with a 1.25-eV
NBG perovskite subcell. Our work highlights the significance
of designing the SAM HTL through careful modification of the
terminal group, paving the way for high-performance perovskite-
based TSCs.
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