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The efficiency of perovskite solar cells is constrained by surface and bulk recombination, along with
poor band alignment at the interfaces of the transport layers. In our study, we demonstrate that
modifying the surface and grain boundary (GB) of perovskite using tetraphenylethylene-enamine (TPE-
en) enhances band alignment at the perovskite-hole transport layer interface and mitigates
recombination within the perovskite material. By leveraging the solubility of small organic molecules in
orthogonal solvents, we introduce TPE-en onto the perovskite surface akin to anti-solvent methods. Our
investigation reveals a significant enhancement in the short circuit current density, fill factor, and open
circuit voltage of the surface-modified (SM) perovskite. Specifically, we achieve a total power conversion
efficiency of 18.73% (MAg oAAq1Pbls). Comparative analyses show TPE-en outperforms other reported
TPE derivatives in device performance. Through systematic interface analysis, we observe that TPE-en
effectively reduces surface and GB defects by elevating the HOMO levels of the perovskite, introducing
an interface dipole at the perovskite-spiro-OMeTAD interface. Optical measurements such as time-
resolved photoluminescence, Ultraviolet photoelectron spectroscopy, and X-ray photoelectron
spectroscopy were used to investigate the cause of this improvement. A 0.28 eV surface dipole formed
provided effective band alignment, resulting in enhanced hole extraction and photovoltaic performance.

1. Introduction

The hybrid organic-inorganic perovskite solar cell is a leading
contender in emerging low-cost photovoltaic technologies.'™
State-of-the-art perovskite solar cells (PSCs) feature a perovskite
layer sandwiched between electron and hole-transporting layers
(ETL and HTL).”® However, the performance of these cells is
constrained due to surface and bulk recombination, alongside
band misalignment at these crucial interfaces.’ The prevailing
HTL, lithium bis(trifluoromethane sulfonyl)imide (LiTFSI)
doped Spiro-OMeTAD, often falls short in optimizing efficiency
and stability as it interacts with light and temperature.'®™*
Hence, restructuring interface engineering processes becomes
imperative to tackle these challenges reliably and efficiently.
The entrapment of charge carriers at the surface of perovs-
kite, arising from 2-D defects induced by lead and iodine
dangling bonds, as well as defects at grain boundaries, poses
a significant hindrance to efficient charge collection and
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aggravates recombination.”™” Traditional approaches to address

these challenges involve chemical or field-effect passivation to
regulate the electrical activity of surface defects. Several strategies
have been explored, ranging from fine-tuning the perovskite
composition to engineering solvents with additives and anti-
solvents, alongside post-deposition annealing and incorporating
thin interlayers and novel transport materials."®**° Among them,
incorporating organic m-conjugated semiconducting materials
coupled with Lewis’s base units represents a noteworthy
approach.>* They serve a dual purpose, effectively combining
trap-passivation and charge extraction functionalities, enhancing
both photovoltage and photocurrent.*>>* The Lewis base compo-
nents efficiently passivate the Lewis acid traps, such as under-
coordinated Pb ions and Pb clusters, present on the surface and at
the grain boundaries of perovskite.>>>¢

In this context, we introduce the TPE-en, a tetraphenylethy-
lene derivative of incorporating an enamine moiety, as a potent
passivating agent for enhancing the surface properties of
perovskite films. TPE-en is constructed with a tetraphenyl
ethylene (TPE) backbone, a renowned component widely
employed in organic electronics applications.?””*® Its synthesis
is based on readily available starting materials via straightfor-
ward condensation reactions that are amenable to gram-scale
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production under mild conditions without any byproducts.
While organic semiconductors often face scrutiny for stability
and environmental impact, TPE-en’s robust n-conjugated core
may contribute to improved durability. Looking ahead, efforts
should be directed toward greener synthetic approaches, life-
cycle assessment, and evaluating economic feasibility to ensure
scalability and sustainable commercialization.

TPE-en functions as the pivotal anchoring Lewis base, capable
of passivating surface defects in the perovskite structure. Specifi-
cally, the enamine functional group embedded within TPE-en
serves as the essential Lewis base.>*>° The inherent properties of
TPE core as Lewis base to interact with uncoordinated bonds of
perovskite facilitates us to use it into perovskite surface via.
Loading molecule with orthogonal solvent such as chlorobenzene
(CB). Such advantageous features contribute to enhancing the
efficiency of TPE-en in passivating surface defects and optimizing
the dynamics of charge carriers in perovskite solar cells. Our
research indicates that TPE-en can contribute to chemical passi-
vation, field effect passivation, or both, while aligning energy
levels. The decrease in defects was validated through progressively
enhanced optoelectronic and device measurements.

2. Results and discussion

In this study, we present the utilization of an enamine-based
organic material, TPE-en, as an effective passivation agent.
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TPE-en meets the essential criteria for an ideal passivation
material, including solubility in various orthogonal solvents
to perovskite, facilitating solution processability. Additionally,
it possesses a substantial bandgap of 2.8 eV, with minimal
absorption observed within the crucial range of 600-800 nm.
Remarkably, solar cells employing TPE-en-modified double-
cation perovskite exhibit a notable increase in power conver-
sion efficiency (PCE) from 15.42% to 18.73% compared to
pristine cells. Comparative analysis indicates superior perfor-
mance of TPE-en over other reported TPE derivatives in terms
of efficiency enhancement.

To elucidate the underlying mechanisms leading to enhanced
efficiency, we conducted optical and electrical measurements. Our
findings suggest that the introduction of TPE-en derivative
induces interface dipoles at the perovskite surface, thereby enhan-
cing band alignment at the perovskite-hole transport layer (HTL)
interface. The novel enamine-based TPE derivative synthesized in
this study is illustrated in Fig. 1a. Further investigation of the
photo-physical properties of TPE-en through ultraviolet-visible
(UV-vis) absorption and steady-state photoluminescence (ss-PL)
spectroscopy reveals predominant absorption of lower wave-
lengths (<450 nm). The band below 300 nm is associated with
the n—-n* transition of the n-conjugated backbone, while the band
within the range of 300-450 nm is attributed to intramolecular
charge transfer (ICT) between the periphery moieties and the core
tetraphenylethylene group.
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(a) Synthetic pathway (b) Absorption and PL spectra and (c) UPS spectra of TPE-en.
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A band gap of 2.8 eV is obtained by fitting the absorption
edge using the Woods and Tauc equation (eqn (1) in SI).*"** For
perovskite absorbers, our wavelength of interest is between
400-800 nm. The PL emission spectra ranges from 420 to
650 nm and is in conjunction with the absorption edge with
an emission peak at 503 nm Fig. 1b. We are fabricating n-i-p
devices with the perovskite/HTL interface on the far side of the
light illumination. The photons reaching the perovskite/HTL
interface have even longer wavelengths of 600-800 nm, for
which TPE-en is effectively transparent, especially at thickness
used here.

To understand the charge-transfer, we measured the HOMO
and LUMO levels of TPE-en using ultraviolet photoelectron
spectroscopy (UPS) (Fig. 1c). For a pristine TPE-en film the work
function was —4.23 eV and HOMO level was —5.8 eV. Consider-
ing the material’s band gap of 2.80 eV, we calculated the LUMO
level as —3.0 eV. The films are also stable up to 413 °C (Fig. S1d).

One of the ways our work differs from previous attempts
with other TPE derivatives is the way we incorporate the TPE-en
in the perovskite layer. Here the TPE-en was included in the
antisolvent (chlorobenzene) in the dilute concentration of
11.1% v/v (Fig. 2a). The method yields a quite a uniform
distribution of TPE-en on perovskite (<5 nm at 11.1% v/v
concentration) which is beyond the resolvable limit of a micro-
scope (Fig. S4). From the histograms below (Fig. 2c-f) we
observe the spread of device performance to be repeatable to
a wide order, thus, despite its simplicity, the method of
modifying perovskite surface is very consistent, showing that
the TPE-en distribution is conformal and continuous.

Surface-modified (SM) perovskite devices show better device
characteristics than pristine perovskite (from Fig. 2b). The
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photovoltaic parameters of the champion devices are listed in
Table 1. The best pristine device yielded a short circuit current
density of 21.27 mA cm ™, open circuit voltage (Vo) of 1.01 V,
fill factor (FF) of 71.79%, and power conversion efficiency (PCE)
of 15.43%.

In comparison, the photovoltaic data of SM perovskite is
superior with champion device J,. of 23.51 mA cm ™2, V,. of
1.09 V, FF of 73.08%, and PCE of 18.73%. The enhancement is
most noticeable in the short circuit current density (Js.) and fill
factor (FF), with a relative improvement of 8-13% and an
absolute improvement of 2-8%, respectively.

The SM perovskite-based devices also show near-ideal diode
behavior compared to pristine perovskite devices with ~23%
reduction in their ideality factor (n;q) (Table 1) and a reduction
by an order in leakage current (J, mA cm™?). These results are
all consistent with lower surface recombination, better band
matching at the interface, and, consequently, longer carrier
extraction length in the nip device.****

This improvement in the device due to the TPE-en could be
attributed to chemical passivation or field-effect passivation, or
both. The XRD pattern (Fig. S5) for the pristine and SM
perovskite shows no shift in the material’s peak position.
Similarly, no change in the band gap is observed (Fig. 3a).
Therefore, as expected, the unit cell structure of the perovskite
films remains unaffected due to surface modification. However,
the reduction in defects is readily seen in optical measure-
ments. The gentle onset of optical absorption in the pristine
perovskite is due to the defects at the band-edge (Fig. 3b). The
disorder is quantified by Urbach energy which for pristine films
is 89.2 meV, whereas the absorption onset is sharper for SM
perovskite with an Urbach energy of 22.1 meV. Although optical
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Fig. 2

(a) Device schematic and the deposition of pristine and SM perovskite, Light J-V characteristics and ideality factor of the champion cells using (b)

Double cation perovskite MAg 9AAq 1Pbls (350 nm), (c)—(f) Statistics of current density (Jsc), open-circuit voltage (Vo) fill factor (FF), and power conversion
efficiency (PCE) for Pristine and SM perovskite with double cation perovskite as an absorber.
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Table 1 Device parameters of the champion devices
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Perovskite used Variation Jse (mA ecm™?) Vo (V) FF (%) 1 (%) Tia Jo(x107° Aem™?)
MA, 4AA ;Pbl, Pristine 21.27 1.01 71.79 15.43 1.84 46
SM 23.51 1.09 73.08 18.73 1.61 1.48

absorption is not the most accurate method to calculate Urbach
tails,>>*” however, the net reduction of 67.1 meV is significant.
Due to the presence of TPE-en, there are fewer defects in SM
perovskite than in pristine perovskite.

To confirm lower interface recombination, we also measure
time resolved photoluminescence (TRPL). Noticeably, TRPL
measurements were performed using picosecond laser diode
of wavelength 673 nm as the excitation source to prevent any PL
and lifetime contribution from the TPE-en which emits in the
range of 420-650 nm. The transient PL signal was fit to a bi-
exponential: y = A; x exp (—x/t1) + Ay X exp (—x/1) + Yo (Fig. 3c).
The faster decay component () corresponds to the radiative
recombination, and the slower decay component (t,) corre-
sponds to the non-radiative recombination. A; and A, are the
weight percentages associated with respective mechanisms.
The calculated parameters are listed in Table 2. The t; for
pristine perovskite is 21.33 £ 1.67 ns, and for SM perovskite,
it is 40.30 & 1.44 ns and 1, for pristine perovskite is 813.57 +
4.74 ns, and for SM perovskite, it is 1074.54 + 118.21 ns. A
slightly higher lifetime in SM perovskite implies a better charge
carrier recombination lifetime.

The perovskite/transport-layer interface can be improved by
(a) chemical passivation, (b) field-effect passivation or (c) better
band alignment.** Dangling bonds at the perovskite surface are
chemically eliminated in chemical passivation, reducing defects
and carrier recombination. A surface electric field is established
in field-effect passivation, which repels one type of carrier and
limits carrier recombination.*®?*° Better band-alignment helps in
efficient charge extraction, reducing carrier pile-up and recom-
bination at the interface. While optical experiments confirm the
lower recombination, they do not differentiate between these
mechanisms. We use X-ray & Ultra-Violet Photoelectron Spectro-
scopy (XPS & UPS) to make the distinction. The XPS binding
energy peaks for Pb 4f;, and Pb 4f;, in perovskites lie at
143.36 eV and 138.48 eV (Fig. 4a). These peaks don’t shift
after surface modification, implying the absence of any surface
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band-bending or electric-field.*** The oxidation state of the Pb
atoms is also unchanged, so chemical modification is ruled out.

UPS measurements were used to investigate the band-
alignment. To the extent that XPS is sensitive, we do not see
evidence of significant chemical or field-effect passivation.
Fig. 4(b and c) shows the UPS curve for Pristine and SM
perovskite and lithium-doped spiro-OMETAD. Fig. 4d shows
the flat band diagram obtained from the UPS data. The intro-
duction of TPE-en modifies the work function of the perovskite
surface from —4.87 eV (pristine perovskite) to —4.59 eV (SM
perovskite). The change in work function can be explained by the
0.2 eV surface dipole. TPE-en molecule has a dipole of 2.71 D
(Fig. S2). Similar dipoles are seen in heterointerfaces of con-
jugated molecules,”**® which are known to change work-
function.*>***® The proposed dipolar/zwitterion state in the
TPE-based twisted excited state system would get influenced by
the extended conjugation that exists in the TPE-en based
derivative.*®® The position of the HOMO level with respect to
the vacuum level is —5.62 eV in SM perovskite, compared to
—5.97 eV for pristine perovskite. The difference in the valence
band edge of perovskite and HOMO of the spiro-OMeTAD
gives the band-alignment at the interface. The relative shift of
~0.35 eV, reduces the band-offset of the perovskite/spiro-
OMEeTAD interface by 70 meV, improving charge extraction.
In summary, the device performance improves neither due to
the chemical nor due to the field-effect passivation. Rather, a
better band alignment at the perovskite/spiro-OMeTAD interface
is responsible for the higher jsc and FF in SM-perovskite.

We have compared the performance of TPE-en with other
TPE-based derivatives such as TPE-4MDPA (N,N-di(4-
methoxyphenyl)aminophenyl) with non-fused conjugated struc-
ture and TPE derivatives substituted with fused conjugated
structure such as TPE-4cz (carbazole), and TPE-tcz (tertiary
butyl carbazole) (Fig. S7).

These were synthesized as per the reported recipes.
Fig. 4e shows the light JV characteristics of the champion solar
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(a) Tauc Plot, (b) absorption coefficient and (c) TRPL spectra of pristine and SM perovskite.
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Table 2 Summary of lifetime parameters obtained from the bi-exponential fitting of PL decay curve
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Variation Aq (%) 7, (ns) A, (%) 7, (ns) Tavg (NS)
Pristine perovskite 3.55 21.33 £ 1.67 96.45 813.57 £ 4.74 812.8
SM perovskite 66.95 40.30 £+ 1.44 33.05 1074.54 + 118.21 1001.51
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(a) XPS spectra, (b) and (c) UPS spectra of pristine perovskite, SM perovskite, and Spiro-OMETAD, (d) Band alignment at the interface of perovskite

(with and without surface modification) and Spiro-OMETAD (e) Light J-V characteristics and ideality factor of champion cell and (f) and (i) statistics of
current density (Jsc), open-circuit voltage (Vo). fill factor (FF), and power conversion efficiency (PCE) for SM perovskite with different TPE derivatives.

cell, and the photovoltaic performance is listed in Table 3.
The device using SM perovskite using enamine derivative
gave J;. of 24.5 mA cm™?, V,. of 0.96 V, FF of 75%, and PCE
of 17.5%. Whereas the devices using TPE-MDPA obtained J,. of
23.8 mA cm 2, V. of 0.97 V, FF of 69%, and PCE of 15.9%; TPE-
4cz obtained J,. of 24.2 mA cm ™2, V. of 0.95 V, FF of 71% and

Table 3 Device parameters of the champion devices

PCE of 16.32%; and TPE-tcz obtained J,. of 24.8 mA cm ™2, V. of
0.94 V, FF of 71% and PCE of 16.7%. The ideality factor
calculated from the dark j-V characteristic of the champion
solar cell (Fig. 4e) for TPE-en is 31% less than TPE-MDPA, 7%
less than TPE-4Cz, and 3% lesser than TPE-tcz. Leakage current
is also less in the case of an enamine derivative-based device.

TPE derivative used Jse (MA em™?) Voe (V) FF (%) 1 (%) Tia Jo(x107° Aem™?)
TPE-en 24.5 0.96 75 17.5 1.38 2.74 x 1072
TPE-MDPA 23.8 0.97 69 15.9 1.69 1.2

TPE-4cz 24.2 0.95 71 16.32 1.45 7.3 x 1077
TPE-tcz 24.8 0.94 71 16.7 1.41 9.49 x 107°

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 2943-2950
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Although the differences are small, the histogram of 20
devices shows that the TPE-en derivative is the best. (Fig. 4(f-
i)). The largest contributor to the improvement in Py, is the
better FF, suggesting charge extraction is an important factor.
We are trying to understand the chemistry, but one possible
reason could be better band matching of TPE-en with perovs-
kite and spiro-OMETAD. Another reason could be the compara-
tively smoother surface morphology of deposited TPE-en with
better interfacial contact and charge transport.

In summary, we demonstrate an effective method to reduce
the electronic defects at the perovskite surface and perovskite-
Spiro interface by modifying the perovskite surface using a
small organic molecule, ie., the enamine derivative of TPE.
TPE-en minimizes the surface defects by the formation of a
dipole interface which provide better band-alignment at the
perovskite and HTL interface by pulling up the HOMO level of
SM perovskite, which attenuates non-radiative carrier recombi-
nation and provides effective band alignment and improves
hole extraction, resulting in the enhancement of the photo-
voltaic performance of PSCs. The SM perovskite-based PSC
achieves an average power conversion efficiency (PCE) of
18.73% (with double cation perovskite). Devices with perovskite
surfaces modified with TPE-en derivative obtained better device
performance than other reported TPE derivatives.
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