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Understanding the role of perovskite surface passivators in hot carriers transfer dynamics is important
to develop highly efficient perovskite solar cells (PSCs). In this work, we have designed and synthesized
a naphthalimide-based organic small molecule (NCN) for perovskite surface defect passivator. We reveal
that the introduction of NCN not only reduces the density of perovskite defect-state, but also promotes
hot carriers (HCs) cooling in perovskite through the transient absorption spectroscopy measurements. Fast
HCs cooling permits HCs transfer from perovskite layer into NCN layer, thus resulting in the decreased
charge-carrier recombination in NCN-treated device. As expected, the power conversion efficiency (PCE)
of PSCs with NCN is enhanced to 22.02% from 19.95% for the control device. The findings are relevant for
developing highly efficient PSCs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic-inorganic perovskite solar cells (PSCs) have attracted
the attention of large number of researchers due to their advan-
tages such as high carrier mobility, adjustable band gap, long car-
rier diffusion length and large absorption coefficient [1-3]. Cur-
rently, the power conversion efficiency (PCE) of PSCs has exceeded
26% [4], which can even be comparable to silicon solar cells. Al-
though their excellent PCEs, however, low operational stability
is still a major obstacle for PSCs commercial application, which
shows great rationality with these defects of perovskite layer. Since
the crystalline growth process of perovskite materials at an uncon-
trollable condition, it is inevitable to produce some defects at the
surface and grain boundary of the halide perovskite layer. It has
been widely confirmed that these ionic defects tend to migrate and
induce some holes in perovskite layer, which can facilitate the ab-
sorption of water molecules upon air exposure and the degrada-
tion of perovskite materials [5-8]. Moreover, these defects are usu-
ally regarded as non-radiative recombination centers, resulting in
the severe deficit of charge extraction and transport by the charge
transporting materials, which ultimately decreases the efficiencies
of devices [9-12].
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In order to solve these above-mentioned problems induced by
perovskite defects, researchers have proposed various strategies,
including perovskite crystallization control, perovskite composition
optimization, surface and additive engineering, and charge carrier
transport layer development [13-20]. Among them, the perovskite
top surface modification between the perovskite-based light ab-
sorber layer and hole transport layer (HTL) has been the most
straightforward and effective strategy for efficient and stable PSCs,
which not only can effectively reduce the surface defects of the
perovskite films, but also improve the contact at perovskite/HTL
interface as well as promote the energy level matching between
the perovskite active layer and HTL [21-24]. Therefore, it is mean-
ingful to develop novel functional materials for passivating per-
ovskite defect in highly efficient and stable PSCs. Although the
rapid development in perovskite solar cells strongly promoted by
passivating defects, the influence of passivation materials on the
hot carriers (HC) transfer dynamics in perovskite absorber is still
less explored. In this work, we have designed and synthesized a
naphthalimide-based organic small molecule as perovskite surface
passivation material (NCN), as shown in Fig 1a. It was found that
NCN can strongly anchor on the top surface of perovskite layer by
the chemical interaction between the carbonyl (C=0) and the un-
coordinated lead ion in perovskite films, thus effectively passivat-
ing these surface defects as well as enhancing PSCs efficiency and
long-term stability.
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Fig. 1. (a) Molecular chemical structure of NCN. (b-d) Equilibrated structure (front
view, side view, top view) of the perovskite surface passivated with NCN.

As shown in Scheme S1 (Supporting information), the targeted
compound NCN was prepared according to two simple procedures,
and the experimental details are provided in the supporting infor-
mation. NCN was determined with the proton nuclear magnetic
resonance spectroscopy and mass spectrometry, and the analysis
results are shown in Figs. S1 and S2 (Supporting information).
First, density functional theory (DFT) calculations were performed
to gain insight into the interaction between NCN and perovskite.
As shown in Figs. 1b-d, the geometry-optimized structures illus-
trate that the two oxygen atoms of NCN molecules can bind with
the Pb atoms at the surface of perovskite material.

X-ray photoelectron spectroscopy (XPS) was used to study the
interaction between perovskite and NCN. As shown in Fig. 2a, the
O 1s spectrum of the perovskite/NCN films shows an obvious signal
of Pb-O compared with the control perovskite films. Additionally,
the Pb 4f peaks in perovskite/NCN sample move to lower binding
energy with comparison to the control one (Fig. S3 in Supporting
information). The XPS results suggest the interaction existence of
NCN molecules and perovskite, which helps passivating trap states
of perovskite films [25]. We further investigate the interaction by
Fourier-transform infrared spectroscopy (FTIR) (Fig. S4 in Support-
ing information). The peak at 1698 cm~! is the stretching vibra-
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tion of the C=0 group of NCN, which is shifted to 1694 cm~!
in NCN/Pbl, sample, confirming the interaction between NCN and
perovskite. Fig. 2b shows X-ray diffraction of perovskite films with-
out and with NCN. Clearly, the intensity of Pbl, characteristic peak
at 12.7° in perovskite films with NCN is weaker than that of the
control films, confirming that NCN can strongly passivate the per-
ovskite defects. To quantitatively study the defect density, electron-
only devices without and with NCN was fabricated to measure the
trap density of perovskite films employing the space charge limited
current (SCLC) method. As shown in Fig. S5 (Supporting informa-
tion), the trap-filled limited voltage (Vrp ) of NCN treated device
is decreased to 0.18V from 0.42V for the control device. Thus, the
perovskite films treated with NCN delivers a lower trap state den-
sity (N¢) value of 2.37 x 10> cm~3 than that of the control films
(5.53 x 101> ¢cm—3), which confirms the reduced perovskite defect
density after NCN treatment.

We then fabricated PSCs with an architecture of
FTO/Sn0, /perovskite/Spiro-OMeTAD/Ag to evaluate the effect
of NCN on device photovoltaic performance. The photocurrent
density versus voltage (J-V) curves of the control and NCN-treated
devices are presented in Fig. 2c. The control device yields a PCE of
19.95% with a short-circuit current density (Jsc) of 24.63 mA/cm?,
an open-circuit voltage (Voc) of 1.09V, and a fill factor (FF) of
0.746. These photovoltaic parameters are enhanced with the in-
troduction of NCN, the device exhibits a PCE of 22.02%, with a Jsc
of 24.85mA/cm?, a Vgc of 1.14V, and an FF of 0.776. Meanwhile,
the device treated with NCN exhibits reduced hysteresis. The
statistical PCEs of 40 devices are shown in Fig. S6 (Supporting
information). The results reveal that the NCN-treated devices
exhibit a higher average PCE with better reproducibility than that
of the control devices. Moreover, the NCN-based device exhibits a
higher stabilized PCE output of 21.86% with relative to the control
one (19.21%) (Fig. S7 in Supporting information). Then, we further
evaluated the long-term stability of these devices stored under
nitrogen. As displayed in Fig. S8 (Supporting information), the
NCN-based device exhibits better stability with retaining 94% of its
initial efficiency after 800 h, while the control device only remains
74% of the original value. The enhanced stability of NCN-based
device could be ascribed to the high hydrophobicity of perovskite
surface after NCN treatment (Fig. S9 in Supporting information).
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Fig. 2. (a) O 1s of XPS spectra of perovskite films without and with NCN. (b) XRD patterns of the control and perovskite films with NCN. (c) J-V curves of the control and

NCN-based devices. (d) TRPL spectra of perovskite films without and with NCN.
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Fig. 3. (a, b) 2D pseudo-color plots of fs-TA spectrum of perovskite films pumped at 475 nm. (c¢) Extracted hot carriers temperature with delay time. (d) Normalized bleaching

dynamics of perovskite films.

AFM was employed to investigate the effect of NCN on the
top surface of perovskite layer. As shown in Fig. S10 (Support-
ing information), the root-mean-square (RMS) roughness of per-
ovskite films is decreased from 21.5nm to 18.7 nm upon NCN treat-
ment, indicating a smoother film in NCN-treated perovskite sam-
ple, which would be favourable for enhancing the interfacial con-
tact and charge transfer between perovskite layer and HTL. To
gain insight into the improved performance in NCN-treated device,
steady-state photoluminescence (PL) and time-resolved photolumi-
nescence (TRPL) measurements were performed. As shown in Fig.
S11 (Supporting information), a decreased PL intensity is observed
for the FTO/SnO,/perovskite/NCN sample compared with the con-
trol perovskite films with NCN, indicating better charge carriers
(electron) transport from NCN-treated perovskite films into SnO,-
based ETL. Fig. 2d shows TRPL spectra of these samples, and their
fitted data is listed in Table S1 (Supporting information). The con-
trol sample exhibits an average decay lifetime of 373.1 ns, whereas
the target sample shows a shorter decay lifetime of 126.7 ns. The
results further confirm that the electron transfer in NCN-treated
sample is more efficient.

In order to fully understand the transfer dynamics of photoex-
cited hot carriers in device, which can be accessible by femtosec-
ond transient absorption spectroscopy (fs-TA). Figs. 3a and b dis-
play the 2D pseudo-color TA plots of these two samples probed
at 475nm. Upon photoexcitation, a strong photobleaching (PB)
band at around 760 nm is observed in both samples owing to the
band-filling effect [26-28]. Figs. S12 and S13 (Supporting informa-
tion) compare the normalized the time-dependent TA spectra from
0.2 ps to 3.0 ps. The broad high-energy tails (black arrow) near the
PB band observed in TA spectra represent the hot carriers cool-
ing process [26]. We found that the tail of perovskite/NCN films
becomes narrower with continuously increasing the time com-
pared with the pristine perovskite films, indicating the existence
of NCN accelerates the hot carriers cooling that is usually assessed
with the average carrier temperature (T¢) [29-32]. Fig. 3c displays
the time dependence of T¢ for these samples. Clearly, both films
show continue T¢ drop with the decay time, meanwhile, the per-
ovskite/NCN sample shows much lower initial T¢ value than that
of the control one, which confirms a fast hot carriers cooling in

NCN-treated perovskite films. Fig. 3d shows the kinetic profiles of
perovskite films without and with NCN, and the fitted parameters
are listed in Table S2 (Supporting information). The average hot
carriers lifetime (7ayg) decreases from 4.73 ps for the pristine per-
ovskite films to 3.49 ps for perovskite/NCN films, further confirm-
ing that photogenerated hot carriers of perovskite layer can be ex-
tracted by the NCN layer, which is good for transporting the charge
carriers and suppressing the charge recombination in device, con-
sequently improving device performance. Fig. S14 (Supporting in-
formation) displays the kinetic decay lifetime of perovskite/Spiro-
OMeTAD films without and with NCN. The 7,y value of the control
perovskite/Spiro-OMeTAD sample is 2.70 ps, which is reduced to
2.07 ps for perovskite/NCN/Spiro-OMeTAD sample, confirming the
improved hot hole transfer from perovskite layer to HTL after NCN
treatment.

To better understand the charge recombination process, light
intensity (Pjjgn)-dependent Jsc characterizations were measured
for these devices, which are fitted by the equations of JscocPyign:*
[24,25]. As shown in Fig. 4a, NCN-treated device obtains a larger
slope value (o =0.997) than that of the control device (o =0.986),
indicative of a reduced interfacial charge carrier recombination in
NCN-based device [33,34]. Then, we further used transient photo-
voltage (TPV) decay to investigate quantitatively the charge carrier
lifetime in these devices. Fig. 4b reveals that the device with NCN
treatment achieves a longer decay lifetime of 325 s than that of
the control device (189 ps), clearly demonstrating the decreased
charge carrier recombination by the NCN modification [35], finally
in turn contributing to the enhanced V¢ in PSCs.

In this work, we have designed and synthesized a
naphthalimide-based organic small molecule (NCN) as an ef-
fective perovskite interface modifier. The NCN treatment can
effectively reduce the trap-state density of the perovskite interface
owing to the interaction between NCN and perovskite. The fs-TA
observation found that the photogenerated hot carriers can be
efficiently transported from perovskite layer to NCN molecules,
and thus strongly suppressing the charge carrier recombination in
device. Finally, the PCE of PSCs with NCN is enhanced to 22.02%
from 19.95% for the control device. These results provide some in-
sights for designing new passivating materials and understanding
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Fig. 4. (a) Jsc versus light intensity of devices. (b) The transient photovoltage (TPV) decay curves of PSCs.

hot carriers transfer in perovskites that is very important factor
for enhancing PSCs performance.
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