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ABSTRACT
Precursor additives are crucial for enhancing the efficiency and stability of perovskite solar cells. However, their traditional selection

of additives primarily relies on empirical trial-and-error approaches, which are time-consuming and inefficient. Herein, we utilize

Perovskite-R1, a large language model, to rapidly identify an efficient additive: ethyl 2-aminopropanoate hydrochloride (EAH). This

additive simultaneously passivates defects and regulates crystallization through the coordination of its –C═O and –NH3
+ groups with

the uncoordinated Pb2+ and I− ions in the perovskite. These interactions significantly improve charge-carrier transport and suppress

nonradiative recombination, leading to a champion power conversion efficiency (PCE) of 22.58%. Furthermore, the EAH-modified

device exhibits excellent long-term stability, maintaining 95.1% and 94.1% of its initial PCE after 1368 h of storage in N2 and 1272 h of

thermal aging at 65°C, respectively. This study highlights the potential of integrating artificial intelligence with materials design to

accelerate the discovery of high-performance, stable, and sustainable perovskite optoelectronic materials.

1 | Introduction

Perovskite solar cells (PSCs), owing to their outstanding optical
and electronic properties, have emerged as promising candidates
for next-generation photovoltaics technologies [1–7]. Since
their first report in 2009, the power conversion efficiency
(PCE) of PSCs has impressively increased from 3.8% to 27%
[8, 9]. Despite these advancements, controlling the crystallization
kinetics of perovskite films remains a major challenge. Rapid and
uncontrolled crystallization often leads to surface roughness, pin-
hole formation, and small grain sizes [10], which increase the
number of grain boundaries (GBs) and defects. These defects,
particularly undercoordinated Pb2+ and iodine vacancies, induce
nonradiative recombination and elevate trap-state densities,

thereby hindering further improvements in device performance
and stability [11, 12]. Therefore, regulating the crystallization
dynamics of the perovskite layer and simultaneously passivating
defects are pivotal to achieving high-performance and stable
PSCs [13, 14].

Additive engineering has demonstrated highly effectiveness in
addressing these issues by regulating perovskite crystallization
and passivating defects [15–18]. For example, Li et al. intro-
duced 4-chlorobenzylamine hydroiodide (4-CBAI) into the
perovskite precursor, which promoted (001)-oriented crystalli-
zation, reduced surface roughness, and passivated trap states
through coordination of –Cl to Pb2+ and –NH3

+ to I− [19].
Zhang et al. employed 4-fluorobenzenesulfonamide (4-FBSO) as
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an additive, whose terminal groups formed coordinate covalent
bonds with Pb2+ ions, effectively retarding crystallization and yield-
ing larger perovskite grains exceeding 1 μm [20]. Yi et al. utilized a
chlorine-substituted aromatic polycyclic derivative (BNCl) to pro-
mote preferential perovskite crystallization and passivate surface
and GB defects through strong interaction with both lead iodide
and dimethyl sulfoxide [21]. Liu et al. employed the multifunctional
piperazinium bromide molecules to passivate defects, enabling the
ultimate quality improvement of 2.03 eV perovskite films via
increased grain size and suppressed phase segregation [22].
Zhang group introduced ammonium hexachlorostannate (AH)
via a room-temperature aqueous coating method to achieve
defect passivation and crystallinity enhancement, thereby
boosting charge extraction and suppressing nonradiative
recombination, which improved device efficiency and stability
[23]. However, conventional additive development still relies
heavily on extensive trial-and-error processes, which require
considerable time and resources to evaluate candidate additives,
which greatly limits the progress of PSC optimization [24].

Artificial intelligence (AI) has fundamentally reshaped the land-
scape of materials science, driving a paradigm shift toward data-
driven exploration and accelerating materials discovery through
AI-driven inverse design. Advanced deep learning architectures
have achieved significant breakthroughs in both property predic-
tion and inverse design [25–28]. For instance, graph neural net-
works (GNNs) have revolutionized the prediction of material
properties by effectively capturing complex atomic interactions
and topological structures [29], while generative models like
crystal diffusion variational autoencoders (CDVAE) have demon-
strated remarkable success in the inverse design of novel crystal
structures with targeted functionalities. Complementing these
structure-based models, the recent emergence of large language
models (LLMs) represents another major stride in the field. LLMs
demonstrate immense potential not only in processing vast
unstructured chemical data and assisting in complex chemical
reasoning [30–32], but also in the generative design of molecules
and crystals by treating chemical structures as language sequen-
ces [33, 34], having shown great promise in learning correlations
between chemical structures and functional properties from sci-
entific literature [35]. Such models can provide intelligent and
systematic guidance for additive design and screening, offering
a powerful new strategy for enhancing PSC performance.

In this work, we utilized Perovskite-R1 [36], a domain-specific
LLM trained by our team on a curated dataset based on the
Qwen3-32B architecture. This model was capable of providing
expert recommendations for PSC precursor additives. By estab-
lishing a workflow of dataset construction, model training, addi-
tive screening, and experimental validation, we identified ethyl
2-aminopropanoate hydrochloride (EAH) as a high-performance
additive. The –C═O and –NH3

+ groups in the EAH coordinated
with uncoordinated Pb2+ and I− ions, thereby stabilizing the
perovskite structure and suppressing ion migration. This coordi-
nation interaction suppressed defect formation and delayed crys-
tallization during annealing, resulting in a smoother surface with
fewer defects. Consequently, the EAH-treated PSC achieved a
PCE of 22.58%, along with a significantly reduced defect density
and improved charge-transport carrier behavior. Moreover, this
optimized device exhibited remarkable stability, retaining 95.1%
of its initial PCE after 1368 h of storage in N2 and 94.1% after 1272
h of thermal aging at 65°C.

2 | Results and Discussion

An inverted PSCwith the structure of NiOx/Me-4PACz/perovskite/
C60/BCP/Ag is shown in Figure 1a. Defects in perovskite film
absorbers, notably anion vacancies and undercoordinated Pb2+,
promote nonradiative recombination, impede charge transport
and extraction, and consequently limit optical and electronic per-
formance of the device. To mitigate these issues, researchers
introduce additives into the perovskite precursor solution to slow
crystallization and to passivate the defects (Figure 1b) [37]. The
relationship between additive chemical knowledge and target
device properties can be learnt by an LLM workflow based on
extensive literature and molecular data (Figure 1c). In steps I–II,
we compiled 1,232 research articles on perovskite precursor
additives and assembled a candidate molecular library contain-
ing 33,269 compounds to form a comprehensive database.
Using the OpenAI o1 model, we converted the literature into
question–answer pairs for instruction tuning, thereby generat-
ing a high-quality training dataset. This dataset was used to
fine-tune the pretrained QWG-32B model, producing the domain-
specific Perovskite-R1 model for additive screening and design.
During stages III–IV, we input a prompt containing additive
design criteria into the Perovskite-R1 LLM to screen for promising
additive molecules: (1) noncovalent interactions, (2) additive-
precursor coordination retards crystallization, and (3) synergistic
multifunctional groups. Guided by this model, a simple and effec-
tive additive named EAH was identified and incorporated into the
perovskite precursor to achieve defect passivation and controlled
crystallization for efficient and stable PSCs.

The molecular structure of EAH is shown in Figure 2a. To eluci-
date the interaction mechanism between the –C═O and –NH3

+

groups in EAH and the perovskite precursor, Fourier transform
infrared (FTIR) spectroscopy was performed. As shown in
Figure 2b, the N─H stretching vibration of –NH3

+ shifted from
2984.68 cm−1 for pure EAH to 3130.21 cm−1 for EAH + FAI
film, indicating the formation of the N─H···I hydrogen
bond [19]. In Figure 2c, the characteristic –C═O peak shifted
from 1742.34 cm−1 in the EAH film to 1735.90 cm−1 in the
EAH+ PbI2 film, while the N─H shift was negligible (Figure S1).
This suggested that the oxygen atom in EAH coordinates with
Pb2+ through –C═O···Pb bonding, facilitated by the lone-pair elec-
trons of the –C═O group [38]. Additionally, the FTIR spectrum
of the EAH+ FAI film (Figure S2) showed a further redshift of
the –C═O vibration, confirming the possible formation of the
–C═O···H─N hydrogen bond [39]. X-ray photoelectron spec-
troscopy (XPS) further confirmed these interactions. After
EAH incorporation, the Pb 4f peaks shifted to lower binding
energy (Figure 2d), indicating electron donation from the elec-
tronegative C═O group of EAH to undercoordinated Pb2+ ions.
Similarly, the I 3d peak also shifted to lower binding energies
(Figure 2e), indicating increased electron cloud density around
Pb─I octahedra [40]. Quantitative XPS analysis revealed a
higher I/Pb ratio (2.95) for the EAH-treated film compared with
the pristine perovskite (2.54), indicating enhanced crystallinity
and suppressed iodide ion migration due to EAH modification
[41]. The XPS characterization results strongly corroborate that
EAH molecules utilize carbonyl and amino groups to effectively
passivate defects in the bulk phase, thereby enhancing PSCs
performance. Figure 2f showed a schematic illustrating the
defect-passivation mechanism by the EAH.
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The influence of EAH on the electronic structure of perovskite
films was further investigated using ultraviolet photoelectron spec-
troscopy (UPS). From the secondary electron cutoff edge (ECutoff )
and Fermi edge (EFermi) positions (Figure 2g,h), the work function
(WF), conduction band minimum (CBM), and valence band max-
imum (VBM) were determined. Upon EAH treatment, the WF
decreased from 4.86 to 4.81 eV, indicating that defect passivation
shifted the Fermi energy level closer to the conduction band,
rendering the material more n-type [42, 43]. As shown in the
energy-level diagram in Figure 2i, EAH treatment optimized the
energy-level alignment with the electron-transport layer and
enhanced charge-extraction efficiency [44–46]. The optimization
is primarily attributed to the effective passivation of Pb- and
I-related defects in perovskite by EAHmolecules through hydrogen
bonding and coordination, which facilitated the alignment.

To elucidate the crystallization dynamics of perovskite film dur-
ing the annealing stage, in situ UV–vis absorption spectroscopy
was conducted (Figure 3a,d). During annealing, the absorption
intensity of the control sample rose sharply and reached its
maximum value at 10.08 s, indicative of the rapid formation
of the black perovskite phase. In contrast, the EAH-treated film
required 21.79 s to reach its maximum absorbance. The delayed
crystallization process induced by the strong EAH–perovskite
interaction favors the formation of high-quality perovskite films
with improved crystal orientation [47, 48].

The influence of EAH molecules on the wettability and surface
morphology of the perovskite film was further investigated.
Glass/ITO/NiOx/Me-4PACz films were prepared for contact
angle measurements of the perovskite precursor solution with
and without EAH. As depicted in Figure S3, the introduction

of EAH decreased the contact angle from 36.34° (control) to
28.45°, indicating improved wettability. Enhanced wettability
enabled more uniform spreading of the perovskite precursor
solution, leading to the formation of a homogeneous and
compact film. This observation is supported by surface and
cross-sectional scanning electron microscopy (SEM) analyses.
Compared with the control films, the EAH-treated film exhibited
a substantial increase in average grain size from 437 to 554 nm,
with grains exceeding 1 μm and fewer pinholes (Figure 3b,e). The
reduced GBs and voids contributed to lower defect density and
suppressed nonradiative recombination. Moreover, the cross-
section morphology revealed a highly ordered vertical structure
in the EAH-modified film (Figure S4). Atomic force microscopy
(AFM) measurements confirmed a similar trend: the root-
mean-square (RMS) roughness decreased from 16.80 (control)
to 14.83 nm upon EAH treatment (Figure 3c,f ), demonstrating
a smoother surface. Larger, pinhole-free grains and a smoother
surface reduce the density of recombination-active GBs and
minimize leakage currents, thereby facilitating charge trans-
port in the perovskite layer and ultimately enhancing the per-
formance of PSCs [49]. The crystalline quality was further
assessed by X-ray diffraction (XRD) tests. The EAH treatment
film exhibited stronger diffraction intensity and a narrower full
width at half maximum (FWHM) of 0.326° for the (100) plane
compared with the control film (Figure 3g,h), indicating supe-
rior crystallinity and fewer defects. A slight shift of the (100)
diffraction peak toward higher angles was observed for the
EAH-treated film, which can be attributed to the incorporation
of Cl- ions (originating from EAH) into the perovskite lattice
[50]. The optical properties of perovskite films were further
examined by UV–vis absorption spectroscopy (Figure 3i).

FIGURE 1 | (a) Schematic of the inverted PSC structure. (b) Device-fabrication process using incorporating. (c) Workflow for additive selection

process assisted by Perovskite-R1 LLM.
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Benefiting from the enlarged grain size and reduced defect den-
sity, the EAH-modified film exhibits enhanced light-harvesting
capability, which contributes to improved optoelectronic per-
formance of the device.

PSCs with p-i-n structure (ITO/NiOx/Me-4PACz/perovskite/C60/
BCP/Ag) were fabricated to evaluate the impact of EAH modifi-
cation on device performance. The concentration of EAH additive
was optimized, and 0.5 mg mL−1 as the optimal value for the PCE
of devices (Figure S5, Table S1). Figure 4a,b displays the current
density–voltage (J–V ) curves of the best-performing devices. The
control device achieved a PCE of 20.06%, with a short-circuit cur-
rent density (JSC) of 24.07 mA cm−2, an open-circuit voltage
(VOC) of 1.087 V, and a fill factor (FF) of 76.71%. In contrast,
the EAH-treated device demonstrates a significant enhanced
PCE of 22.58%, along with a JSC of 24.95 mA cm−2, a VOC of
1.122 V, and an FF of 80.65%. The simultaneous improvements
in JSC, VOC, and FF demonstrate that EAH effectively enhances
charge transport and suppresses nonradiative recombination by
optimizing energy-level alignment and passivating bulk defects.
Statistical analysis of 24 individual devices further confirmed
the reproducibility of this enhancement, with average PCEs
of 19.64% ± 0.25% and 22.14% ± 0.22% for the control and
EAH-modified PSCs, respectively (Figure S6, Table 1). The external

quantum efficiency (EQE) spectra in Figure 4c further vali-
dated these results, showing integrated JSC values of 22.98
and 24.00 mA cm−2 for the control and EAH-treated devices,
respectively, consistent with the J–V results. Device stability
was also systematically evaluated. As illustrated in Figure 4d,
unencapsulated EAH-treated devices retained 95.1% of their initial
PCE after 1368 h of storage in an N2 glovebox at 25°C, while con-
trol PSC maintained only 84.8% under the same conditions. Under
continuous thermal aging at 65°C for 1272 h, the EAH-modified
devices maintained 94.1% of their initial PCE, compared to 78.3%
for the control. Finally, we traced the unencapsulated devices’
efficiency under ambient air (20°C, 45± 5% RH) for 984 h.
The EAH-treated devices retained 76.2% of their initial PCE,
while the control devices dropped to only 61.7% (Figure S7).
These results clearly demonstrated that the EAH passivation
strategy significantly improves multienvironmental stability by
passivating bulk defects and promoting high-quality perovskite
crystallization.

To gain deeper insight into the correlation between defect states and
device performance, comprehensive photoelectrochemical charac-
terizations were conducted. The dark J–V curves (Figure 4e)
revealed that the EAH-modified device showed a lower reverse
saturation current than the control, confirming that bulk defects

FIGURE 2 | (a) Chemical structure of the EAH molecule. FTIR spectra of (b) pure EAH and FAI+ EAH, and (c) pure EAH and PbI2+ EAH. XPS

spectra of (d) Pb 4f, (e) I 3d for control and EAH-treated perovskite films. (f ) Schematic illustration of EAH-induced defect passivation in perovskite

films. UPS spectra of control and EAH-treated perovskite films in the (g) cutoff and (h) onset regions. (i) Schematic energy-level diagram of perovskites

with and without treatment.
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are effectively passivated by EAH [51]. To quantitatively evaluate
the trap density (Nt), electron-only devices with the structure
ITO/SnO2/perovskite/C60/BCP/Ag were fabricated for space-
charge-limited current (SCLC) measurements. As shown in
Figure 4f, the trap-filled limit voltage (VTFL) decreased from
0.817 V for the control device to 0.677 V for the EAH device.

The Nt was calculated using N t =
2εε0VTFL

eL2 , where ε and ε0 are the

relative dielectric constant of perovskite (46.5) and the vacuum per-
mittivity, respectively [52], e is the elementary charge, and L is the
thickness of the perovskite film (750 nm).The Nt values for the con-
trol and EAH-treated device were 7.47× 1015 and 6.19× 1015 cm−3,
respectively (Table S2), demonstrating a clear reduction in trap den-
sity after EAHmodification. To further elucidate the recombination
behavior, light-intensity-dependent VOC measurements were
performed. The slope of VOC versus the logarithm of light
intensity yielded ideality factors (n) of 1.64 and 1.29 for the
control and EAH-treated devices, respectively (Figure 4g),
indicating that EAH effectively suppressed trap-assisted
recombination [53, 54]. Electrochemical impedance spectros-
copy (EIS) was also used to evaluate charge transport and
recombination resistance. Nyquist plot fitting based on the
equivalent circuit model revealed an increase in recombination

resistance (Rrec) from 9245 to 12,471Ω upon EAH treatment
(Figure 4h, Table S3), suggesting inhibited charge recombination
and enhanced carrier transport efficiency [55]. Furthermore,
Mott–Schottky analysis demonstrated an enhancement in the
built-in potential (Vbi) from 0.86 V (control) to 0.92 V after
EAH modification (Figure 4i), confirming a stronger internal
electric field that facilitates photogenerated carrier separation
and transport, thereby contributing to the increased VOC and
overall device performance [56]. The hysteresis behavior was
also analyzed by measuring the J–V characteristics at different
scan rates (0.01–30 V/s). The EAH-passivated PSCs exhibited
significantly lower hysteresis factors (HF) (Figure S8), indic-
ative of suppressed ion migration and improved operational
stability [57, 58]. Collectively, these results confirmed that
EAH modification effectively reduced trap-state density,
suppressed nonradiative recombination, enhanced carrier
transport, and ultimately improved the efficiency and stability
of PSCs.

To investigate the influence of EAH modification on the recom-
bination characteristics and carrier transport behavior, steady-
state photoluminescence (PL) and time-resolved PL (TRPL)
measurements were performed on glass/perovskite films

FIGURE 3 | In situ UV–vis spectra tracking the formation of (a) control and (d) target films during the first 100 s of annealing. Top-view SEM images

of (b) the control and (e) EAH-treated perovskite films. AFM images of (c) the control and (f ) EAH-treated perovskite films. (g) XRD patterns and

magnified (100) diffraction peaks of the perovskite films with and without EAH. (h) The FWHM values of the (100) diffraction peaks of the control and

EAH-treated perovskite films. (i) UV–vis absorption spectra of the perovskite films with and without EAH.
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(Figure 5a,b). The EAH-modified perovskite film exhibited a
stronger PL intensity than the control, suggesting enhanced
crystal quality and reduced nonradiative recombination. The
TRPL decay curves were fitted with a biexponential model to
obtain the carrier lifetime parameters. The average carrier
lifetime (τave) of the EAH-treated film increased to 4.67 μs, com-
pared with 2.98 μs for the control (Table S4), indicating more

efficient charge extraction and suppressed trap-assisted recom-
bination. Furthermore, transient photocurrent (TPC) and tran-
sient photovoltage (TPV) analyses were conducted to elucidate
charge transport kinetics. After EAH modification, the TPC
decay time decreased from 0.671 to 0.514 μs, while the TPV
decay time increased from 53.07 to 116.53 μs (Figure 5c,d).
These results confirmed accelerated charge collection and
reduced carrier recombination in the EAH-modified device
[59]. Additionally, open-circuit voltage decay (OCVD) measure-
ments were carried out by monitoring VOC decay under dark
conditions after light irradiation [60–62]. As shown in Figure
S9, the EAH-treated PSCs exhibited a slower VOC decay com-
pared to the control, further confirming the suppression of
free-carrier recombination in the perovskite bulk. Overall, these
results demonstrated that the introduction of EAH effectively
enhanced charge-carrier transport, suppressed nonradiative
recombination, and promoted improved optoelectronic perfor-
mance in PSCs.

FIGURE 4 | (a,b) Champion J–V curves of the PSCs: (a) without and (b) with EAH treatment. (c) EQE spectra and integrated JSC curves.

(d) Normalized PCE of the inverted PSCs with and without EAH under storage and thermal aging at 65°C in a nitrogen-filled glovebox. (e) Dark

J–V curves characteristics. (f ) SCLC curves of electron-only devices. (g) VOC versus light intensity, (h) Nyquist plots, and (i) Mott–Schottky curves

of the control and EAH-modified devices.

TABLE 1 | Average photovoltaic parameters of inverted PSCs from 24

devices.

Sample VOC, V
JSC,

mA/cm2 FF, % PCE, %

Control 1.069 ±
0.009

23.80 ±
0.30

76.32 ±
1.31

19.64 ±
0.25

Target 1.109 ±
0.007

24.90 ±
0.09

79.88 ±
0.65

22.14 ±
0.22
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3 | Conclusion

In summary, we demonstrated an effective strategy that integrates
the Perovskite-R1 LLM to efficiently identify a high-performance
precursor additive, EAH. The incorporation of EAH effectively
passivated bulk defects and modulated the crystallization
kinetics of the perovskite layer through strong interactions
between its functional groups and perovskite components,
resulting in enlarged grain sizes and a smoother film surface.
Simultaneously, EAH improved energy-level alignment at the
interface of the perovskite layer and the hole transport layer,
enhanced charge-carrier transport, and suppressed nonradia-
tive recombination. Consequently, the EAH-modified device
achieved a champion PCE of 22.58%. Moreover, the interaction
between EAH and the perovskite components helped stabilize
the perovskite structure, maintaining 95.1% and 94.1% of their
initial efficiency after 1368 h of storage and 1272 h of thermal
aging at 65°C, respectively. In summary, the EAH molecule’s
structural properties are highly consistent with our preset addi-
tive standards, with its performance optimization also meeting
our expectations, thereby demonstrating the effectiveness and
reliability of our adopted LLM-assisted additive selection
approach. This work highlights the potential of LLMs in accel-
erating materials discovery and provides a promising paradigm
for intelligent additive screening and optimization in perov-
skite photovoltaic technology.
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