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Green solvent engineering and additive modulation in stabilized black
FAPbI; perovskite single crystals for high-performance photodetectors

Meitong Guo'', Ying Wang®"", Binyi Zhou', Siyv Li*, Bingbing Zhang”, Hongbo Huang’,

Zhenguang Wang’, Leipeng Li"*", Shufang Wang', Linjuan Guo', Caofeng Pan*" and Zheng Yang"*"

ABSTRACT Formamidine lead-based perovskites (FAPDI;)
exhibit significant potential in optoelectronic applications.
Nevertheless, they encounter challenges related to §-phase
instability and reliance on toxic solvents. In this study, we
present a green solvent-additive synergy strategy that employs
y-valerolactone (GVL) in conjunction with reductive acids like
oxalic acid (OA), to stabilize a-FAPDbI; single crystals (SCs).
GVL enhances the stability of the precursors through the
formation of FA*-GVL hydrogen bonds and high-valence
[PbL]>™™ clusters, resulting in ambient-stable a-phase SCs,
yielding a marked improvement in stability compared to SCs
prepared with the toxic solvent y-butyrolactone (GBL). Ad-
ditive modulation demonstrates that H" and reductive groups
play a critical role in regulating crystallization, suppressing
the §-phase by promoting FA" dissociation and inhibiting
MA™" deprotonation. A solvent-involved intermediate, §-
FAPDI;-GVL, has been identified; this intermediate evolves
into a-FAPDI; at a low temperature of 60 °C, thereby reducing
the energy barriers associated with the a to § phase transition.
In contrast, non-reductive acids and reductive ionic liquids do
not inhibit §-phase formation, with the latter even promoting
the crystallization of pure §-FAPDI;. By utilizing low-volatility
OA as an additive, optimized FA,oMA,;Pbl; single crystal
thin films exhibit a low defect density of 8.3 x 10" cm™.
Subsequently, a photodetector was fabricated. Under zero bias
voltage and 780 nm illumination, the device exhibited a re-
sponsivity of 14.5 mA/W, a detectivity of 3.75 x 10" Jones, and
a response speed of 149/65 us. Moreover, without any en-
capsulation, the device’s performance diminished by only 17%
after 30 days of storage in ambient conditions, indicating re-
markable stability.

Keywords: FAPbI;, green solvent engineering, solvent-involved
intermediate, additive modulation, photodetector

INTRODUCTION

Metal halide perovskites (MHPs) have emerged as promising
candidates for photovoltaic and optoelectronic devices [1-5] due
to their exceptional light absorption coefficients, long carrier

diffusion lengths, tunable band gaps, and low defect densities
[6-9]. While most MHP-based photodetectors (PDs) currently
utilize polycrystalline thin films, their performance and stability
are significantly hindered by the presence of amorphous or low-
crystallinity grain boundaries [10-15]. In contrast, MHP single-
crystal (SC) films exhibit superior optoelectronic characteristics
owing to their grain-boundary-free structure [16-18]. For-
mamidinium lead triiodide (FAPbI;) perovskites, which possess
enhanced optoelectronic properties and greater thermal stability
compared to MAPbI;, are regarded as ideal candidates for high-
efficiency optoelectronics [19-22]. Nonetheless, the spontaneous
a-to-6 phase transition at ambient conditions, induced by the
lattice distortion resulting from the large ionic radius of FA"
(2.79 A), poses a significant challenge for their practical appli-
cation [18,23,24].

Recent advances in compositional engineering, such as
MA"/Cs" doping [25-30], and additive modulation using MAAc
or formic acid (Fa) [31-39], have partially mitigated phase
instability. Progress has also been achieved in improving the
overall stability of perovskite optoelectronic devices through
strategies like interface engineering and defect passivation
[40,41]. Nevertheless, these methods still depend on the use of
toxic or flammable solvents like y-butyrolactone (GBL) or 2-
methoxyethanol (2-ME), which hinder scalability and environ-
mental friendliness. GBL is known for its toxicity and its ten-
dency to hasten phase degradation due to residue buildup [42],
whereas flammable 2-ME only yields microcrystalline powders
instead of SCs [43,44]. y-valerolactone (GVL), a green solvent
derived from lignocellulosic biomass, provides eco-friendly
processing, cost-effectiveness, and food-grade safety [45-50].
However, the crystallization mechanisms that govern 6-phase
suppression in green solvent systems remain poorly understood,
which impedes rational material design. Chu et al. [46]
demonstrated the growth of 6-FAPbI; SC using GVL as the
solvent. In contrast, a-FAPbI; SCs can only be obtained at ele-
vated growth or annealing temperatures. A systematic investi-
gation into the growth and crystallization mechanisms of black-
phase perovskites, such as a-FAPbI;, in GVL under low-tem-
perature conditions is essential for elucidating the thermo-
dynamic and kinetic pathways that govern phase-pure
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formation.

We present a comprehensive study addressing the challenges
of §-phase instability and solvent toxicity in FAPbI; perovskites.
By combining green solvent engineering with additive modula-
tion, we elucidate the crystallization mechanisms governing o-
phase stabilization. Through in situ characterization and additive
functionality screening, we identify a solvent-involved inter-
mediate (8-FAPbI;-GVL) that promotes low-energy a-phase
formation at 60 °C, overcoming thermodynamic and kinetic
limitations of conventional systems. Additionally, optimizing the
composition (FAy9MA,;Pbl;) and using reductive acid additives
to achieve single crystal thin film (SCTF) with minimal defect
densities result in photodetectors with high responsivity
(14.5 mA/W) and environmental durability (83% performance
retention over 30 days). This study not only clarifies the roles of
solvent-additive interactions in phase control but also establishes
a scalable green synthesis approach for stable MHP optoelec-
tronics.

RESULTS AND DISCUSSION

Precursor solutions were prepared with GBL and GVL solvents,
and FAPDI; perovskite single crystals were grown via reverse
temperature crystallization (Fig. S1). The powder X-ray dif-
fraction (XRD) analysis in Fig. la indicates that FAPbI; crystals
synthesized using different precursor solvents exhibit the &-
FAPbI; structure. Notably, black single crystals based on GBL
completely changed to yellow crystals after 3 days in a desicca-
tor, while GVL-based crystals remained black. GVL-based
crystals demonstrated superior crystal stability compared to
GBL-based ones (Fig. 1b). Further analyses reveal the enhanced
stability of GVL-based crystals. In Fig. 1c, d, the Fourier trans-
form infrared (FTIR) spectra of the GVL-FAPDI; solution, in
contrast to pure GVL solvent, displayed an N-H stretching
vibration of FA* at 3370 cm ™, with a slight redshift and splitting

of the C=0 bond at 1761 cm™". This suggests hydrogen bonding
between C=0 and FA", leading to reduced electron density on O
and a lower C=O vibration frequency. The Fermi resonance
between C=0 and FA" (N-H) induced peak splitting. Such
interactions were absent in GBL (Fig. S2). Ultraviolet-visible
(UV-vis) absorption spectra in Fig. S3 exhibited a prominent
300 nm peak in GVL-FAIL confirming strong GVL-FA" inter-
actions. The poor solubility of Pbl, in GVL alone indicated
minimal interaction between GVL and Pbl, (Fig. S4).

Studies indicate that perovskite precursors form [PbI]*™
complexes in solution [49], and their valence states significantly
impact solution stability and crystallization. As illustrated in
Fig. le, the GVL-FAPDI; solution exhibits a notable redshift
compared to GBL-FAPbI;, suggesting the presence of higher-
valence [PbL]*™ species in GVL. Dynamic light scattering (DLS)
measurements further demonstrate that the colloidal sizes in
GVL-based precursors are larger, supporting the existence of
higher-valence [PbL ] (Fig. 1f). The strong interactions
between GVL-FA", along with the elevated valence of [PbL]*™,
collectively enhance the stability of perovskite precursors.

Orange SCs form at 65 °C in GVL-FAPDI; solution and gra-
dually darken as the temperature increases (Fig. S1). Upon
removal from the solution and subsequent heating in air, the
orange crystals undergo a phase transition to a-phase crystals,
black crystals begin to appear at 60 °C and completely transform
into the black phase at 100 °C. In contrast, pure §-FAPbI; does
not exhibit this behavior (Fig. 2a and Fig. S5). Analysis of the 'H
nuclear magnetic resonance (*H NMR) spectrum of the washed
orange crystals reveals the presence of the -CH peak of GVL
(Fig. 2b). The C=0 group of the GVL molecule participates in
weak hydrogen bonding interactions with FA" present in the
perovskite lattice. These interactions not only influence the
growth of the crystals but also, after crystal formation, may
function to “anchor” specific GVL molecules at designated sites
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Figure 1 Characterizations of FAPbI; SCs prepared using GVL and GBL as solvents. (a) XRD patterns of FAPbI; crystalline powders grown in GVL and
GBL. (b) Ambient stability comparison of black FAPbI; SCs obtained using GVL and GBL solvent systems over 3 months. FTIR spectral analysis: (c) pure GVL
solvent and (d) FAPbI; dissolved in GVL, highlighting FA* N-H stretching (3370 cm™") and C=0 bond redshift/splitting (1761 cm™"). (e) UV-vis absorption
spectra of GVL and GBL precursor solutions. (f) DLS particle size distributions of GVL and GBL precursors.
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Figure 2 Phase evolution of FAPbI; with temperature. (a) Structural transition from yellow and orange SCs to a-phase (black) ones upon annealing. (b) 'H
NMR analysis of the washed orange crystals dissolved in DMSO-d6, confirming GVL incorporation. (c) DSC profile (60-200 °C) of yellow and orange crystals,
showing a phase change process for orange crystals. (d) UV-vis absorption spectra of as-prepared orange, yellow, and mixed crystals. () XRD patterns and
(f) Raman spectra of orange, yellow, mixed crystals, and orange crystals after annealing treatment. (g) Structures and I-Pb-I bond angles of different Pbls
octahedral species, showing that the orange and yellow crystals (8-phase crystals) belong to the same crystal structure. (h) A reaction scheme to qualitatively
illustrate the kinetic control mechanism for the formation of a-FAPbI; from §-FAPbI;-GVL or 8-FAPbI;.

on the crystal surfaces or within subsurface regions. Differential
scanning calorimetry (DSC) reveals weight loss of orange crys-
tals between 65 and 100 °C, confirming their identity as a solvent
compound (Fig. 2¢), consistent with the findings in Fig. 2a. In
the investigation of the crystallization mechanism of FAPbI; in
GVL, we examined the crystals in different states. The crystal
structures of both yellow and orange SCs were determined and
refined through SC XRD analysis. Fig. 2d, f demonstrate that
orange crystals and §-FAPbI; share similar optical absorption,
crystal structure, and Pb-I vibration. “Mixed” refers to the
composite crystals containing both yellow and black phases,
while “orange crystal annealed” indicates o-phase crystals
formed the annealed orange crystals in air. In Fig. 2e, orange
crystals display a slight shift to higher or lower angles in XRD
peak positions and narrower full width at half maximum
(FWHM) compared to §-FAPbI;, suggesting a similar hexagonal
crystal structure but potentially reduced strain or larger crys-
tallite size, which is very similar to §-FAPbI;.

In contrast to the previously reported solvent-containing
FAPDbI;-based intermediate structures [51], which exhibit a
crystal structure markedly different from both a-FAPbI; or §-

FAPDbI;, the incorporation of GVL does not alter the structure of
the FAPbI;-based intermediate. Consequently, we hypothesize
that GVL molecules occupy the vacancies within the [PbI¢]*”
octahedral framework in 8-FAPbI; crystals. Nevertheless, GVL
solvent molecules mitigate lattice distortion in FAPbI; and
promote the formation of a-FAPbI;. The orange-phase crystals
were derived from three independently prepared batches, with
their initial masses accurately measured using an electronic
balance. Subsequently, the crystals underwent isothermal heat-
ing at 90 °C for 20 min on a hot stage, leading to a complete
transformation into the a-FAPbI; phase. Post-heating, the
masses were re-measured, with the results detailed in Table SI.
The variable mass loss observed among the different batches
suggests non-stoichiometric GVL content within these crystals.
This observation, in conjunction with the similar densities
between the orange phase (8-FAPbI;-GVL) and the pure §-phase
(Table S2), supports the conclusion that the two phases share
essentially identical crystalline frameworks. The slight density
variation can be ascribed to the flexible integration of GVL
molecules into lattice vacancies or channels, thereby fine-tuning
the overall density without altering the fundamental crystal
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structure. Through comprehensive characterizations, the orange
crystal is identified as a solvent-involved complex, §-FAPbI;-
GVL. The proposed structure is illustrated in Fig. 2g, with
detailed lattice parameters listed in Tables S2-S8.

Based on the characterization presented, we suggest that at
lower temperatures, a strong hydrogen bond forms between the
C=0 of GVL and FA" in the precursor solution. This interaction
enhances the solubility of the precursor and facilitates an orderly
assembly process. As the temperature increases slightly, the first
precipitate observed is not the a-phase but the intermediate §-
FAPbI;-GVL. In this intermediate, GVL is not merely adsorbed;
it engages in hydrogen bonding with FA" and occupies gaps
within the one-dimensional chain-like [PbIs]*~ structure of the
O-phase. This interaction alleviates the lattice distortion induced
by the large ionic radius of FA", thus reducing the activation
energy necessary for a-phase formation. The presence of §-
FAPbI;-GVL shortens the transition pathway from the §-phase
to the a-phase. In contrast to the high-energy direct transition
from the §-phase to a-phase, the stepwise conversion via this
intermediate (Fig. 2h) significantly decreases the activation
energy, rendering the a-phase thermodynamically favorable at
lower temperatures.

Upon further heating, the C=0 bond of GVL establishes a Pb—
O coordination bond with Pb*". This interaction disrupts the
original §-phase or disordered precursor structure, thereby
facilitating the reconnection of [Pblg] octahedra. Furthermore,
Pb-O bonding secures GVL at the growth interface, directing
[Pbls] octahedra toward a three-dimensional network config-
uration. Concurrently, as the GVL-FA" hydrogen bond dis-
sociates, FA" can be incorporated into the voids of the three-
dimensional framework formed by [Pbls] octahedra, guided by
the Pb-O bond. Subsequently, some GVL molecules may detach
from their anchored positions, enabling I” to occupy these sites
and complete the final [PbI]*" coordination. In summary, GVL
synergistically lowers both the thermodynamic barrier and
kinetic hindrance associated with a-phase formation through
two mechanisms: solvation complexation and intermediate
regulation. This process facilitates the low-temperature growth
of stable a-FAPbI; SC.

The use of GVL as a solvent improves the crystal stability of
FAPDI; relative to GBL; however, residual §-phase impurities
remain. Current approaches to mitigate §-phase formation
predominantly involve compositional engineering and additive
optimization. In this study, we introduced small-sized methy-
lammonium (MA") cations into the FAPbI; lattice, utilizing
GVL as the solvent to synthesize FA;yMA ;Pbl; SCs, as detailed
in Fig. S6. Nonetheless, XRD analysis confirmed the persistent
presence of the 6-phase in the resulting crystals (Fig. S7). Further
characterization of the precursor solution using UV-vis
absorption spectroscopy, FTIR, and DLS indicated that the
incorporation of MA™ cations did not adversely affect the optical
properties or colloidal stability of the system. Based on these
results, FAgoMA,;Pbl; was chosen as the primary focus for
subsequent investigations.

This study utilized three categories of additives for &-phase
modulation: (1) reductive ionic liquids, including methy-
lammonium formate (MAFa), dimethylammonium formate
(DMAFa), formamidinium formate (FAFa), and methylammo-
nium acetate (MAAc); (2) non-reductive acids, comprising
acetic acid (AA), propionic acid (PA), valeric acid (VA), and
hexanoic acid (HA); and (3) reductive acids, which consist of

hypophosphorous acid (HPA), oxalic acid (OA), citric acid
(CA), L-ascorbic acid (L-AA), and Fa.

Crystal growth observations and XRD characterization
demonstrate that the incorporation of reductive ionic liquids as
additives exclusively results in the formation of yellow-phase
crystals (Figs S8 and S9). In contrast, systems utilizing non-
reductive acid additives (Figs S10 and S11) continue to display
residual yellow-phase crystals. Importantly, the addition of
reductive acid additives (Figs S12 and S13) facilitates the suc-
cessful growth of a-FA,9MA, Pbl;. This finding underscores the
essential synergistic role of hydrogen ions (H") and reductive
groups in suppressing O-phase formation. To elucidate the
underlying mechanism, four systems—Control, MAFa, OA, and
HA—were selected for a comparative mechanistic study. UV-vis
absorption spectra (Fig. 3c) indicate no significant shift in the
absorption edge of HA compared to the control. In contrast, OA
exhibits a notable red shift, which suggests the presence of
higher-coordination Pb-I octahedral structures, while MAFa
displays a distinct blue shift. DLS analysis further shows that
MAFa reduces the presence of micron-scale nucleation sites,
whereas OA significantly increases their abundance (Fig. 3d).
Optical microscopy (Fig. S14) confirms that these micron-scale
grain seeds serve as effective nucleation sites for the preferential
growth of the a-phase. FTIR spectroscopy provides molecular-
level evidence of the inhibited interaction between FA" and
GVL, as evidenced by the disappearance of the characteristic
C=N peak at 1716 cm™" in the MAFa system (Fig. 3e). '"H NMR
analysis reveals that, compared to the control device, both HA
and OA induce more pronounced peak splitting of the FA"
(=NH )signal.

This finding suggests that H' promotes the dissociation
equilibrium of FAI, leading to the generation of free FA* and I".
The resulting FA" forms a hydrogen-bonded solvation complex,
§-FAPbI;-GVL, which facilitates the formation of the a-phase
perovskite. In systems lacking an external H' source (e.g., those
with MAFa addition), MA™ undergoes deprotonation to yield
MA”, which subsequently reacts with FA* through nucleophilic
interaction to produce methyl formamidinium (MFA"). The
corresponding 'H peak positions for FA* and MFA" are illu-
strated in Fig. S15. Prior studies have confirmed that MFA"
preferentially coordinates with lead-iodide octahedra [52-54],
ultimately resulting in the formation of yellow-phase MFAPbI,
crystals (Fig. 3f, g). Characteristic peaks of dimethylformami-
dinium (DMFA") are prominently observed in the 'H NMR
spectrum of the Control (Fig. 3g). The intensity of these peaks is
significantly diminished by HA and entirely eliminated by the
reductive acid OA. This phenomenon is attributed to the H*
derived from the additive, which simultaneously enhances the
dissociation of FAI while inhibiting the deprotonation of MA™.
However, the consumption of H' through I" oxidation in
solution can facilitate the generation of MA®. Theoretical ana-
lysis indicates that the introduction of reductive functional
groups effectively mitigates 1" oxidation, thereby completely
preventing deprotonation of MA'. This dual suppression
mechanism inhibits the formation of both MFA" and DMFA",
thereby achieving complete inhibition of the §-phase through
the following reaction pathways:

FAI=FA'+I", 1)
MA*=MA+H", ®)
MA’+FA*—>MFA*/DMFA®, (3)
41" +0,+4H*—41°+2H,0, (4)
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Figure 3 Additive-modulated crystallization kinetics. (a) FAPbI; SCs grown with different additives. (b) Powder XRD patterns of FAPbI; SCs synthesized
with different additives. (c) UV-vis absorption spectra of precursor solutions added with different additives. (d) DLS of colloidal size distribution analysis of
additive-engineered perovskite precursor solutions. (e) Additive-dependent FTIR analysis of precursor solutions. (f, g) 'H NMR spectra of additive-modified
perovskite precursor solutions. (h) Mechanism of §-phase suppression: H* promotes FA* dissociation; reductive groups inhibit MA" deprotonation.

HCOO™+2I°—2I"+H"+CO,. (5)

The synergistic mechanism involving H" and reductive groups
is illustrated in Fig. 3h. When MAFa is employed as an additive
without an external H' source, the H' necessary for FAI
decoupling is supplied by MA*. After deprotonation, the MA®
undergoes an irreversible nucleophilic reaction with FA" to yield
MFA". Although the reductive groups in MAFa inhibit I” oxi-
dation, MFA" subsequently interacts with Pb-I octahedra during
nucleation, resulting in the formation of the J§-phase. HA
additives supply additional H* ions, hindering MA" deproto-
nation but failing to prevent I oxidation due to the absence of
reductive groups. The consumed H' in the oxidation process
necessitates replenishment through MA™ deprotonation. The
surplus deprotonated MA® engages in nucleophilic reaction with
FA" to generate DMFA", which interacts with Pb-I octahedra to
produce the 8-phase, while any remaining FA™ combines with
Pb-I octahedra to form the a-phase. When OA is utilized as an
additive, it offers both H" ions and reductive groups con-
currently, leading to synergistic effects that impede both MA*
deprotonation and I” oxidation, facilitating the production of a-
phase SCs. The absence of the §-phase in FA,MA,_,Pbl; SCs
cultivated in GVL with OA as the additive, as illustrated in Fig.
S16, underscores the crystals’ compositional adjustability.

The results indicate that the combination of GVL and
reductive acidic additives effectively stabilizes a-FAPbI; SCs.
The Fa is a commonly used additive; however, its high volatility,
with a boiling point of approximately 100 °C, renders it sus-
ceptible to loss during the heating process. Consequently,
FA,9MA,,Pbl; SCTFs were synthesized using non-volatile OA
and volatile Fa as additives (Fig. 4a and Fig. S17). XRD analysis
confirmed that the SCTFs grown with OA as the additive were
devoid of the §-phase. In contrast, SCTFs grown with formic
acid as the additive exhibited the presence of the &-phase,
attributable to the rapid volatilization of Fa (Fig. 4b). The SCTFs
grown with different additives underwent 30 days of ambient
storage before XRD analysis. Fig. S18 illustrates that the SCTF
incorporating OA as the additive remained phase-stable post-
storage, while the SCTF with the Fa additive exhibited intensi-
fied 6-phase peaks. This observation underscores the superior
environmental stability of the SCTF prepared with OA. The
material’s optoelectronic properties are significantly influenced
by its defect density.

Hence, we utilized the space-charge-limited current (SCLC)
method to compare trap densities of FA;9MA,;Pbl; single-
crystalline films prepared with OA and Fa as additives, depicted
in Fig. 4c, d. The trap density (n) was determined using for-
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Figure 4 (a) FA)3MA, ,Pbl; single-crystalline films grown using OA as additive. (b) XRD patterns of single-crystalline films grown with different additives.
(¢) IV characteristics of FaPD (the inset shows the structure of the electron-only device for SCLC measurement). (d) I-V characteristics of OAPD.
(e) Schematic diagram of the vertically structured FAy9MA,Pbl;-based PD. (f) Spectral response characteristics of OAPD and FaPD under 785 nm laser
illumination. (g) I-V characteristics of the detectors under dark conditions and 785 nm laser irradiation. (h) Performance statistics of OAPD and FaPD.
(i) Long-term stability of unencapsulated PDs stored under ambient conditions for 30 days.

mula (6):
2eie,V
n= o ©

where L is the electrode spacing, ¢, is the relative dielectric
constant of FAgoMA, ;Pbl;, ¢ is the vacuum permittivity, Vg is
the trap-filling limit voltage, and e is the electron charge.

The trap density of OA-FAgoMA,;Pbl; SCTF is merely 8.3 x
10" cm™, nearly three times lower than that of 2.7 x 10> cm™
for Fa-FA,9MA, Pbl; (Fig. 4c, d). Subsequently, to investigate
the optoelectronic properties of the obtained FAyoMA,Pbl;
SCTFs, we fabricated vertically structured PDs based on SC films
(Ag/Pd/FAyoMA,PbI;/ITO), to investigate the optoelectronic
properties of the obtained FA;9yMA, Pbl; SCTFs, as detailed in
Fig. 4e, and conducted optoelectronic performance tests. The
PDs fabricated using OA and Fa as additives are designated as
OAPD and FaPD, respectively. The performance characteriza-
tion and evaluation of photodetectors in this study adhere to
recent consensus guidelines rooted in emerging semiconductor
technologies, with the aim of accurately assessing photodetector
performance [55]. Fig. 4f illustrates the on-off photoresponses of
FaPD and OAPD under zero bias when exposed to a 785 nm

laser with the same optical power (1.274 uW/cm?). The OAPD
displayed more pronounced pyroelectric current peaks. In
Fig. 4g, the current-voltage (I-V) characteristics of the devices
are depicted under dark conditions and 785 nm laser illumina-
tion, showcasing typical rectification and photoresponse beha-
viors of a p-n junction. Fig. S19 exhibits the on-off
photoresponses of FaPD and OAPD detectors at 0 V bias under
785 nm illumination with varying power densities, all revealing
distinct transient pyroelectric responses.

As depicted in Fig. S20, all the peak-to-peak current
(Ipyro+photo-Ipyro)s positive current peak (Ipyrorphoto)s and photo-
current (Iphoo) exhibited a steady increase with rising power
density. The OAPD achieved a maximum responsivity (R;) of
14.5 mA/W and detectivity (D*) of 3.75 x 10" Jones at the
lowest power density of 0.255 uW/cm®. The FaPD demonstrated
a maximum R; of 2.3 mA/W and D* of 0.19 x 10® Jones (Fig.
S21). Table 1 presents a comparison of the photodetection
capabilities of our FAy9MA, Pbl;-based PD with cutting-edge
perovskite photodetectors detailed in recent literature. It is
crucial to recognize that factors like responsivity and specific
detectivity heavily rely on the applied bias voltage. Our device
achieves a responsivity of 14.5 mA/W and a detectivity of 3.75 x
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Table 1 Comparison of reported performance of perovskite PDs

Active materials

Wavelength (nm) Responsivity (mA/W) Detectivity (Jones)

Rise time (s) Decay time (s) Bias voltage (V)

MAPbDI; [56] 1064 1.6 x 107
MAPbI,/n-Si [57] 780 3.8
MAPbBr; [58] 530 410
FAPbI; [59] 365 860
CsAg,lI; [60] 265 26.5
FAPbBr, 5], 5 [61] 580 59.89
MAPbCI; [62] 377 8
FA,9MA, Pbl; (this work) 785 14.5

1.2 x 107 28 x107° 33 x 107° 0
3.4 x 107 4x 1072 1.2 x 1072 0
6.39 x 10" 1.4 x 107 1 x 1072 0.95
245 x 10° 6.51 6.9 1
2.09 x 10 0.26 0.29 0

- 2x107* 31 %107 0
2.93 x 10" 4x107° 9.8 x 107° 0
3.75 x 10" 1.49 x 107* 0.65 x 107* 0

10" Jones at zero bias voltage, surpassing or rivaling many
devices produced using hazardous solvents like GBL and N,N-
dimethylformamide (DMF). Noteworthy is that this perfor-
mance is accomplished utilizing an eco-friendly solvent (GVL)
and a low-temperature crystallization process, underscoring the
efficacy of our solvent-additive synergy approach in facilitating
both environmental sustainability and superior optoelectronic
performance. The corresponding dark current and noise current
are depicted in Fig. S22. The OAPD exhibits quicker response
characteristics with a rise time of 149 us and fall time of 65 us
(Fig. S23).

We methodically assessed the optoelectronic performance of
six OAPDs and FAPDs each. Statistical analysis confirmed the
OAPD’s superior performance compared to its FAPD counter-
parts (Fig. 4h). Stability assessments revealed that following 30
days of storage under ambient conditions, the device’s perfor-
mance only degraded by 17% (Fig. S24). These outcomes illus-
trate that the FA9oMA(;Pbl; single-crystalline film
photodetectors cultivated using GVL and reductive acid addi-
tives exhibit exceptional stability.

CONCLUSIONS

This study addresses the instability of the §-phase in FAPbI; and
the toxicity of solvents by utilizing a sustainable approach. GVL
facilitates the formation of stable a-phase crystals (>3 months) at
room temperature by forming hydrogen bonds between FA™ and
GVL, along with high-valence [PbL]*™ clusters. Additionally,
the §-FAPbI;-GVL intermediate discovered in this study enables
the crystallization of the a-phase at low temperatures (60 °C). By
incorporating reductive acid additives such as OA, two sup-
pression mechanisms are employed: H" enhances the dissocia-
tion of FA", while reductive group-blocked MA" deprotonation
eliminates impurities associated with the §-phase impurities.
This methodology results in the production of single-crystalline
films of FAgoMA,;Pbl; with extremely low defects (8.3 x
10" cm™), leading to photodetectors with high responsivity
(14.5 mA/W), detectivity (3.75 x 10" Jones), and environmental
durability (83% retention/30 days). The interaction between
solvents and additives outlined in this study establishes an
environmentally friendly approach for the development of stable
perovskite optoelectronic devices on a large scale.
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