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Achieving high efficiency in single-junction organic solar cells (OSCs) and tandem solar cells (TSCs) significantly
relies on hole transport layers constructed from self-assembled molecules (SAMs) with a well-ordered, face-on
alignment. In this study, we enhanced the ordered stacking of a SAM layer by leveraging the interaction
between the n-conjugated backbone of SAMs and volatile solid additives with opposing electrostatic potentials.
This approach induced a highly ordered stacking of the SAM layer, as confirmed by the presence of multiple X-

Received 24th November 2024, ray scattering peaks and an increased Herman orientation factor from 0.402 to 0.726 after the evaporation of
Accepted 22nd January 2025 solid additives. This optimization not only strengthened hole transport properties but also positively influenced
DOI: 10.1039/d4ee05533k the film formation kinetics of the upper active layer, improving morphology and vertical phase separation. As a
result, we achieved a notable power conversion efficiency (PCE) of 20.06% (certified 19.24%) in PM6:BTP-eC9
rsc.li/ees binary OSCs, with a further breakthrough PCE of 26.09% in perovskite-organic tandem solar cells (TSCs).

Broader context

Achieving high efficiency in both single-junction organic solar cells (OSCs) and tandem solar cells (TSCs) significantly relies on hole transport layers (HTLs) constructed from
self-assembled molecules (SAMs) with a well-ordered, face-on alignment. Herein, we successfully demonstrated a facile strategy to regulate the stacking of SAM layers via
incorporating a volatile solid additive. The opposing electrostatic potentials of (4PADCB) SAMs and (1,3,5-trichlorobenzene) TCB intensified their interaction, leading to a
highly ordered staking of SAMs with improved face-on orientation after the evaporation of the solid additive, which enhanced hole transport capacity and influenced the
film formation kinetics of the upper active layer. As a result, the binary OSC device with TCB-treated SAMs exhibited a superior PCE of 20.06% with an impressive FF of
80.64%. Moreover, we achieved a remarkable PCE of 26.09% in a perovskite-organic tandem solar cell utilizing the TCB-treated SAMs. This study provides a facile approach
to regulate the stacking and ordering of the SAM layer with solid additives to improve the performance of photovoltaic devices in single-junction and tandem cells.

Introduction as semitransparency, flexibility and cost-effectiveness."” With

the development of light-absorbing materials and advances in
Organic solar cells (OSCs) are rapidly advancing next- device engineering, the power conversion efficiency (PCE) of
generation photovoltaic technology, offering advantages such state-of-the-art OSCs has surpassed the 20% milestone.*””
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Recent high-performance devices are increasingly built on self-
assembled molecules (SAMs) as hole transport layers owing to
their excellent hole selectivity and high transmittance in
the visible-near-infrared (vis-NIR) region.®® SAM materials pri-
marily consist of anchoring, spacer and functional groups.
Anchoring is used to adhere to metal oxides (e.g., indium tin
oxide and nickel oxide), while the spacer serves as the structural
backbone for connecting the anchoring and functional groups.
Functional groups are essential for adjusting surface character-
istics, including hole transport capability, energy level and
surface energy.'*""

Additionally, for a simple one-step spin coating process to
prepare the SAM layer, an overlayer is formed with a thickness
of several nanometers, which adheres on metal oxides via both
covalent bonds and van der Waals force.*'? This indicates that
there is a coverage of the substrate through anchoring and
stacking of upper-layer molecules. The ordered stacking in SAM
layers directly determines the performance of the photovoltaic
device."! Recent studies have demonstrated that the ordered
aggregation and orientation of the SAM layer could further
improve hole-extraction capability. For example, Jen et al. replaced
the alkyl linker of (4-(7H-dibenzo[c,g]carbazol-7-yl)phenyl)-
phosphonic acid (CbzNaphPPA) with a phenyl group to improve
molecular rigidity. This modification significantly improved the
intermolecular interaction within SAMs, leading to the formation
of H-aggregates and a notable enhancement in hole mobility."?
Liu et al. designed a non-fused ring SAM that achieved a face-on
orientation of the n-functionalized backbone (aligned parallel to
ITO) through its double-phosphate anchoring groups.® This
favorable orientation enhances charge transfer and promotes hole
collection.'*™*® However, there is limited research on methods to
efficiently regulate the ordered stacking of SAM layers, and
accurately characterizing the internal feature of SAM layers
remains a challenge.

In recent years, the volatile solid additive strategy has success-
fully regulated the m—m stacking and orientation of active layer
molecules in OSCs.'” " This strategy leverages the interaction of
the additive with the donor or acceptor in the active layer (usually
weak interactions) to optimize molecular stacking, and the addi-
tive will volatilize during the thermal annealing process. Based on
these, it is worth considering that the n-functionalized backbone
on SAM may also interact with these additives to effectively
regulate m-n stacking. As a proof-of-concept, we selected the (4-
(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB) as
the SAM and 1,3,5-trichlorobenzene (TCB) as the additive.’*** The
n-functionalized backbone of SAM exhibited strong electronega-
tivity, while the benzene ring of TCB showed a relatively positive
potential distribution, facilitating the interaction between the
SAM and the additive. After the thermal annealing process, an
ordered stacking with the face-on orientation formed in the SAM
layer, which enhanced the hole transport capacity and the stability
under long-time operation. This modification also regulated the
film formation kinetics of the active layer, resulting in improved
crystallinity and ideal vertical phase separation in the blend film.
Consequently, the device with TCB-treated SAMs achieved a
superior PCE of 20.06% with a high fill factor (FF) of 80.64%.
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In perovskite-organic tandem solar cells (TSCs), the application of
additive strategy resulted in a significant PCE of 26.09%.

Results and discussion
Molecular properties and interactions

The chemical structures of 4PADCB and TCB are shown in
Fig. 1a. While 4PADCB demonstrated successful application in
perovskite solar cells (PSCs),'* TCB served as a volatile additive
that optimizes the active layer morphology in OSCs.** TCB, with
a decomposition temperature (Ty, 5% weight loss) of 42 °C,
fully evaporates at 100 °C (Fig. S1, ESIt), indicating its complete
removal during the thermal annealing (TA) process of the SAM
layer at 130 °C. To verify this, we performed Fourier transform
infrared (FTIR) spectroscopy to trace any residual TCB after the
TA process. As shown in Fig. 1b, the characteristic FTIR peaks
of TCB at 656, 1096, 1560 and 3081 cm™ " persisted in the TCB-
treated SAM without TA, but they vanished post annealing,
confirming the in situ removal of TCB during the TA process.
To further investigate the interaction between SAM and TCB,
we performed density functional theory (DFT) calculations of
the electrostatic potential (ESP) distributions using the B3LYP/
6-31G(d,p) basis set.**>* Fig. 1a illustrates that the DCB core
exhibits strong electronegativity, while the benzene ring in
TCB displays a relatively positive potential due to chlorine atom
contributions.'>*> The average ESP values (V) for the DCB
core and TCB were —1.11 kcal mol™' and 2.33 kcal mol ™"
(Fig. S2 and Table S1, ESIt), suggesting that there were sig-
nificant intermolecular interactions.”® In the assembled struc-
ture (Fig. 1c), TCB aligned preferentially with the DCB core,
forming a closely packed conjugated conformation, as evi-
denced by a stacking distance of 3.31 A and a prominent green
plane in the non-covalent interactions analysis.*® Additionally,
reduced density gradient (RDG) and Sin(4,)p analyses (Fig. S3,
ESIT) highlighted the attractive interactions between SAM and
TCB.>”*® The FTIR spectra (Fig. S4, ESIt) further corroborated
this interaction, where the vibration peaks near 1460-
1470 cm™ " and 1520-1530 cm ™~ ' corresponded to the stretching
vibrations of the carbazole ring, respectively.”® The carbazole
ring vibrations shifted slightly from 1526 and 1467 cm™' to
1527 and 1469 cm™ " after TCB treatment, indicating preferential
interaction between TCB and the DCB core. This interaction was
further confirmed by the "H NMR data (Fig. S5, ESIT), where the
peak at 7.5-7.7 ppm represented the carbazole ring of SAM. A
noticeable shift of the SAM peaks could be observed after TCB
treatment. Collectively, the DFT and experimental findings
suggested that TCB promoted compact molecular packing
within the SAM by interacting with the DCB core.">""*”
Grazing-incident wide-angle X-ray scattering (GIWAXS) tech-
nique was employed to investigate the molecular packing and
orientation of SAMs with TCB treatment (Fig. 1d). Both control
and TCB-treated SAM exhibited face-on orientation features
with the conjugation backbone parallel to the substrate. Scat-
tering profiles along the out-of-plane (OOP) directions were
obtained from GIWAXS patterns (Fig. S6, ESIt) using SGTools
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Fig.1 (a) Chemical structures and ESP distributions of 4PADCB and TCB. (b) FTIR spectra to trace the additive TCB residue in the SAM layer. (c)
Visualization analysis of non-covalent interactions. (d) GIWAXS patterns of the control and TCB-treated SAM layer. (e) Schematic plot showing that a

more ordered stacking with a face-on feature formed after TCB-treatment.

software,®® revealing the emergence of multiple scattering

peaks in the TCB-treated SAM, indicating the formation of
highly parallel-oriented period structures. Additionally, Bragg
rods appeared at ¢, ~ 9.5 nm ' in patterns of TCB-treated
SAM (Fig. S6, ESIT) form an angle of approximately 45° with
respect to the in-plane direction, providing further insights into
the ordered structure induced by TCB treatment. Consistent
with previously reported studies,*'** this suggests the presence
of both 2D hexagonal phase and cubic phase (Fig. S7, ESIt). In
the hexagonal phase, the lattice parameter, deduced from the
location of the (01) peak, indicates a lattice constant of 0.65 nm.
For the cubic phase, the lattice parameter calculated along (10) is
2.14 nm. Compared to the control SAM layer, the enhanced
ordered stacking of the SAM layer after TCB-treatment can improve
charge transfer, reduce charge carrier recombination, and facilitate
effective hole collection.""*'>'® The Herman orientation factor (f)
was used to quantify the SAM orientation,* with the TCB-treated
SAM exhibiting a significantly higher fvalue of 0.726 than that of
the control SAM’s 0.402 (Fig. S6, ESIT). Subsequently, we evaluated
the thermal stability of SAM layers, as shown in Fig. S8 (ESIt). The
main diffraction peak of the fresh SAM film is located at 4.0°,
which is consistent with the GIWAXS patterns. After heating at
55 °C for 20 hours, the diffraction peak of the control SAM layer
noticeably weakened, indicating a decrease in the ordered con-
formation of the film. In contrast, the diffraction peak of the TCB-
treated SAM layer remained almost unchanged after heating,
implying a strong and stable stacking mode. As depicted in
Fig. 1e, the volatile solid additive strategy optimized intermolecular

2538 | Energy Environ. Sci., 2025, 18, 2536-2545

interactions and molecular aggregations behavior in the SAM
layer, resulting in a highly ordered face-on orientation. This
improved packing enhances hole mobility, reduces charge carrier
recombination at the SAM/active layer interface, and ultimately
improves the device performance.

Optoelectronic properties and photovoltaic performance
of the OSCs

Peak force tunneling atomic force microscopy (PF-TUNA)
was performed to observe the surface electronic properties of
both control and TCB-treated SAM. In Fig. 2a-c, TCB-treated
SAM showed an average surface current of about 2.0 nA higher
than that of control SAM (about 1.2 nA). Also, from the J-V
dark curves of the device with the structure of ITO/control and
TCB-treated SAM/Ag (Fig. S9, ESIT), TCB-treated SAM displayed a
higher slope value of 5.71 than that of 4.98 based on control SAM,
indicating reduced contact resistance and charge transport.*~’
Binary OSCs with the ITO/SAM/PM6:BTP-eC9/C60/BCP/Ag archi-
tectures were fabricated to assess the impact of TCB on the
photovoltaic performance. Fig. 2d and Table 1 present the J-V
curves and photovoltaic parameters for the best-performing
devices (more detailed data were available in Tables S2 and S3,
ESIY). The statistical distribution of PCE over ten devices is shown
in Fig. 2e. The control device achieved a champion PCE of 19.35%,
with a Jsc of 28.43 mA cm 2, a Vo of 0.859 V, and an FF of
79.25%. In contrast, the device based on the TCB-treated SAM
reached a superior PCE of 20.06% with a V¢ of 0.863 V, a Jsc of
28.83 mA cm > and an FF of 80.64%. A certified efficiency of

This journal is © The Royal Society of Chemistry 2025
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19.24% (Fig. S10, ESIt) was achieved by the South China
National Center of Metrology-Guang Dong Institute of Metrol-
ogy. These values including PCE and FF represented some of
the highest reported for binary OSCs. According to the EQE
spectra (Fig. 2f), the OSC device based on TCB-treated SAM
exhibited an integrated current density of 28.03 mA cm >, while
the control SAM-based device reached 27.58 mA cm”. Both
values closely aligned with the Jsc values obtained from J-V
curves, showing a mismatch of less than 5%. Fig. 2¢g illustrates
the performance of unpackaged devices based on control
and TCB-treated SAMs under continuous illumination at
100 mW cm > The TCB-treated SAM device demonstrated
improved stability, which can be attributed to the more ordered
stacking of SAMs.'>"*?% Notably, a significant degradation
occurred during the initial stage of the stability test, which
may be due to the photochemical reaction at the interface and
the change in the work function of ITO under illumination.®>®
To further evaluate the versatility of TCB treatment strategy,
various active layer systems were tested, comparing the

(@)
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performance of devices based on the control and TCB-treated
SAM. The violin plot (Fig. 2h) and corresponding parameters
(Table S4, ESIT) clearly demonstrated that the TCB-treated SAM
devices outperformed the control devices.

The Mott-Schottky characteristics were analyzed by plotting
the C>-V relationship (Fig. 3a) to determine the built-in voltage
(Vi) for devices based on the control and TCB-treated SAM. The
Vpi values measured 0.719 V for control device and 0.743 V for the
device based on the TCB-treated SAM, implying reduced Schottky
barrier at the ITO/active layer interface, leading to a higher Vp¢
value.®*> The Nyquist plots were measured for devices based on
the control and TCB-treated SAM in the dark (Fig. S11, ESIt). The
recombination resistance (R..) of the device with TCB-treated
SAM was significantly higher than that of the control device,
indicating effectively suppressed carrier recombination.*
As shown in Fig. 3b, the hole mobility u, of the device based
on TCB-treated SAM was 7.24 x 10~ * cm® V' s, exceeding the
control device’s 5.97 x 10~* em® V' 57, confirming that TCB
treatment enhanced the hole transport of SAMs. The dark -V
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Fig. 2 PF-TUNA currentimages of (a) the control and (b) TCB-treated SAM. (c) Corresponding surface current signals. (d) J-V curves. (e) Statistics of PCE
for devices based on the control and TCB-treated SAM layer. (f) EQE spectra. (g) Photostability of devices based on the control and TCB-treated SAM
layer. (h) Violin plots of PCE distribution of devices based on the control and TCB-treated SAM layer (A: PM6:Y6; B: PM6:Y6:PC5BM; C: PM6:L8-BO; D:

PM6:BTP-eC9).
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Table 1 Photovoltaic performance of PM6:BTP-eC9 OSCs based on the control and TCB-treated SAMs

Voc (V) Jsc (mA cm™?)

Jsc© (mA cm™?) FF PCE (average) (%)

Control
TCB-treated

0.859 (0.856 + 0.003)
0.863 (0.863 = 0.001)

28.43 (28.28 + 0.20)
28.83 (28.70 + 0.10)

curves (Fig. 3c) indicated that the TCB-treated SAM device exhib-
ited a lower leakage current under reverse bias, suggesting
improved diode characteristics and a notable reduced leakage.*’
Transient photocurrent (TPC) and transient photovoltage (TPV)
measurements (Fig. 3d and e) revealed that the charge extraction
time for the TCB-treated SAM device was 0.197 ps, compared
to 0.296 ps for the control, while its carrier lifetime was longer
at 5.43 ps versus 3.50 ps for the control. This suggested that

27.58
28.03

79.25 (79.08 + 0.51)
80.64 (80.43 + 0.21)

19.35 (19.14 + 0.20)
20.06 (19.93 + 0.06)

enhanced charge extraction in the corresponding devices. The
exciton dissociation and charge collection behaviors were evalu-
ated by analyzing the relationship between photocurrent density
(/on) and photovoltage (Jcsr) (Fig. 3f). The device with TCB-treated
SAMs demonstrated a higher exciton dissociation efficiency
(Paiss = 98.51%) than that of the control device (Pgiss = 96.90%).
Additionally, the exciton collection probability (P..n) values for the
control and TCB-treated SAM devices were 89.96% and 95.18%,

TCB treatment suppressed charge recombination and respectively. The higher values of Py and P indicated more
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Fig. 3 (a) Mott—Schottky curves of devices based on the control and TCB-treated SAM layer. (b) SCLC of hole-only devices based on the control and

TCB-treated SAM layer. (c) Dark J-V curves. (d) and (e) TPC and TPV of devices based on the control and TCB-treated SAM layer. (f) Jon (photocurrent
density) plotted against Ve (effective voltage) for devices based on the control and TCB-treated SAM layer. (g) EQEg plots of devices based on the
control and TCB-treated SAM layer. (h) In situ PL of neat BTP-eC9 films on control and TCB-treated SAM and (i) the time evolution of PL intensity.
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efficient exciton dissociation and carrier collection in blend
films on the TCB-treated SAM, which contributed to the
increased Jsc value. Light-intensity dependence of Vyc and
Jsc was also examined (Fig. S12, ESIT), with the TCB-treated
SAM device showing a superior slope of 1.06 kT q~' to
1.10 kT q ' for the control. Additionally, the TCB-treated
SAM device had a higher o value of 0.990, compared to
0.989 for the control, suggesting reduced trap-assisted and
bimolecular recombination in the TCB-treated SAM
device. Energy loss was assessed using EQEg; measurements,
with non-radiative recombination (AE;) calculated as —kT/
In(EQEg;) (Fig. 3g). The TCB-treated SAM device showed a
lower AE; of 0.229 eV compared to 0.233 eV for the control
device. To further clarify the energy disordered within the
device, Fourier transform photocurrent spectroscopy-external
quantum efficiency (FTPS-EQE) measurements were employed
(Fig. S13, ESIT). The TCB-treated SAM device exhibited a lower
Urbach energy (Ey) of 23.10 meV compared to 24.21 meV for
the control device, indicating reduced energy disorder in the
TCB-treated SAM device. The lower nonradiative recombina-
tion loss and reduced low energy disorder in the TCB-treated
SAM device contributed to enhanced V¢, as shown in the
photovoltaic parameters.

Film formation kinetics of active layers

To further investigate the effect of the TCB treatment on the
film formation kinetics of the upper active layer, we first
conducted the contact-angle measurement to determine the
surface energy (ys) of both the control and TCB-treated SAM.
The results summarized in Fig. S14 and Table S5 (ESIY})
indicated that the TCB-treated SAM exhibited a lower ys value
of 45.12 mN m ™' than that of 49.74 mN m™ ' for the control
SAM. These differences in surface energy significantly impacted
the film formation process of the upper active layer, resulting in
distinct morphologies."**" The in situ photoluminescence (PL)
was used to study the quenching kinetics of the films on SAM,
where changes in PL intensity reflect aggregation-induced
emission quenching during the transition from the monomo-
lecular state in solution to the aggregated state in the film.*?
Fig. 3h displays the contour map of the spin-coated neat BTP-
eC9 film on both control and TCB-treated SAMs. Notably, the
BTP-eC9 exhibits a faster quenching process on TCB-treated
SAMs (Fig. 3i), implying a quicker aggregation transition than
that of the control SAM. To gain further insights into the
aggregation behavior of blend films, in situ UV-vis spectroscopy
was performed during the spin-coating process. Fig. 4a shows a
rapid decrease in absorption as the solution is ejected from the
substrate, accompanied by a notable red-shift in the peak
position of BTP-eC9. Consistent with in situ PL characteriza-
tion, a faster aggregation process was observed in the blend
film on TCB-treated SAMs (Fig. 4d), which promoted the
formation of high-crystallinity, pure acceptor phases and
enhances charge transport. In contrast, the peak position of
PM6 remained relatively stable due to the re-aggregation of the
polymer (Fig. S15, ESI1).*’> The thermal annealing process of
blend films was monitored via in situ UV-vis spectroscopy after

This journal is © The Royal Society of Chemistry 2025
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film formation. Contour maps of blend films on the control
and TCB-treated SAMs (Fig. 4b and c) show a distinct decrease
in absorption intensity and a slight red-shift of the BTP-eC9
peak. This reduction in intensity is attributed to residual
solvent evaporation. Fig. 4e and f illustrate the time evolution
of peak positions for PM6 and BTP-eC9, revealing opposing
trends. PM6 exhibited a blue-shift, while BTP-eC9 showed a red-
shift due to increased aggregation of BTP-eC9 and its incor-
poration into the donor, reducing the packing density of PM6
molecular chains. Notably, BTP-eC9 demonstrated a more
pronounced red-shift on the TCB-treated SAM, suggesting that
the lower surface energy enhances selective optimization of
acceptor domains within the polymer networks. Grazing inci-
dence small-angle X-ray scattering (GISAXS) measurement was
conducted to investigate the nanoscale phase separation beha-
vior. The GISAXS patterns are displayed in Fig. S16 (ESIt), and
the fitting data are summarized in Table S6 (ESIt). The domain
size of the amorphous phase (£) in blend films was calculated
to be 30.3 nm for the blend film on control SAM and 29.0 nm
for the one on TCB-treated SAM. Conversely, the aggregated
acceptor domain size (2Rg) increased from 15.6 nm in the
control sample to 17.8 nm in the TCB-treated one. These
results, combined with the enhanced crystallinity observed,
suggested that the TCB-treated SAM improved phase separation
in the blend film, potentially aligning more closely with the
theoretical exciton diffusion length.**

Furthermore, GIWAXS was performed to examine the mole-
cular packing in the blend films on both the control and TCB-
treated SAM (Fig. 4g and Fig. S17, ESIt). The fitting parameters
derived from the GIWAXS profiles are provided in Table S7
(ESIt). The (010) peak positions for the blend films were located
at 17.38 nm ' for the control and 17.45 nm ' for the TCB-
treated SAM, corresponding to d-spacings of 0.362 and
0.360 nm, respectively. The crystal coherence lengths (CCL) of
the n—n stacking in the blend film were calculated to be 5.47 nm
for the control sample and 5.62 nm for the one on TCB-treated
SAM, indicating tighter molecular packing and enhanced crys-
tallinity in the film on the TCB-treated SAM. Additionally,
surface morphology analysis of the blend film using atomic
force microscopy (AFM) (Fig. S18, ESIt) showed that the blend
film on TCB-treated SAMs had a smoother surface, with a
surface roughness (R;) of 1.30 nm. Transmission electron
microscopic (TEM) images (Fig. S19, ESI{) further revealed an
optimized phase separation morphology for the blend film on
TCB-treated SAM, consistent with the AFM results. To further
understand the vertical phase separation in the blend film, we
employed film-depth-dependent light absorption spectroscopy
(FLAS). The compositional distributions of PM6 and BTP-eC9
were quantified using the absorption spectrum overlap method
(Fig. 4h and i and Fig. S20, ESI).* In the blend film on TCB-
treated SAMs, PM6 was more concentrated in the bottom
region, while BTP-eC9 was enriched at the top. In contrast to
the control, the ratio of PM6 near the TCB-treated SAM inter-
face increased significantly from 58% to 73%. This higher
concentration of PM6 at the interface facilitates charge trans-
port and reduces recombination at the electrode surface.*®
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Fig. 4 In situ absorption of PM6:BTP-eC9 blend films on SAMs (a) during spin-coating and (b) and (c) during thermal annealing process. (d)(f) The time
evolutions of the absorption peak of blend films during the spin-coating and thermal annealing processes. (g) GIWAXS scattering profiles of blend films on
SAMs along OOP direction. (h) and (i) Calculated component distribution profiles of the blend films based on the control and TCB-treated SAM layer.

Photovoltaic performance of perovskite-organic TSCs

Encouraged by the broad applicability of the TCB treatment
strategy across different OPV systems, we extended this
approach to fabricate high-performance perovskite-organic
TSCs. Fig. 5a illustrates the configuration of the perovskite-
organic TSCs, with an ITO/Me-4PACz/wide-bandgap perovskite/
Ce0/BCP/Ag/M0O;/TCB-treated SAM/PM6:BTP-eC9/Cg0/BCP/Ag
structure. Fig. 5b and ¢ and Table S8 (ESIt) present the J-V
curves, maximum power point (MPP) tracking, and photovol-
taic parameters for single-junction OSCs, single-junction PSCs
and perovskite-organic TSCs. The champion TSCs achieved
an impressive PCE of 26.09%, with a Voc of 2.131 V, a Jsc of
14.95 mA cm 2, and a high FF of 81.90%, where both the PCE
and FF are among the highest values reported for perovskite-
organic TSCs (Fig. $21 and Table S9, ESI{).*” "> External quan-
tum efficiency (EQE) measurements on the TSCs, as shown in

2542 | Energy Environ. Sci., 2025, 18, 2536-2545

Fig. 5d, confirmed that the perovskite bandgap is well matched
with the OPV layer, adhering to the current matching principle
necessary for 2-terminal TSCs. Furthermore, the average PCE of
25.18% was calculated from 30 individual tandem cells fabri-
cated from different batches (Fig. 5e).

Conclusions

In summary, we have successfully demonstrated a facile strategy
to regulate the stacking of SAM layers via incorporating the
volatile solid additive TCB. The opposing electrostatic potentials
of SAM and TCB intensified their interaction, leading to a highly
ordered stacking of SAMs with improved face-on orientation
after the solid additive evaporates, which enhanced the hole
transport capacity and influenced the film formation kinetics of
the upper active layer. This resulted in an improved crystallinity
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Fig. 5 (a) Schematic and cross-sectional SEM images of the device configuration of the TSC. (b) J-V curves of champion OSCs, PSCs and TSCs. (c) MPP
tracking of TSCs. (d) EQE curves of perovskite and organic subcells in TSCs. (e) Efficiency distribution of 30 individual tandem devices.

and optimal vertical phase separation in the active layer. As a
result, the binary OSC device with the TCB-treated SAM exhibited
a superior PCE of 20.06% with an impressive FF of 80.64%.
Moreover, we achieved a remarkable PCE of 26.09% in
perovskite-organic TSCs using the TCB-treated SAM. This study
provides a facile approach to regulate the ordered stacking of the
SAM layer with solid additives to improve the performance of the
photovoltaic device in both single junctions and tandem cells.
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