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a b s t r a c t

Defects at the grain boundaries (GBs) of perovskite film highly restrict both the efficiency and stability of

perovskite solar cells (PSCs). Herein, organic small molecules of butanedioic acid (BA) and acetylenedicar-

boxylic acid (AA), containing two carbonyl (C=O) groups and different core-units, were incorporated into

perovskite as additives for PSCs application. Thanks to the strong coordination interaction between C=O

group and under-coordinated Pb2+, the additives can effectively passivate film defects and regulate the

perovskite crystallization, yielding high-quality perovskite films with lower defect densities. More impor-

tantly, the additives can efficiently regulate the charge transport behaviors in PSCs. Benefiting from the

defects passivation and the regulation of charge carrier dynamics, the BA and AA-treaded PSCs show the

power conversion efficiencies of 21.52% and 20.50%, which are higher than that of the control device

(19.41%). Besides, the optimal devices exhibit a remarkable enhanced long-term stability and moisture

tolerance compared to the pristine devices. Furthermore, the transient absorption spectrum reveals the

mechanism of enhanced photovoltaic performances, attributing to the improvement of charge transport

capability at the perovskite/Spiro-OMeTAD interfaces. This work affords a promising strategy to improve

the efficiency and stability of PSCs through regulating the charge-carrier dynamic process in perovskite

film.

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

Medica, Chinese Academy of Medical Sciences.

In the past decades, organic-inorganic hybrid perovskite solar

cells (PSCs) have gained extensive attention in the next generation

of photovoltaic devices owing to their superior advantages, such

as high light-absorption coefficient, high carriers mobility, low re-

combination rate, adjustable bandgap, low exciton binding energy

and low-cost solution-process fabrication, etc. [1–7]. Up to now,

many efforts have been devoted to further improve the photo-

voltaic properties and recently a certified record power conversion

efficiency (PCE) exceed 26% was achieved in single-junction PSCs

[8], which is comparable with the crystalline-silicon solar cells.

However, numerous inevitable defects formed at the GBs during

the solution-processed polycrystalline perovskite films and post-

heat treatment [9–11]. Those defects (such as under-coordinated

Pb2+ and GBs) not only induce serious charge-carrier non-radiative

recombination but also provide channels for moisture/oxygen in-
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filtration, which extremely reducing the efficiency and stability

of PSCs and hinders their commercial application [12–16]. There-

fore, the effective defect passivation and high-quality perovskite

films are critical to achieve the highly-efficient and stable PSCs. Re-

cently, various strategies have been employed to regulate the qual-

ity of perovskite films, passivate defects and improve the charge

transportation ability to boost the efficiency and stability of PSCs,

such as interfacial modification [17], composition modulation [18],

green-solvent engineering [19], 2D/3D heterojunction [20] and ad-

ditive engineering [21,22]. Among them, additive engineering has

been confirmed as a feasible and effective strategy for defect pas-

sivation and crystallinity regulation in perovskite [23]. Up to date,

various additive materials with different structural features and

functional groups have designed and employed to improve the

photovoltaic performances of PSCs.

To the best of our knowledge, under-coordinated Pb2+ and GBs

related traps are the dominate recombination centers in perovskite

film, which impedes the enhancement of efficiency and stability

https://doi.org/10.1016/j.cclet.2024.109587
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[16]. Considering the Lewis acid nature of PbI2, Lewis bases addi-

tives with various functional groups (such as N-, S-, P- and O) are

widely employed to bond with under-coordinated Pb2+ and form

the Lewis acid-base adducts via strong coordination reaction, lead-

ing to the reduction of defects-induced charge nonradiative recom-

bination and the formation of high-quality perovskite film [24–27].

For example, Tan et al. introduced Lewis base additive of ethyl 2-

(2-aminothiazole-4-yl)-2-hydroxyiminoacetate (EHA) into PbI2 pre-

cursor, which can passivate both Pb-I anti-site and iodine vacancy

defects and promote the charge transfer, resulting in the cham-

pion efficiency of 24.1% and excellent humidity and thermal stabil-

ity of devices [28]. Liu et al. incorporated the multifunctional ad-

ditive of BBF complex that contains both C7H9N and BF3 groups

into perovskite precursor, the groups separately bond with under-

coordinated Pb2+/I− and FA+, which achieves the passivation of

both cation and anion defects derived from perovskite. The syn-

ergistic effect of Lewis base and Lewis acid groups improved the

stability and the efficiency of PSCs exceeding 23% [29]. Owing

to the excellent passivation effect of carbonyl group and the hy-

drophobic characteristic of long alkyl chain, Chen’s group reported

that the introduction of 11Maleimidoundecanoic acid (11MA) ad-

ditive molecule effectively reduced the trap-states density and in-

hibited ion migration in perovskite film, thus effectively enhanc-

ing the efficiency and stability of tri-cation based hybrid PSCs

[30]. Besides, the antisolvent additive engineering (AAE) strategy

has been utilized to heal the trap states derived from perovskite

[31,32]. Among various electron-donors, the carbonyl (C=O) func-

tional group has been proven that enormous potential to passivate

defects owing to the strong electronegativity of oxygen atom. Al-

though great improvements in PSCs have been achieved by intro-

ducing additive materials, the influences of different additive struc-

tures on the charge-carrier kinetics in shorter timescale still lack

systematic explorations.

Recognizing the strong passivation effect of C=O group, two

carbonyl-containing flexible small organic molecular additives with

different core units, named butanedioic acid (BA) and acetylenedi-

carboxylic acid (AA), were designed to optimize the photovoltaic

properties of PSCs. Furthermore, we have investigated the pos-

sible structure-activity relationship between molecular structures

and optoelectronic properties. With the introduction of additives,

the coordination interaction between Pb2+ and C=O groups effec-

tively modulates the crystal growth kinetics and promotes the for-

mation of high-quality perovskite films with smooth and pinhole-

free surface, which are beneficial to reduce the defects density. As

a consequence, the PCE significantly improved from 19.41% (con-

trol) to 21.52% and 20.50% after treatment with BA and AA, respec-

tively. Particularly, the BA-treated device reveals excellent stability

and the efficiency still remains 93.7% of initial PCE after aging over

1100 h. In addition, the charge carrier transfer photophysical pro-

cess were deeply investigated by transient absorption (TA) spec-

troscopy.

Fig. 1a depicts the molecular structures of organic molecu-

lar additives with different core-unit of C–C and C≡C bond for

BA and AA that contain two terminal carbonyl groups. As a typ-

ical high electrons density group, C=O groups can coordinate

with under-coordinated Pb2+ by donating isolated electrons pairs,

achieving effective defects passivation and crystallization regula-

tion [33]. The possible formation mechanism of perovskite films

with molecular additives are shown in Fig. 1b. Generally, the per-

ovskite shows rapid nucleation and crystallization under the post-

annealing treatment, thus, it is easy to form the poor-quality

perovskite films that containing pinholes, more grain bound-

aries and excessive under-coordinated Pb2+ defects, which would

cause charge recombination and energy loss in PSCs. On the con-

trary, the strong coordination interaction between C=O group and

Pb2+ may retard the perovskite crystallization, thereby promot-

ing the preferential orientation and uniform growth of perovskite

films.

To identify the effects of additives on the crystallinity and

growth of perovskite films, XRD characterizations were conducted

and shown in Fig. 1c. It can be found that all samples exhibit typ-

ical diffraction peaks at 14.12°, 28.42° and 31.78°, which are sep-

arately assigned to the (110), (220) and (310) crystal planes of

perovskite films [13,34]. Noticeably, the diffraction peaks at 12.83

degree arising from the residual PbI2 has been effectively sup-

pressed after incorporating additives compared with the pristine

film, demonstrating that organic small molecules treatment shows

a positive effect on inhibiting traps formation [23]. More impor-

tantly, no distinct peaks shift and other character peaks are de-

tected after incorporating additives. As shown in Fig. S1 (Support-

ing information), the full width half-maximum (FWHM) of (110)

peak at 14.12° decreased from 0.141 (control) to 0.126 (BA-treated

perovskite), demonstrating that the introduction of BA can effec-

tively regulate the crystallization process of perovskite, promoting

the formation of high-quality perovskite film with large grain sizes,

thus reducing the film defects. Furthermore, the ultraviolet-visible

(UV–vis) absorption spectrum characterization was performed (Fig.

1d). Clearly, all films exhibit a similar UV–vis absorption spectrum

with an optical absorption edge around 785 nm, particularly, the

BA and AA-treated perovskite films have much stronger light ab-

sorption intensity compared with the bare film, which is ascribed

to the better quality of perovskite films. Meanwhile, the optical

bandgap (Eg) of bare and additive-treated films were estimated

by the corresponding Tauc plot and displayed in Fig. S2 (Support-

ing information). The calculated bandgaps were about 1.56, 1.56 to

1.57 eV for bare, BA and AA-treated perovskite films, respectively.

The results indicate that the molecular additives passivation treat-

ment show a negligible impact on the intrinsic bandgaps of per-

ovskite.

To verify the interaction mechanism and the surface chemi-

cal states of perovskite films upon BA and AA additives, X-ray

photoelectron spectroscopy (XPS) analysis was conducted. Fig. S3a

(Supporting information) displays the high-resolution XPS spec-

tra of Pb 4f orbit. In the control sample, two distinct symmetric

characteristic peaks located at 143.31 eV and 138.46 eV are sepa-

rately assigned to the Pb 4f5/2 and Pb 4f7/2, the difference value of

spin-orbit binding energy consistent with the previous results and

suggests that the lead element existed in the form of Pb2+ and

the under-coordinated Pb2+ are dominate trap-states in perovskite

film [35,36]. Obviously, the characteristic peaks of Pb 4f shift to-

ward the lower binding energy after additives treatment, the corre-

sponding binding energy shift are about 0.22 eV and 0.08 eV for BA

and AA-treated perovskite films, confirming that the C=O groups

bond with under-coordinated Pb2+ via donating lone pair electrons

and changes the electron cloud density around Pb ions. Notably,

the large shift of Pb 4f peak demonstrates that the BA molecule

shows a stronger coordination effect on under-coordinated Pb2+

defects than that of AA additive, which would be more efficient

in improving the photovoltaic performances. Meanwhile, the I 3d

core-level measurement also exhibits the similar change tendency

for additive-treated perovskite films (Fig. S3b in Supporting in-

formation) [36]. The XPS measurement confirms that the Lewis

base C=O groups effectively passivated under-coordinated Pb2+ de-

fects. Additionally, the FTIR characterizations were performed to

deeply verify the specific interactions between the additives and

PbI2 (Figs. S4 and S5 in Supporting information). As shown in the

magnified FTIR spectra (Fig. S5), the characteristic peaks located at

1708.4 and 1703.1 cm−1 were assigned to the stretching vibration

of C=O in BA and AA molecules, respectively. Surprisingly, the C=O

vibration peaks from additive-PbI2 complex undergo a distinct shift

to 1696.1 and 1692.5 cm−1, signifying the interaction between ad-

ditive molecules and Pb2+ [13,28].
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Fig. 1. (a) The chemical structure of BA and AA, respectively. (b) Schematic diagram of the possible perovskite crystal growth and film formation with various additive

molecules. (c) The XRD patterns and (d) UV-vis absorption spectra of additives-treated perovskite films, respectively.

Fig. 2. (a–c) FESEM images and (d-f) AFM images of pristine, BA and AA additives-treated perovskite films deposited on glass substrates, respectively.

To further investigate the impact of additives on the perovskite

film quality, the FESEM measurements were conducted to evalu-

ate the surface morphology of perovskite films. As shown in the

top-view FESEM images (Figs. 2a–c), some pinholes and cracks are

observed on the pristine perovskite surface, which is not good for

the efficiency and stability of PSCs. After introducing BA and AA

additives, the perovskite films show homogeneous, smooth and

pinhole-free morphology. Especially, the BA treated films show en-

hanced grain sizes. These results confirm that the strong coordina-

tion reaction between Pb2+ ions and C=O group can bridge the

adjacent perovskite grains and effectively retard the crystalliza-

tion rate during the growth process, thereby reducing the traps

of perovskite films. Then, atomic force microscopy (AFM) were

implemented to study the surfacial microstructures of perovskite

films without and with additives (Figs. 2d–f). As expected, more

smooth and dense surface are achieved in BA and AA doped per-

ovskite films, the corresponding root mean square (RMS) rough-

ness were significantly decreased from 28.1 nm (pristine film) to

22.4 nm (BA-treated film) and 25.2 nm (AA-treated film), respec-

tively. Therefore, high-quality perovskite film not only can reduce

3



R. Zhao, T. Wu, Y. Hua et al. Chinese Chemical Letters 36 (2025) 109587

Fig. 3. (a) The fabricated PSC device configuration. (b) The typical J–V curves of

solar cells based on different additives with optimal concentration. (c) The steady-

state output of photocurrent and PCE at maximum power point. (d) IPCE spectra of

PSCs devices. (e) The long-term stability of unencapsulated devices based on opti-

mal concentration stored in room temperature and ∼40% relative humidity.

Table 1

The photovoltaic performances of perovskite solar cells based on different additives

with the optimal concentration.

Devices JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Control 25.17 1.07 72.06 19.41

BA 25.36 1.12 75.75 21.52

AA 25.29 1.10 73.68 20.50

the defects density but also improve the interfacial charge transfer

and extraction, which is beneficial to enhancing PSCs performance.

The solar cells with n-i-p planar configuration of FTO

glass/c-TiO2/m-TiO2/perovskite with or without additives/Spiro-

OMeTAD/Au (Fig. 3a) were fabricated to evaluate the impacts of

additives on the photovoltaic performance. To optimize the gra-

dient concentrations conditions, the comparative experiments of

different concentration additives treated PSCs were performed.

The current density-voltage (J-V) curves were measured under AM

1.5G illumination, as shown in Fig. S6 (Supporting information),

the corresponding photovoltaic parameters are listed in Tables S1

and S2 (Supporting information). Obviously, PCE values were in-

creased with the additives concentration increasing, the best effi-

ciencies were obtained at the optimal concentration of 0.6 mg/mL

and 0.6 mg/mL toward BA and AA additives, respectively. Con-

versely, the performances of devices gradually decreased with fur-

ther adding the additives. According to the J-V curves of best-

performing devices showed in Fig. 3b, the PCE values were en-

hanced to 21.52% and 20.50% for BA and AA-treated devices, re-

spectively, which are higher than that of control device (19.41%),

Table 1 summaries the detailed photovoltaic parameters. Among

them, the BA-treated device obtains the highest PCE values with a

greatly enhanced photocurrent density (JSC) of 25.36 mA/cm2, high

VOC of 1.12 V and FF of 75.75%, which are obviously higher than

that of the control device with JSC of 25.17 mA/cm2, VOC of 1.07 V

and FF of 72.06%.

Additionally, the statistical PCE of 20 devices for different PSCs

are shown in Fig. S7 (Supporting information). The results reveal

that the BA-treated devices exhibit a higher PCE with better re-

producibility than that of the control devices. Subsequently, the

steady-state power output of solar cells was measured through

tracking the maximum power point (MPP) under continuous 1 sun

illumination for 200 s. As displayed in Fig. 3c, the stabilized JSC
outputs of 24.68, 25.33 and 25.15 mA/cm2 were obtained for con-

trol, BA and AA-treated devices, the corresponding stabilized PCE

are 19.02%, 21.48% and 20.38% under the biased at 0.822, 0.934

and 0.906 V, respectively. The results demonstrate that the de-

vices exhibit good light-soaking stability. To further explore the

photocurrent response characteristics of solar cells, the incident

photo-to-electron conversion efficiency (IPCE) spectra of PSCs were

tested in the wavelength range of 300–850 nm (Fig. 3d). Obvi-

ously, all devices exhibit a good photoresponse characteristics in

the visible spectrum. Among them, the BA-treated champion de-

vice shows a significant improvement of IPCE intensity and strong

light-harvesting capability in the same spectrum range, demon-

strating better quality of perovskite films.

Then, we further evaluate the long-term stability of unencapsu-

lated devices stored at a relative humidity (RH) of ∼40% and room

temperature condition. As depicted in Fig. 3e, the PCE of control

device sharply dropped to the 77.1% of initial PCE value after stor-

ing ∼360 h. However, the optimized devices with BA and AA treat-

ment exhibit obvious enhancement of stability, the BA and AA-

treated devices separately remain 93.7% and 80.3% of their initial

PCE values after aging for 1160 h and 760 h, respectively. The ex-

cellent stability can be attributed to the better quality of perovskite

films. Furthermore, the water contact angle (WCA) measurements

were carried out to assess the hydrophobicity nature of perovskite

films without and with additives, as shown in Fig. S8 (Support-

ing information). Clearly, the WCA is increased from 68° (con-

trol) to 76° (BA-treated perovskite) and 71° (AA-treated perovskite),

respectively, revealing the improved hydrophobicity of perovskite

films treated by molecular additives, particularly BA treatment,

which is beneficial for the enhancement of moisture tolerance of

perovskite.

To get insight into the charge-carrier kinetics of perovskite in-

duced by additives, the steady-state photoluminescence (PL) and

time-resolved PL (TRPL) were performed with excitation light of

475 nm. As shown in Fig. S9 (Supporting information), the PL in-

tensity of additives-treated perovskite films significantly enhanced

in the order of BA>AA>control, demonstrating that the flexible

small organic molecules can effectively suppress charge nonradia-

tive recombination via coordination reaction between C=O groups

and under-coordinated Pb2+ [37]. Furthermore, the TRPL decay

curves of perovskite films were fitted by bi-exponential function

(Fig. S10 in Supporting information) and the average lifetime (τ ave)

were calculated by the following equations, and the fitted param-

eters were tabulated in Table S3 (Supporting information) [36]:

I(t) = A1exp(−t/τ1) + A2exp(−t/τ2) (1)

τave =
(
A1τ

2
1 + A2τ

2
2

)
/(A1τ1 + A2τ2) (2)

Obviously, τ ave was greatly increased from 41.10 ns (control)

to 975.84 ns and 117.75 ns for the BA and AA treated perovskite

films, respectively. Especially, the BA-treated perovskite film ex-

hibits the prolonger charge lifetime than that of other films [38].

Additionally, the differences in charge recombination dynamics

within the devices were reflected by the transient photovoltage

(TPV) decay behaviors. As shown in Fig. S11 (Supporting informa-

tion), the TPV decay lifetimes are elongated from 389.58 ms (con-

trol) to 779.15 ms (BA-treated device) and 516.05 ms (AA-treated

device), respectively, which implying the conspicuous reduction of
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the charge recombination in device. These results confirm that the

charge recombination can be more efficiently suppressed in BA

treated PSCs, which is responsible for the improvement of VOC, FF

and PCE [39,40].

Moreover, the trap-state density (Ntrap) of perovskite films with

and without additives passivation were quantitatively evaluated by

the space-charge-limited current (SCLC) method with the electron-

only structure with FTO/TiO2/perovskite/PCBM/Au. As shown in

Fig. S12 (Supporting information), the bias voltage at the inflec-

tion point between the Ohmic regime and the trap-filled lim-

ited (TFL) regime was recognized as the trap-filled limited volt-

age (VTFL), the Ntrap can be deduced from VTFL by the equation

Ntrap = (2εε0VTFL)/(eL
2) [28]. Accordingly, the calculated Ntrap val-

ues are 1.48×1016 cm−3 and 4.82×1016 cm−3 for BA and AA pas-

sivated devices, which are much lower than that of control device

(5.76×1016 cm−3). The reduction of trap-state density implies that

the introduced flexible molecular additives could effectively passi-

vate perovskite defects, reducing the channels of moisture or oxy-

gen permeation, and thus improving the efficiency and stability

of PSCs. To deeply understand the charge recombination and the

improved photovoltaic properties, the dependences of VOC and JSC
on different light intensity were investigated. Obviously, the slope

values of VOC versus light intensity for BA and AA-treated devices

were separately extracted to be 1.61 KT/q and 1.87 KT/q, which are

much lower than that of the control device (2.94 KT/q) (Fig. S13 in

Supporting information). The results prove that the trap-induced

Shockley-Read-Hall (SRH) recombination is effectively suppressed

in additives treated devices, resulting in the enhancement of VOC

and FF [41]. Fig. S14 (Supporting information) presents the depen-

dence of JSC on various light intensity (I) and follows the power

law of JSC∝ Iα , where α equal to 1 indicates the inhibited radia-

tive recombination in devices [42]. Clearly, the α values of control,

BA and AA-treated devices are 0.987, 0.998 and 0.995, respectively,

illustrating that the bimolecular recombination at the interface is

well restricted in BA-treated PSCs, thus, effectively improving pho-

tovoltaic performance.

To deeply understand the influences of additives on the photo-

generated carrier transfer and recombination behaviors in device,

the nanosecond transient absorption spectroscopy (ns-TAS) were

characterized. Fig. S15 (Supporting information) depicts the ns-TAS

of pristine, BA and AA-treated PVSK/Spiro-OMeTAD films at specific

delay times from 50 ns to 1 μs. Obviously, a positive photo-induced

absorption (PIA) peak at around 500–600 nm and a strong neg-

ative photobleaching (PB) peak at around 780 nm are presented

for all samples under pump-laser excitation [43,44]. Furthermore,

the peaks are clearly showed in the corresponding 2D pseudo-

color plot of ns-TAS (Fig. S16 in Supporting information). Accord-

ing to the previous reports, the PIA characteristic peak can be as-

sociated with the transient species absorption. The strong nega-

tive PB signal at around 780 nm can be related to the bandgap

renormalization process and exciton transition of perovskite/Spiro-

OMeTAD films [43]. From the respective ns-TAS spectra, we find

that the intensities of negative PB signals distinctly decreased with

further increasing delay time from 50 ns to 1 μs for all sam-

ples. As shown in Fig. S17 (Supporting information), the decay

curves were fitted by a typical bi-exponential functions, τ ave of

BA and AA-treated PVSK/Spiro-OMeTAD films are separately cal-

culated to be 4867.85 ns and 4400.26 ns, which are much higher

than that of pristine PVSK/Spiro-OMeTAD film (2785.97 ns) (fit-

ted parameters are listed in Table S4 in Supporting information).

More importantly, the interfacial charge recombination velocity

(defined as K) was estimated by the equation of K= 1/τ , which

decreased from 3.59×105 s−1 (PVSK/Spiro-OMeTAD) to 2.0×105

s−1 (BA+PVSK/Spiro-OMeTAD) and 2.27×105 s−1 (AA+PVSK/Spiro-

OMeTAD), confirming that the interfacial charge recombination is

significantly suppressed in BA-treated device [37,43,44].

Fig. 4. 2D pseudo-color plots of fs-TA for (a) PVSK/Spiro-OMeTAD and (b)

BA+PVSK/Spiro-OMeTAD. The normalized fs-TA spectrum of (c) PVSK/Spiro-

OMeTAD and (d) BA+PVSK/Spiro-OMeTAD. (e) Energy loss rate of different samples.

(f) The normalized fs-TA kinetic of PVSK/Spiro-OMeTAD without and with BA addi-

tives.

To systemically investigate the charge-carrier dynamic pro-

cess induced by additives in shorter timescale of picosecond or

femtosecond, the femtosecond transient absorption (fs-TA) spec-

trum measurements for PVSK/Spiro-OMeTAD and BA+PVSK/Spiro-

OMeTAD films were conducted. In this work, a pump energy of

2.61 eV (photoexcitation wavelength about 475 nm) was used to

excite samples. Figs. 4a and b illustrate the typical 2D pseudo-color

fs-TA plots of PVSK/Spiro-OMeTAD and BA+PVSK/Spiro-OMeTAD

films. Obviously, a strong negative (�A < 0) photobleaching (PB)

signal located at approximately 775 nm is observed for both sam-

ples, which originates from the ground-state bleaching (GSB) band

due to the band-filling effect of free carriers. Figs. 4c and d show

the corresponding normalized fs-TA spectrum at early delay time

from 0.6 ps to 5.0 ps after photoexcitation. Owing to the rapid

transition from initial quasi-equilibrium carriers distribution to a

Fermi-Dirac distribution of hot carriers via elastic scatterings, the

broadening behavior of PB features in high energy tail region

can be seen for all samples [45–48]. Compared with PVSK/Spiro-

OMeTAD film, the broadening of the high energy tail gradually nar-

rows with delay time in BA+PVSK/Spiro-OMeTAD films, signifying

the hot carriers rapidly cool down to the perovskite crystal lat-

tice and efficiently transport from BA-treated perovskite to Spiro-

OMeTAD, which can be characterized by the hot carrier tempera-

ture (TC) [47,48].

Herein, we evaluated the evolution of TC as a function of delay

time for both sample that extracted from the representative fs-TA

spectrum. According to the previous literatures, the TC values can

be obtained by fitting the high energy tails of PB signal above band

edge followed the Maxwell-Boltzmann (MB) distribution function,

as described as following [49,50]:

�A
(
hω

)
= −A0exp(−hω/(KBTC )) (3)
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where �A represents the amplitude of PB signal at a probe wave-

length, KB and TC are Boltzmann constant and hot carrier tem-

perature, respectively. As depicted in Fig. S18 (Supporting informa-

tion), the initial carrier temperatures were calculated to be 839 K

and 428 K for PVSK/Spiro-OMeTAD and BA+PVSK/Spiro-OMeTAD

films, respectively, indicating that the BA additive shows an influ-

ence on the hot carrier cooling dynamics. Clearly, the PVSK/Spiro-

OMeTAD film exhibits slower hot carrier cooling process with de-

lay time as longer as ∼1.02 ps, conversely, the hot carrier rapidly

cooling down approximately to room temperature within ∼363 fs

for BA+PVSK/Spiro-OMeTAD film. Such rapid TC evolution process

demonstrates that hot holes and related excess energy can be more

efficiently transferred from BA-treated PVSK film to Spiro-OMeTAD

hole transport layer (HTL) before them completely thermalize to

the equilibrium with perovskite lattice, thereby reducing the inter-

facial charge recombination, subsequently resulting in the achieve-

ment of highly efficient and stable PSCs devices [46–48].

In order to reveal the influence of BA on the energy loss of de-

vices, the energy loss rate per carrier (Jr) is employed to assess it,

which can be obtained from TC evolution curves by the equation of

Jr =−1.5KB(dTC/dt) [47,51]. Fig. 4e displays the carrier temperature

dependent Jr values for PVSK/Spiro-OMeTAD and BA+PVSK/Spiro-

OMeTAD film. Noticeably, the energy loss rate of BA+PVSK/Spiro-

OMeTAD film is much larger than that of PVSK/Spiro-OMeTAD

film, signifying that more efficient hot holes transportation and

extraction at the BA+PVSK/Spiro-OMeTAD interface. Moreover, the

normalized PB recovery kinetics of fs-TA spectrum was devel-

oped to analyze the interfacial hot carrier cooling and extrac-

tion (Fig. 4f). The hot carrier kinetic profiles curves were fit-

ted by a three-exponential function and the results are summa-

rized in Table S5. We found that the average HCs cooling time of

PVSK/Spiro-OMeTAD film is 9.25 ps, which is reduced to 7.70 ps for

BA+PVSK/Spiro-OMeTAD film. Thus, the above results confirm that

the hot holes can be more efficiently transferred to Spiro-OMeTAD

HTL from BA-treated perovskite film before them completely cool-

ing to the perovskite crystal lattice, leading to the improvement of

PSCs performance [52,53].

In summary, we have introduced two carbonyl-type organic

small molecules of BA and AA into perovskite to explore their in-

fluences on the perovskite crystallization and the hot carrier dy-

namics. Interestingly, the incorporated additives can modulate per-

ovskite crystallization to form high-quality perovskite films. Mean-

while, the C=O groups effectively passivated under-coordinate

Pb2+ defects via strong Lewis-acid interaction, thereby reducing

the trap-states density and suppress charge recombination. Con-

sequently, the obtained PCE values of PSCs are 19.41%, 21.52% and

20.50% for control, BA and AA-treated devices, respectively. Among

them, the BA-treated device achieves the best efficiency, which

is attributed to the better quality of perovskite films and the re-

duction of charge recombination in device. Furthermore, the un-

encapsulated BA-treated PSCs show the improved device stability,

retaining ∼93.7% of initial efficiency after aging for 1160 h, con-

versely, the control device rapidly drops to 77.1% of its initial PCE

after 360 h. More importantly, fs-TA results reveal that the in-

corporated BA additive can efficiently promote hot holes transfer

and extraction at the perovskite/Spiro-OMeTAD interface, resulting

in the reduction of charge recombination in device. Hence, these

results could provide some insights for in-depth unraveling the

structure-activity relationship and the charge-carrier transfer dy-

namics, which shows the great significance for further boosting the

photovoltaic properties of PSCs.
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