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ABSTRACT
Achieving environmentally sustainable synthesis of high-quality metal halide perovskite single crystals (MHP-SCs) is critical for
advancing next-generation optoelectronic devices. The constrained solvent choices within the green chemistry framework pose a
significant challenge to the fine control of crystallization pathways required for the growth of perfectMHP-SCs. Here, we introduce
a new paradigm for crystallization control based on steric hindrance engineering using a quantitatively validated green solvent
systemwith highGlaxoSmithKline green solvent scores.We demonstrate that the steric bulkiness of solventmolecules, rather than
donor number alone, plays the dominant role in governing the coordination strength between Pb2+ and solvent, thereby regulating
precursor complex stability and crystallization kinetics. Finely tuned steric environments promote the unprecedented fast growth
of MAPbI3 SCs with a record-low trap density (2.56 × 108 cm−3) and narrowest x-ray diffraction linewidth of 0.00802◦ (28.9″).
These defect-suppressed MAPbI3 SCs enable photodetectors with an ultrahigh specific detectivity of 6.8 × 1013 Jones and x-ray
detectors with a low detection limit of 3.6 nGyair s−1. The steric hindrance engineering strategy proves universal across perovskite
compositions. This work establishes a sustainable, scalable platform for the growth of high-quality MHP-SCs using quantitatively
green solvents.
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Introduction

etal halide perovskite single crystals (MHP-SCs) have emerged
s promising materials for next-generation optoelectronic
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devices, including photovoltaics [1, 2], light-emitting diodes [3, 4],
photodetectors [5, 6], and x-ray detectors [7, 8]. Their exceptional
optoelectronic properties, particularly when combined with high
crystalline quality and low trap densities, are key to achieving
lligence technologies or similar technologies.
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uperior device performance [8]. Among various growth
echniques, inverse temperature crystallization (ITC) has gained
ttention as a fast, low-temperature, solution-based method that
ffers high reproducibility [9]. However, conventional ITC for the
ynthesis of perovskite single crystals faces inherent challenges:
i) use of non-green solvents such as γ-butyrolactone (GBL),
,N-dimethylformamide (DMF), and dimethylsulfoxide (DMSO)
10, 11], and (ii) limited single crystal quality due to lacking of
recise crystallization control. Specifically, the as-grown SCs
ften still show insufficient control over surface morphology,
s reflected by high surface roughness, along with limited local
tructural homogeneity and poorly controlled crystallization
inetics [12–14].

he adoption of green chemistry principles further restricts the
hoice of solvents, narrowing the processing window, mainly
riginates from two aspects: the limited availability of green
olvents and their constrained physicochemical parameter space.
ompared with conventional solvents (e.g., DMF, DMSO, GBL),
reen solvents suitable for perovskite processing are relatively
imited in both number and physicochemical diversity, typically
xhibiting (i) a narrower range of dielectric constants and donor
umbers, or (ii) weaker coordination ability toward Pb2+. In
ddition, the structural diversity of green solvents is limited,
aking it difficult to effectively implement solvent-mixing strate-
ies or donor-number engineering, thereby further restricting the
xpansion of the processing window [15, 16]. As a result, obtain-
ng high-quality MHP-SCs with low defect densities remains a
ignificant challenge in the framework of green chemistry. This
ifficulty becomes more pronounced for crystals with mixed A-
ites or halides, as even non-green solvent syntheses frequently
ield MHP-SCs with high defect densities [11, 17]. Therefore,
here is an urgent need for an ITC-compatible green solvent
ystem that not only meets stringent environmental standards
ut also enables precise crystallization control across a wide
ange of MHP compositions to achieve low-defect single crystals
ssential for the development of high-performance optoelectronic
evices.

n thiswork, we introduce a new crystallization-control paradigm
or the growth of perovskite single crystals with low defect
ensities: steric hindrance engineering. This approach is imple-
ented within a quantitatively validated green solvent system
sing low-toxicity lactone solvents, δ-valerolactone (DVL) and γ-
aprolactone (GCL). DVL and GCL possess distinct molecular
teric profiles but similar donor numbers (DN) and closely
atched boiling points. Adjusting the volume ratio of the two
olvents tunes the mean steric hindrance of the solvent environ-
entwithout introducing volatility imbalance. It is demonstrated
hat this steric control, independent of DN, governs Pb2+-
olvent coordination strength and thus dictates crystallization
inetics (Figure 1a). This approach enables unprecedentedly fast
nd reproducible growth of MAPbI3 SCs with record-low trap
ensities (2.56 × 108 cm−3) and the narrowest x-ray diffraction
XRD) rocking curve linewidth reported to date (0.00720). These
efect-suppressed crystals deliver photodetectors with ultra-
igh specific detectivity and x-ray detectors with sub-medical-
hreshold detection limits. Furthermore, the steric hindrance
trategy proves general across multiple MHP compositions,
ffering a sustainable and scalable route to high-performance
HP-SCs.
of 15
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2 Results

2.1 Steric Hindrance Effect on ITC Growth of
MHP-SCs

The ITC crystallization proceeds through sequential formation-
dissociation of Pb2+-solvent complexes followed by assembly
of Pb2+-halide octahedra, with kinetics primarily governed
by A-site cations (e.g., Cs+, MA+, FA+) [9, 18], and Pb2+-
solvent coordination strength (Figures S1 and S2). Therefore,
the solvent plays a critical role in the ITC process—only
those with suitable coordination capability and molecular struc-
ture can facilitate efficient crystallization (Figures S3 and S4).
In single-solvent systems, fixed coordination strength neces-
sitates adjusting the growth temperature for different A-site
cations, creating a trade-off between crystal quality and precur-
sor utilization. Although mixed-solvent systems with divergent
DN provide greater adaptability, their boiling-point mismatch
(Figure S5) often compromises crystal quality and reproducibility
(Figure S6).

To address these challenges, we employed DVL and GCL, two
bio-derived, low-toxicity lactone solvents which are selected for
their high GlaxoSmithKline (GSK) sustainability scores (both
larger than 7, Tables S3 and S4) [19–22]. These solvents are bio-
based and environmentally benign while possessing favorable
physicochemical properties, such as low vapor pressure and high
boiling points, which reduce health and environmental risks.
While DVL and GCL share closely matched DNs and boiling
points, they differ significantly in molecular geometry and steric
hindrance (Figure 1a). In this work, “steric hindrance” is defined
as the geometric exclusion effect arising from the molecular size
and conformational constraints of solvent molecules within the
first solvation shell of Pb2+, which limits the accessibility, number,
and packing compactness of coordinating donor atoms around
Pb2+. This effect is treated as a geometric-statistical constraint
that is distinct from, but complementary to, electronic descriptors
such as donor number and polarity.

Despite their similar Lewis basicities (Table S3), it is observed
in our experiment that these steric differences lead to distinct
Pb2+-solvent coordination behaviors: the smaller DVL molecules
bind more strongly to Pb2+, forming stable Pb2+-DVL complexes
(Figure 1b). Conversely, the larger GCL molecules form weaker,
looser Pb2+-GCL complexes (Figure 1c). This difference in bond-
ing strength means Pb2+-DVL complexes dissociate at higher
temperatures than Pb2+-GCL complexes. This leads to rapid
growth of large, but highly-defected MHP-SCs with DVL, while
GCL’s lower dissociation temperature results in a proliferation of
less-defected micro-crystals.

The pronounced differences in crystallization behaviors of DVL
and GCL, together with their mutual miscibility, motivated
us to fine-tune crystallization kinetics by mixing these sol-
vents in varying volume ratios. As illustrated in Figure 1d,
dissolving MHP precursors in a DVL-GCL mixture results in
the formation of hybrid-coordinated complexes containing both
solvents. The coordination strength of these hybrid complexes
lies between that of Pb2+-DVL and Pb2+-GCL complexes and
can be systematically adjusted by changing DVL-to-GCL ratio.
By controlling the solvent ratio, we can precisely modulate the
Advanced Materials, 2026
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FIGURE 1 Steric hindrance engineering strategy for ITC growth of MHP-SCs. (a) Left: Volume of solvent molecules versus DN (Table S3). Solvent
data points are color-coded by GSK scores, with a green-to-red gradient indicating high-to-low scores (Table S4). Gray and green dashed lines denote
solvent selection strategies based on DN and steric hindrance engineering, respectively. Right: legends of (b–d) Crystallization kinetics of solvents with
different steric hindrances. (b) Low steric hindrance (DVL): DVL forms strongly bonded Pb2+-DVL complexes requiring high dissociation temperatures,
resulting in rapid yet defect-rich growth. (c) High steric hindrance (GCL):Weakly bound Pb2+-GCL complexes dissociate at low temperatures, permitting
defect-suppressed but slow microcrystal growth. (d) Sterically optimized mixed solvent (DVL0.8GCL0.2): Balanced DVL/GCL mixture yields moderate-
bonding Pb2+ complexes. Intermediate dissociation temperatures enable fast growth of large, low-defect crystals. (e) Tunable solubility profiles in (i) low,
(ii) high, and (iii) optimized steric environments, where increasing steric hindrance narrows and shifts the metastable zone downward. An optimized
steric environment enables efficient precursor utilization at low growth temperatures.
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ean steric environment of themixed solvent, thereby tuning the
b2+-solvent coordination affinity to an optimal range that
romotes dissociation at moderate temperatures. Under these
onditions, low-defect-density MHP-SCs can be rapidly grown.
his modulation of Pb2+-solvent interactions is macroscopically
eflected as a shift of the metastable zone in the solubility–
dvanced Materials, 2026
supersolubility diagram (Figures 1e and S2). Increasing the mean
steric hindrance moves this zone toward lower temperatures and
smaller solute concentrations, allowing the growth point to be
positioned in an optimized region that simultaneously reduces
crystallization temperature and maintains high solute utilization
and growth rates.
3 of 15
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.2 Theoretical and Experimental Validations

o demonstrate the hypothesis of steric effect on crystalliza-
ion within the ITC method, we selected MAPbI3 SC as a
epresentative MHP-SC. These crystals were grown in three
reen solvents respectively, DVL, γ-valerolactone (GVL), and
CL. These lactones were chosen due to their homologous
olecular structures, similar DNs, and comparable boiling
oints, while exhibiting progressively increasing molecular vol-
mes (Table S3). Further details on our solvent selection cri-
eria are provided in Supporting Notes 2 and 3 (Figures S3
nd S4).

vidence contradicting classical Lewis theory emerged from sur-
ace electrostatic potentials (ESP) calculated by density functional
heory (DFT) (Figure 2a), providing a robust thermodynamic
asis for understanding Pb2+-solvent coordination. As expected,
b2+ ions preferentially bind near the negatively charged carbonyl
xygen sites of the solvent molecules. Interestingly, the binding
nergy of Pb2+-GCL (−5.6471 eV) was higher than that of Pb2+-
VL (−5.5591 eV), contradicting the experimental observation
hat precursor solubility is lower in GCL than in GVL (Table S2).
his discrepancy suggests the involvement of additional factors
n Pb2+-solvent coordination–dissociation. Indeed, the molecular
olumes of DVL, GVL, and GCL, estimated from van der Waals
urface enclosures (Table S5), displayed a negative correlation
ith precursor solubility, highlighting the substantial role of
teric effects.

o probe this, we performed ab initio molecular dynamics
AIMD) simulations. Figure 2b,c show representative solvent
istributions around Pb2+ and the corresponding radial dis-
ribution functions of O atoms in solvent molecules around
b2+ gPb-O(r). The results indicate that three solvent molecules
orm two coordination layers around Pb2+, with a denser inner
ayer supported by the higher first peak in gPb-O(r) (2–3 Å)
ompared to the second peak (4–5 Å). By integrating gPb-O(r) to
he first minimum, we obtained coordination numbers following
he order: DVL (9.89) > GVL (8.57) > GCL (7.97). This trend
eflects the varied crystallization kinetics observed experimen-
ally: lower coordination numbers correspond to greater steric
indrance, weaker Pb2+-solvent binding, and looser complexes.
ccordingly, GCL exhibits the highest steric hindrance and the
eakest Pb2+-solvent coordination, while DVL shows the lowest
teric hindrance and the strongest coordination affinity. Further
etails of these DFT calculations are provided in Supporting
ote 1.

o quantitatively evaluate steric effects, we introduced the buried
olume descriptor (%Vb) based on an idealized Pb2+-solvent
oordination geometry (Figure S7). The calculated %Vb values for
CL, DVL, and GVL are 58.4%, 55.1%, and 54.6%, respectively,
ndicating that GCL creates the most sterically congested local
oordination environment among the three solvents. However,
ecause %Vb is derived from an idealized static coordina-
ion geometry, it is used here as a complementary descriptor
ather than a standalone predictor of coordination strength. The
ynamic AIMD results, particularly the coordination numbers
erived from the radial distribution functions, provide a more
ealistic description of solvent accessibility and coordination
xchange in solution.
of 15
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The outcomes of AIMD simulations align with experimental
findings. [PbIn]S6–n2–n (S: solvent) complexes, exhibiting varying
n values, exhibit distinct UV absorption peaks at 325, 370, and
426 nm, corresponding to [PbI2]S4, [PbI3]S3–, and [PbI4]S22–,
respectively (Figure 2d). For DVL and GVL, the predominant
complexes are [PbI2]S4 and [PbI3]S3–, with stronger peak inten-
sities for DVL-Pb2+ compared to Pb2+-GVL, indicating higher
coordination affinity of DVL toward Pb2+. In contrast, GCL
primarily forms [PbI3]S3– and [PbI4]S22– complexes, with the
weakest peak intensities relative toDVLandGVL, andno [PbI2]S4
peak is observed. This suggests significant steric hindrance in
GCL, resulting in the weakest Pb2+ coordination. Additionally, in
situ UV absorption spectra demonstrate DVL’s superior coordi-
nation affinity over GCL, evidenced by immediate emergence of
[PbI2]S4 peak and rise of the [PbI3]S3– peak upon DVL addition to
a GCL-Pb2+ solution (Figure S8).

To further confirm the affinity between Pb2+ and lactones
with different steric hindrances, we employed nuclear magnetic
resonance (NMR) and Fourier transform infrared (FTIR) spec-
troscopy measurements. In the 207Pb NMR spectra, the Pb2+
peak shifts downfield from 1423 ppm (the peak in solid-state
NMR [23]) to 1583, 1553, and 1509 ppm for DVL, GVL, and GCL,
respectively (Figures 2e and S9). This indicates varying degrees
of I− replacement by C═O, thus reflecting a reduction in Pb2+
affinity for these solvents. Due to the fact that the Pb2+ binds
to the carbonyl oxygen, the degree of broadening in the C═O
peak in FTIR spectra positively correlates with the coordination
strength of the solvent molecule to Pb2+. Notably, the most
significant broadening was observed in DVL, and the least in
GCL, which further validates the hypothesis that coordination
affinity diminishes with increasing steric hindrance (Figure 2f).
Interestingly, FTIR spectra of the precursor dissolved in a mixed
solvent of DVL and GCL show a combination of individual
peaks from pure DVL and GCL, with their relative intensity
positively correlating with the volume ratio of the two solvents
(Figures 2f and S10). This suggests that the mean coordination
affinity of the mixed solvent lies between those of pure DVL and
GCL and can be continuously adjusted by varying the volume
ratio. Consequently, this mixed solvent system can serve as a
powerful platform for investigating steric hindrance engineering
in the ITC growth of MHP-SCs. In summary, the %Vb analysis,
together with MD/AIMD simulations and multiple experimental
characterizations, consistently indicates that steric hindrance is
an important factor in modulating the Pb2+-solvent coordina-
tion strength and, together with solvation effects, governs the
crystallization behavior.

2.3 Steric Hindrance Engineering of Mixed
Solvent System

Based on the steric regulation of Pb2+-solvent coordination
strength, we developed a solvent-engineering strategy for MHP-
SC growth. MAPbI3 SCs were grown using mixed DVL/GCL
solventswith varying ratios (0.1 increment) to identify the optimal
composition (Figure S11), and the screening of growth conditions
is detailed in the Supporting Note 4.

We observed that the steric hindrance of themixed solvent, quan-
tified by the weighted average molecular volume, increased with
Advanced Materials, 2026
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FIGURE 2 Theoretical and experimental demonstrations of steric effect on coordination affinity between Pb2+ and solvent. (a) Molecular
electrostatic potential of DVL, GVL, GCL, along with calculated binding energy (EB) between Pb2+ and each solvent molecule. (b) AIMD simulation
showing spatial distribution of Pb2+ ions in DVL, GVL, and GCL. (c) Radial distribution functions gPb-O(r) and coordination numbers of O atoms around
Pb2+ ions in the three solvents. (d) UV–vis absorption spectra of Pb-based precursor solutions in DVL, GVL, and GCL, revealing differences in complex
formation. (e) Zoomed-in 207Pb NMR spectra of precursor solutions in DVL, GVL, and GCL (full spectra provided in Figure S8), indicating variations
in local chemical environments around Pb2+ ions. (f) FTIR spectra of precursor solutions in DVL, GVL, GCL, the mixed solvent DVL0.8GCL0.2 and
corresponding pure solvents, showing vibrational signatures related to Pb2+-solvent interactions.
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ncreasing GCL content, whereas both the growth temperature
TG) and crystal growth rate decreased (Figure S12 and Table
7). At relatively high DVL contents, the resulting crystals dis-
layed well-defined morphologies, whereas other compositions
ith higher GCL fractions yielded only micron-sized crystallites
Figure 3a, inset). This result suggests that a highly sterically
indered solvent environment suppresses heterogeneous seed
rowth while promoting homogeneous nucleation, leading to
he formation of microcrystals. A comprehensive comparison of
rystals grown in different solvent systems was performed in
erms of growth rate, surface roughness, growth temperature, and
efect density (Figures S12–S14). The results show that although
dvanced Materials, 2026
MAPbI3 SCs grown in DVL0.8GCL0.2 exhibit a slightly slower
growth rate than those grown in pure DVL, the growth tem-
perature is substantially reduced from 115◦C to 80◦C (Table S7).
The DVL0.8GCL0.2 composition was therefore selected because it
provides the best balance between rapid crystal growth and defect
suppression, rather than because it maximized every individual
parameter.

To elucidate how the steric environment of solvents influences
microcrystal (seed) formation, we systematically optimized the
DVL-GCL solvent ratio for MAPbI3 SC growth. Transmission
electron microscopy (TEM) analysis of dried precursor solutions
5 of 15
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FIGURE 3 Characterizations of MAPbI3 SCs grown using a steric-hindrance-regulated DVL-GCL mixed solvent system. (a) Crystal growth rate
and corresponding TG profiles for MAPbI3 SCs grown in DVL, GCL, and DVL-GCL mixtures with varying volume ratios. (b) TEM images and
size distributions of MAPbI3 microcrystals in precursor solution grown in DVL, GCL, and the optimized mixed solvent DVL0.8GCL0.2, highlighting
differences in crystal size and morphology. (c) Surface morphology characterization by laser confocal microscopy (gray scale) and atomic force
microscopy (yellow tone) for MAPbI3-GBL, MAPbI3-DVL, MAPbI3-GCL, and MAPbI3-DVL0.8GCL0.2. (d) Left: XRD pattern of MAPbI3-DVL0.8GCL0.2;
right: rocking curve of the (400) reflection; inset shows the crystal sample under XRD testing, the corrected linewidth is 0.00720◦ after instrumental
broadening subtraction. (e) Dark I–V characteristics of MAPbI3-DVL0.8GCL0.2 (see Supporting Note 4); inset: schematic of the tested device and
key parameters. (f) Comparison of trap density of MAPbI3-DVL0.8GCL0.2 with reported values for typical halide perovskites and commercial
semiconductors (data summarized in Table S9), demonstrating the exceptional crystal quality achieved in this work. (g) XRD spectra of MAPbI3-DVL,
MAPbI3-DVL0.8GCL0.2, and MAPbI3-GBL over time at ambient storage. Full evolutions are illustrated in Figure S24.
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evealed that the average nanoscale crystallite size (d50) decreased
rom 23.6 nm to 6.7 nm as the mean steric hindrance increased
Figure 3b). Representative TEM images of larger areas from
hree precursor samples are shown in Figure S15. Notably, the
VL0.8GCL0.2 composition producedmicrocrystals comparable in
ize to those obtainedwith pureDVL, a feature known to facilitate
ubsequent MHP-SC growth [10]. A similar trend in colloidal
icrocrystal size was confirmed by dynamic light scattering
DLS) measurements (Figure S16). The reduction in microcrystal
ize under higher steric hindrance conditions promotes the
ormation of [PbIx]2−x complexes with higher x values [24, 25],
eaker Pb2+-solvent coordination in more sterically hindered
of 15
solvent environments. In the following text, samples grown in
different solvents are denoted as “MHP-solvent.”

After determining the optimal solvent ratio for MAPbI3 SC
growth, we compared the performance of crystals synthesized
in various solvents. MHP-SCs grown in GBL were included as a
control, as GBL remains themost widely used solvent forMAPbI3
SC crystallization. The surface morphology and roughness of
the as-grown MAPbI3 SCs were analyzed using a multi-scale
approach combining laser confocal microscopy (micrometer-
scale) and atomic force microscopy (AFM, nanometer-scale). As
depicted in Figures 3c and S13, MAPbI3 SCs grown in solvents
Advanced Materials, 2026
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ith low steric hindrance (GBL andDVL, see Figure 1a) exhibited
neven surfaces at the micron-scale, with root mean square
Rq) roughness values of 6.1 and 3.8 µm. In contrast, MAPbI3-
VL0.8GCL0.2, with its slightly increased mean steric hindrance,
howed a Rq of 1.47 µm, comparable to the flattest MAPbI3-
CL (1.05 µm) grown in GCL, which possesses the highest steric
indrance. At the nanoscale, the Rq of MAPbI3-DVL0.8GCL0.2 was
.8 nm, the lowest among the four samples and, notably, even
ower than that of MAPbI3-GCL (Figures 3c and S17).

RD spectra confirmed the excellent crystal structure ofMAPbI3-
VL0.8GCL0.2, with two characteristic peaks at 20.57◦ and 41.19◦
orresponding to the (200) and (400) crystallographic planes,
espectively (Figure 3d left). A detailed examination of the
400) peak using XRD rocking curve analysis (Figure 3d right)
evealed a linewidth of 0.00802◦. After deconvolution of instru-
ental broadening, the intrinsic linewidth is determined to
e 0.00720◦ (Figure S18). This significantly outperforms the
reviously reported lowest value of 0.01◦ (36″) for MAPbI3 SCs
rown in GBL [26]. Such high crystallinity reduces lattice scat-
ering, thereby enhancing carrier mobility and charge collection
fficiency [27]. These characteristics in the crystalline structure
ndicate that MAPbI3-DVL0.8GCL0.2 possesses the least defective
tructure comparedwith crystals grownwith other volume ratios.

he quality of MHP-SCs can also be assessed through their
lectrical properties. Figures 3e and S19a–d present the forward-
ias dark current–voltage (I–V) curves of MAPbI3 SCs grown
n various solvents. Crystal defects trap carriers and induce
on-radiative recombination, thereby reducing photoelectric
onversion efficiency. In addition, defect-induced ion migration
ncreases dark current and causes current drift. MHP-SCs with
ow trap densities (nt) effectively suppress carrier recombination
nd consequently prolong carrier lifetimes [27, 28]. The nt of
APbI3-DVL0.8GCL0.2 determined by the space-charge-limited
urrent (SCLC) method, was 2.56 × 108 cm−3, a remarkably low
alue, lower than any previously reported for MAPbI3 SC and
mong the lowest for MHP-SCs overall [29–35]. Notably, consis-
ent results were obtained across multiple independently grown
rystals, all exhibiting similarly low trap densities, confirming the
eproducibility and reliability of this observation (Figure S20).
his value is also 7–11 orders of magnitude lower than that
f perovskite polycrystalline thin films (PTFs) (1015–1019 cm−3)
36–39]. Moreover, it surpasses commercials semiconductors,
ncluding polycrystalline silicon (1013–1014 cm−3) [13], copper
ndium gallium selenide (CIGS, (≈1013 cm−3) [40], CdTe/CdS
1011–1013 cm−3) [41], and organic semiconductors such as rubrene
Cs (≈1016 cm−3) and pentacene SCs (1014–1015 cm−3) (Figures 3f
nd Table S9) [42].

eep-level transient spectroscopy (DLTS) was used to analyze
rap energy levels and defect densities [43]. Current-mode
LTS (I-DLTS) is independent of doping concentration and
nly requires sufficient free carriers for trap filling, making it
uitable for high-resistivity SCs [44]. Arrhenius analysis based
n DLTS peaks (Figure S22) revealed multiple deep-level defects
istributed between approximately 0.10 eV and 0.57 eV, with
efect densities on the order of 1010 cm−3 and capture cross-
ections of 10− [12]-10− [18] cm2 (Table S8). These results are
onsistent in order of magnitude with the trap densities obtained
rom SCLC analysis. The discrepancy in absolute values can be
dvanced Materials, 2026
attributed to their different sensitivities: SCLC mainly probes
shallow and transport-related traps, whereas DLTS is more
sensitive to thermally activated deep-level defects. Notably, no
dominant high-density trap center was observed in the DLTS
spectra, indicating a dispersed defect distribution and further
confirming the low defect concentration and high crystalline
quality of the SCs. We further employed thermal admittance
spectroscopy to analyze the trap density of states (tDOS). The
resulting tDOS spectra (Figure S23) revealed two distinct trap
regions: shallow traps (Region I, Eω ≈ 0.23 eV), mainly associated
with bulk defects, and deep traps (Region II, Eω > 0.40 eV),
typically attributed to surface or interfacial defects. Comparison
among different solvent systems showed that GVL-based single
crystals exhibit the highest tDOS, followed by DVL, while the
DVL0.8GCL0.2 sample consistently showed the lowest values
across the entire energy range. The shallow trap density was
reduced by ∼5 times, and the deep trap density decreased
by nearly one order of magnitude, indicating effective defect
suppression. These results are consistent with DLTS and SCLC
analyses in terms of both energy distribution and magnitude,
further confirming that the DVL0.8GCL0.2 solvent system exhibits
superior defect suppression capability.

The mobility-lifetime product of MAPbI3-DVL0.8GCL0.2,
extracted from the photocurrent curves in Figure S19e, was
1.4 × 10−3 cm2 V−1 s−1. This value is higher than that of
SCs grown in mixed solvents with other ratios and pure
solvents, indicating a uniform crystalline structure yielded by
DVL0.8GCL0.2. The extracted mobilities show an overall negative
correlation with trap densities (Figure S21), confirming that
defect suppression is the primary factor influencing the carrier
transport, rather than fitting artifacts. The dark I–V curve of
MAPbI3-DVL0.8GCL0.2 under forward and reverse voltage bias
(Figure S19f) exhibits excellent symmetry, in stark contrast to
those grown in GBL and DVL. This suggests suppressed ion
migration in MAPbI3-DVL0.8GCL0.2 under an electric field.

The least defective crystalline structure of MAPbI3-DVL0.8GCL0.2
leads to significantly enhanced stability compared to control
samples. Figures 3g and S24 show a comparison of XRD spectra
for three SC samples collected during ambient storage at room
temperature and a high relative humidity over 150 days. No appar-
ent phase transition was observed for MAPbI3-DVL0.8GCL0.2 over
this entire period, while the peaks of MAPbI3-DVL and MAPbI3-
GBL disappeared after only 5 and 8 days, respectively. The high
crystalline quality of MAPbI3-DVL0.8GCL0.2 is also manifested
in its optical properties and x-ray photoelectron spectroscopy,
as discussed in Supporting Note 4 (Figures S25 and S26). In
summary, the elevated mean steric hindrance of the solvent
slows down the growth rate, thereby significantly increasing the
crystalline quality.

2.4 Performance of Photodetectors and X-Ray
Detectors

The ability to grow high-quality MHP-SCs in a sterically opti-
mized mixed solvent system at comparatively low temperatures
and with a rapid growth rate provides a robust material foun-
dation for developing high-performance optoelectronic devices.
To showcase the potential of these as-grown MHP-SCs, we
7 of 15
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FIGURE 4 Characterization of MAPbI3-DVL0.8GCL0.2-SC photodetector and x-ray detector. (a) Performance comparison of photodetector arrays
fabricated from MAPbI3-DVL and (b) MAPbI3- DVL0.8GCL0.2 under identical illumination conditions (650 nm, 50 mW cm−2). (c) Current density
and responsivity of photodetector against light power density. (d) Time-dependent current curves for MAPbI3 SC photodetector under a series of light
illumination intensities. (e) Current density of photodetector in continuous operation of 10 000 s. f Statistical comparison of trap densities and D* of
MAPbI3-DVL0.8GCL0.2 andD* of corresponding photodetectors from this work versus literature reports (data summarized in Table S11), highlighting the
superior performance achievedwith steric-hindrance-regulated crystal growth. (g) Voltage-dependent switching responses and (h) sensitivity of the x-ray
detector as a function of x-ray dose rate from 1.9 µGyair s−1 to 13.3 µGyair s−1. (i) Current density and (j) signal-to-noise ratio of the detector measured at
various x-ray dose rates under low electric field conditions. (k) Comparison of detection limits reported in the literature with theMAPbI3-DVL0.8GCL0.2-
based x-ray detector developed in this work (data summarized in Table S12), demonstrating the state-of-the-art sensitivity achieved through steric-
hindrance-guided crystal engineering. (l) Comparison of key parameters of MAPbI3 SCs grown in DVL, GVL, GCL, and DVL0.8GCL0.2. For trap density
and surface roughness, an inverted axis is used because lower values indicate higher crystal quality.
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ngineered photodetectors and x-ray sensors using the MAPbI3-
VL0.8GCL0.2 SCs.

igures 4a,b and S27 illustrate the structure of a photodetector
eaturing MAPbI3-DVL0.8GCL0.2 (see detailed preparation and
of 15
measurement of the device in characterizations and Supporting
Note 5). Assessment of photodetector array uniformity using 5 ×
5 pixel arrays configured from 6 × 6 electrodes, with each pixel
defined by adjacent electrodes. Figure 4b illustrates the array’s
current variation under dark conditions and 650 nm illumination
Advanced Materials, 2026
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50 mW cm−2), with each square representing a pixel. Detailed
hotocurrent/dark current fluctuations per pixel are shown in
igure S28. The MAPbI3-DVL0.8GCL0.2 device exhibits minimal
nter-pixel current fluctuation, in stark contrast to MAPbI3-
VL. This is attributed to reduced crystal defect density, which
nhances structural and charge distribution homogeneity—a
irect indicator of superior electrical uniformity [45].

ecause the MAPbI3-DVL0.8GCL0.2 showed superior overall crys-
al quality compared with crystals grown in other solvent ratios,
he corresponding device was chosen for further optoelectronic
erformance testing. The photodetector demonstrated broadband
esponsiveness from 365 nm to 808 nm (Figure S29). Photocur-
ent scales linearly with incident power density (0.06–1.92 mW
m−2), peaking at 650 nm. Subsequent characterization therefore
ocused on 650 nm illumination. As shown in Figure S30, at a
ias voltage of 3 V, the current density increased linearly from
.4 × 10−6 to 1.26 A cm−2 as the optical power density increases
rom 3.1 × 10−8 to 15.6 W cm−2, achieving a linear dynamic range
LDR) of 174 dB. The LDR could be further extended, as no
eviation from linearity has yet been observed with increasing
ptical power density (Figure 4c). Furthermore, the detector
xhibits fast response characteristics, with a rise time of 125 µs
nd a fall time of 273 µs (Figure S31a), suggesting efficient charge
ransport and suppressed ion migration. The −3 dB bandwidth
as subsequentlymeasured to evaluate the frequency response of
he device, defined by the relative photoresponse as a function of
requency (Figure S31b). Under 650 nm laser illumination with a
ower density of 50mWcm−2, theMAPbI3-DVL0.8GCL0.2 detector
howed a −3 dB cutoff frequency of 2000 Hz. To further evaluate
ts detection capability, noise current density measurements were
erformed, as shown in Figure S32. The MAPbI3-DVL0.8GCL0.2
evice exhibited a low noise current spectral density of 8.9
10−15 A Hz−0.5 at a frequency of 300 Hz. The responsivity,

xternal quantum efficiency (EQE), and specific detectivity (D*)
re presented in Figures 4c and S33.At a lowoptical power density
f 3.9 × 10−9 W cm−2, the photodetector exhibits a responsivity
f 78.3 A W−1, an EQE of 14 929%, and a D* of 6.81 × 1013
ones. Figure 4d demonstrates the switching response of the
hotodetector at power densities ranging from 1.5 × 10−8 to
5.6 W cm−2. At the highest power density of 15.6 W cm–2, the
hotodetector achieves a switching ratio of 1.4 × 106. The excep-
ionally high switching ratio at elevated optical power density is
ainly attributed to the suppressed dark current and enhanced
hotocurrent arising from the low defect density of MAPbI3-DVL
.8GCL0.2.

he photodetector demonstrates exceptional operational stability
Figure 4e). Under continuous 3.15 × 10−3 W cm−2 illumination
nd 3 V bias, the photocurrent density remains stable over 104 s
≈500 cycles). After 2-month ambient storage, the dark current
t 2 V increased marginally from 1.12 × 10−10 to 1.23 × 10−10 A,
hile the photocurrent decreased slightly from 5.15 × 10−8 A to
.08 × 10−8 A. The switching ratio exhibited only 9% degrada-
ion, demonstrating robust environmental stability (Figure S34).
igure 4f compares the trap density of MAPbI3-DVL0.8GCL0.2
nd the D* of its corresponding photodetector with those of
ther MAPbI3 SCs and their devices reported in the literature
Table S11) [29, 46–52]. MAPbI3-DVL0.8GCL0.2 shows the lowest
rap density alongside a relatively high D*. Although no simple
inear dependence between trap density and D* is observed, a
dvanced Materials, 2026
low trap density favors high D* by reducing trap-assisted carrier
recombination and carrier loss, as well as dark current and
noise. Nevertheless, D* is also governed by device architecture,
carrier collection efficiency, and noise characteristics, and there-
fore cannot be directly predicted from trap density alone. The
comparison in Figure 4f, thus, highlights the contribution of
crystal quality to device performance rather than demonstrating
a definite relationship between trap density and D*. Notably, the
crystal thickness used in this work exceeds the ideal value for
photodetectors, suggesting that further optimization of the device
thickness and architecture could potentially improve the device
performance.

Figure S35 shows the structure of a MAPbI3-DVL0.8GCL0.2-
based x-ray detector, which adopts a multilayer Au/SC/C60/Cr
configuration. Figure 4g shows the current density switching
curves of the device under x-ray doses ranging from 1.9 µGyair s−1
to 13.3 µGyair s−1 at different reverse bias voltages. The sensitivity
of the detector was calculated using S = Q/(A⋅X), where S is the
detector sensitivity, Q is the collected charge during irradiation,
X is the received radiation dose rate, and A is the irradiated
area. The sensitivities at bias voltages of 0, 1, 10, and 50 V
were 390, 3173, 34 184, and 108 000 µC Gyair−1 cm−2, respectively
(Figure 4h). These values surpass those based on MAPbI3 SCs
grown in pure solvents: at 10 V, the sensitivities of MAPbI3-DVL,
MAPbI3-GVL, and MAPbI3-GCL detectors were 12 370, 27 412,
and 5138 µC Gyair−1 cm−2 corresponding to 36%, 80%, and 15%
of the MAPbI3-DVL0.8GCL0.2 detector, respectively. The complete
switching responses and sensitivity curves are provided in Figure
S36. This direct comparison indicates that the optimized mixed-
solvent system outperforms the benchmark GVL system at the
device level.

The MAPbI3-DVL0.8GCL0.2 x-ray detector demonstrates a linear
response under low electric fields, with current density increasing
proportionally from 3.60 µA cm−2 to 19.62 µA cm−2 as the x-
ray dose rate rises from 0.18 µGyair s−1 to 1.72 µGyair s−1. Linear
fitting reveals a high sensitivity of 1.03 × 104 µC Gyair−1 cm−2

even at a low electric field strength of 0.34 V mm−1 (Figure 4i).
The device response under varying field strengths and dose rates
is shown in Figure S37. The limit of detection (LoD) of the as-
prepared detector is as low as 3.6 nGyair s−1 (Figure 4j), equivalent
to just 1/1596 of the standard medical diagnostic dose rate. For
x-ray detection, the capability to sense weak signals with high
sensitivity is critical. As shown in Figure 4k, comparison of
LoD and operating field strengths among reported MHP-SC-
based x-ray detectors (Table S11) places theMAPbI3-DVL0.8GCL0.2
detector among the devices with the lowest reported LoD under
low electric fields [16, 47, 53–66]. To further evaluate the low-
dose rate imaging capability, x-ray imaging was performed at
a dose rate of 420 nGyair s−1, within the sub-µGyair s−1 regime.
The obtained image shows that the detector can produce usable
imaging contrast under low radiation flux (Figure S38). We note
that this imaging dose rate is higher than the electrical LoD
because image formation requires spatially resolved contrast and
sufficient signal integration. Finally, we systematically compared
the performance of SCs grown from DVL, GVL, GCL, and the
DVL0.8GCL0.2 mixed-solvent system (Figure 4l), including key
performance metrics of the x-ray detectors. The results show
that the DVL0.8GCL0.2 offers superior overall properties in terms
of defect suppression, and signal response while maintaining a
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alanced crystal growth rate, further highlighting the advantages
f the mixed-solvent strategy.

.5 Flexibility and Universality of Steric
indrance Engineering

e demonstrate that steric hindrance engineering greatly
nhances both the flexibility and universality of the ITC
ethod. By tuning the DVL-GCL ratios (ranging from pure
VL to DVL0.5GCL0.5), we established a green solvent system
ith adjustable steric environments and systematically grew
wide range of MHP-SCs with diverse A-site cations and
alides. These include mixed-halide (MAPbX3, X = Cl, Br, I) as
etailed in Supporting Note 6 and Figure S39, mixed-A-site and
-site (MAPbxZn1-xI3, FAxMA1-xPbI3, [MAPbI3]x[MA3Bi2I9]1-x,
MAPbI3]x[PEA2PbI4]1-x, and [MAPbI3]x[FPEA2PbI4]1-x), and Pb-
ree MHP-SCs (MASnI3 and FASnI3). The detailed growth
arameters for these MHP-SCs are summarized in Table S13. In
ll cases, high-quality crystals with consistent growth rates of
0.5 mm h−1 were achieved using sterically optimized mixed
olvents, underscoring the broad effectiveness and generality of
teric hindrance engineering in ITC-based MHP-SC synthesis.

Conclusion

n thiswork,within the framework of green chemistry,we present
n environmentally sustainable and efficient strategy for the
rowth of MHP-SCs by integrating green solvent selection with a
ovel crystallization-control approach based on steric hindrance
ngineering. Conventional high-toxicity solvents were replaced
y bio-derived, low-toxicity lactone solvents, DVL and GCL, both
xhibiting high GSK green solvent scores (>7). These solvents
eature closelymatchedDNand boiling points, yet distinctmolec-
lar spatial configurations. This work unveils the critical role of
teric effects of solventmolecules, rather than conventional Lewis
asicity, in governing crystallization dynamics. By adjusting their
olume ratio of DVL and GCL, we precisely tuned the mean
teric hindrance of the solvent system without significantly
ltering its mean Lewis basicity, thereby regulating the Pb2+-
olvent coordination strength and crystallization kinetics, which
s similar to adjusting the DN values while avoiding volatility
mbalance.

mplementing this steric hindrance engineering within the ITC
rocess enables highly reproducible and rapid crystal growth.
he resulting MAPbI3 SCs exhibit exceptional structural quality,
videnced by a narrow XRD rocking curve linewidth of 0.00802◦
nd an ultralow trap density of 2.56 × 108 cm−3. These superior
tructural properties translate into outstanding optoelectronic
erformance: photodetectors based on these crystals achieve a
etectivity of 6.81 × 1013 Jones at 650 nm, and x-ray detectors
emonstrate a low detection limit of 3.6 nGyair s−1, which is
ignificantly below the standard medical diagnostic threshold.
oreover, the devices show robust operational and environmen-
al stability.

eyond achieving high performance, the universality of this steric
indrance engineering strategy is demonstrated across diverse
erovskite compositions, including inorganic, low-dimensional,
0 of 15
and lead-free perovskites. These findings establish a scalable
and sustainable blueprint for producing high-quality MHP-SCs,
highlighting how green chemistry principles can synergize with
advanced materials engineering to drive the development of
next-generation optoelectronic devices.

4 Materials andMethods

4.1 Material

Methylammonium iodide (MAI, 99.5%), methylammonium bro-
mide (MABr, 99.5%), cesium iodide (CsI, > 99.99%), and
phenylethylammonium iodide (PEAI, 99.5%) were procured from
Xi’an Yuri Solar Co., Ltd.; lead (II) bromide (PbBr2, 99.0%);
tin (II) iodide (SnI2, 99.99%) were obtained from Aladdin;
lead (II) iodide (PbI2, 99%+) and cyclohexanone (99%+) were
sourced from Adamas-beta; fluorophenylethylammonium iodide
(F-PEAI, 99%) was purchased from APINNO; zinc iodide (ZnI2,
99.9%) was obtained from Aladdin; formamidinium iodide
(FAI, 99.5%) was purchased from Shanghai Macklin Biochem-
ical Technology Co., Ltd.; γ-butyrolactone (GBL, 99%), ethyl
acetate (≥99.5%), methyl acetate (≥99.5%), and acetone (≥99.5%)
were procured from Sinopharm Chemical Reagent Co., Ltd.; γ-
valerolactone (GVL, ≥99%) and N,N-dimethylformamide (DMF,
≥99%) were sourced from Solarbio; δ-valerolactone (DVL, 98%)
was obtained from Energy Chemical; γ-caprolactone (GCL, 98%)
was purchased from ACMEC Biochemical; cyclopentanol (99%)
and cyclopentanone (99.5%) were purchased from ACMEC Bio-
chemical. All raw materials and solvents were used as received
without further purification.

4.2 Growth of MHP-SC in Steric-Engineered
Solvent via ITC

Figure S1 depicts the schematic growth process of MAPbI3 SCs
in a steric hindrance-optimized DVL-GCL mixed solvent. The
growth initiated With the dissolution of MAI and PbI2 in a
DVL0.8GCL0.2 solution maintaining a molar ratio of 1.1:1, with
excess MAI ensuring complete PbI2 transformation into MAPbI3.
After 1 h of vigorous stirring, a clear solution was obtained.
Seed crystals were prepared by heating 0.5 mL of this precursor
solution at 45◦C–110◦C for 20 min. Subsequently, 2 mL of the
solution was filtered Through a 0.22 µm nylon filter and used
for ITC. A meticulously selected small yet fully formed seed
crystal was introduced Into the filtered solution and heated
at 45◦C–110◦C for several hours. Post-growth, the MAPbI3 SCs
were cleaned with acetone and vacuum-dried for 2 h. Table
S13 summarizes the precursor concentrations, TG, growth rates
in various pure and mixed solvents, and the root-mean-square
roughness Rq of the resultant MAPbI3 SCs.

4.3 Theoretical Calculations

4.3.1 Software Employed in the Calculations

DFT calculations were performed using Gaussian 16 software
[67], the AIMD simulations were conducted with CP2K soft-
ware [68], and ESP and molecular volume were analyzed using
Advanced Materials, 2026
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ultiwfn 3.8 (dev) [69, 70]. All molecular structures were
isualized using VMD software [71].

.4 Characterizations

.4.1 Steady-State and Time-Resolved
hotoluminescence

teady-state photoluminescence spectra and time-resolved pho-
oluminescence spectra were obtained using an FLS-1000 fluores-
ence spectrometer, excited at a wavelength of 405 nm.

.4.2 Fourier Transform Infrared Spectroscopy

ourier transform infrared spectroscopy (Microet IS10) was uti-
ized to elucidate the infrared spectrum of the precursor solution.
ield emission scanning electron microscopy (SURA55 Sapphire)
as employed to characterize the initial crystal size and elemental
omposition of the MAPbX3 crystals.

.4.3 X-Ray Photoelectron Spectroscopy

-ray photoelectron spectroscopy was performed using an
scalab Xi+ (Thermo Fisher) instrument equippedwith anAl Kα
-ray source (1486.68 eV) to analyze the elemental composition
nd chemical states of the MAPbX3 SCs.

.4.4 Surface Morphology

he surface morphology of the MHP-SCs was analyzed using
laser confocal microscope (LSM900), from which the overall
oughness was calculated. Additionally, the local roughness at
he nanoscale was further characterized with a high-resolution,
nvironment-controlled atomic force microscope (Cypher ES).

.4.5 MHP-SCs Growth Rate Test

niform seed crystals were selected and immersed in precursor
olutions with varying solvent compositions for ITC growth.
rystal dimensions were periodically recorded through imaging,
nd growth rates were determined by linear fitting of crystal
ength versus time data.

.4.6 Solubility Test

olubility testing was performed on MAPbI3 powder derived
rom ground as-grownMAPbI3 SCs. Various solvents were placed
n small bottles and heated to specific temperatures, such as
0◦C. MAPbI3 powder was gradually added while stirring, and
aturation was deemed to be reached when the solvent could no
onger dissolve additional powder. The hot solution was filtered
or clarity, followed by complete evaporation of the solvent under
eat, and the remaining MAPbI3 mass was measured to calculate
olubility at the specific temperature. This process was repeated
or DVL, DVL0.8GCL0.2, and GCL at different temperatures. The
dvanced Materials, 2026
upper limit of the metastable region was estimated by observing
the spontaneous crystallization temperature of solutions with
varying concentrations. This upper limit provides a schematic
representation of the supersolubility curve.

4.4.7 X-Ray Diffraction

X-ray diffraction patterns of MAPbI3 SCs and powders were
collected using a Shimadzu x-ray diffractometer (Shimadzu,
Japan) equipped with Cu Kα radiation (operating at 40 kV
and 40 mA). The powder samples were thoroughly ground and
sieved through a 200-mesh screen to ensure uniform particle
size prior to analysis. The rocking curves of the MAPbI3 SCs
were characterized using a Rigaku SmartLab diffractometer
(3 kW, Japan) with a tube voltage of 30 kV and a current of
20 mA.

4.4.8 UV–Vis-NIR Absorbance Spectra

The absorption spectra of MAPbI3 SC powders and the MAPbI3
precursor were measured using a PerkinElmer LAMBDA 1050+
UV–vis-NIR spectrophotometer. The spectral range extended
from 300 nm to 850 nm, and measurements were carried out at
room temperature. Before testing, all MAPbI3 precursor solutions
were diluted to a uniform concentration of 0.05 mmol L−1.

4.4.9 Scanning ElectronMicroscope and Energy
Dispersive X-Ray Spectroscopy

Energy dispersive x-ray spectroscopy was conducted using the
integrated module of a field emission scanning electron micro-
scope (FESEM, SUPRA 55 Sapphire) for quantitative analysis
of the elemental composition of MHP-SCs. The analysis was
performed at an acceleration voltage of 20 kV with a working
distance of 8.5 mm.

4.4.10 Transmission ElectronMicroscope

Transmission electron microscope (TEM, JEOL JEM-2100plus)
was used to examine the initial crystal sizes of MAPbI3 and
MAPbBr3 SCs.

4.4.11 Nuclear Magnetic Resonance

A fully digital nuclear magnetic resonance spectrometer (Bruker
Avance neo 500) was used to measure the chemical shifts of Pb
in various precursors. Saturated precursor solutions were used to
enhance the signal strength.

4.4.12 Determination of DN

TheDNof the solventwas determined through linear fitting of the
23NaNMR spectra of a 10mMNaTFSI/solvent solution, following
the method introduced by Johnson et al. [72].
11 of 15
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.4.13 Deep-Level Transient Spectroscopy

eep-level transient spectroscopymeasurementswere performed
sing a deep-level transient spectroscopy system (FT1030, Phys-
ech, Germany). A high-frequency signal of 100 mV at 1 MHz
as applied. The capacitancemeasurement rangewas 0–8000 pF,
ith an automatic reverse-bias capacitance compensation range
f 0–6000 pF and automatic range switching. The capacitance
esolution was 0.01 fF. The measurement conditions were as
ollows: the time window was 50.18 ms, the filling pulse width
as 10 ms, the reverse bias was −2 V, and the pulse voltage was
.5 V. The temperature range was 80–350 K.

.4.14 Thermal Admittance Spectroscopy

he C–fmeasurements were performed by a precision LCRMeter
6500b Series). The AC frequency range for the capacitance was
rom 30 Hz to 100 MHz.

.4.15 Measurement of the Mobility-Lifetime Product
f MAPbI3 SC Detectors

he µτ product was extracted from laser-induced photocur-
ent transport measurements. A continuous-wave semiconductor
aser with a wavelength of 650 nm was used as the excitation
ource to generate electron-hole pairs in MAPbI3 SCs. The laser
as incident perpendicularly onto the active area with a spot size
f ∼10 mm2 and a power density of 100 mW cm−2 to ensure oper-
tion in the linear response regime while minimizing thermal
ffects. Steady-state photocurrent responses were recorded under
ias voltages from 0V to 100 V. The µτ product was determined by
itting the carrier collection behavior using the Hecht equation.

.5 Fabrication and Performance Measurement
f Photodetectors

sing a 200-mesh copper grid as a stencil, a 50-nm-thick gold
lectrode array was deposited onto the crystal surface via thermal
vaporation using the FS450-S8 thin film deposition system. The
pacing between adjacent gold electrodes was 15 µm, resulting in
n effective light-receiving area of 3.22 × 10−5 cm2. For low power
ensity (0.0001–500 µW cm−2) photoresponse measurements,
650 nm LED light source (SangNon SN-M11) was used. In
ontrast, for high power density (0.5 to 1.6 × 104 mW cm−2)
hotoresponse tests, a 650-nm laser (Xi’an Leixin Yangxiang
ptoelectronic Technology Co., Ltd., 650 nm, 100 mW) was
mployed. The optical power of the 650 nm light was quanti-
ied using a Thorlabs PM100D optical powermeter. The optical
esponse of the device under varying optical power densities
as evaluated using a semiconductor parameter analyzer and
semiconductor device measurement station, with a voltage
ampling interval of 0.05 V to ensure data accuracy. Noise
urrent was measured at different frequency using a spectrum
nalyzer (Agilent 35670A) with a low-noise current preamplifier
Stanford Research System, SR570). The transient photoresponse
as recorded using a 650 nm nanosecond light source integrated
nto an FLS1000 spectrometer and monitored with an Agilent
SOX2002A digital oscilloscope.
2 of 15
4.6 Fabrication and Performance Measurement
of X-Ray Detectors

The x-ray detectors feature multilayered structure of
Au/SC/C60/Cr. Au, C60, and Cr films with thickness of 50,
20, and 80 nm were prepared by thermal evaporation using the
FS450-S8 thin film deposition system. Photoconductive devices
typically exhibit a significant dark current. To mitigate this, we
incorporated a C60 thin layer between the perovskite and Cr
electrode, serving as a barrier to external electron injection in
dark conditions. The MGI 320 instrument, manufactured by
YXLON, incorporates an x-ray tube with a tungsten target. The
x-ray focal size, defined as the diameter of the metal target, is
adjustable within a range of 0.4–1 mm. In this study, all x-ray
experiments were conducted with a focal size setting of 1 mm.
At this focal size, the diameter of the test area at a distance of
500 mm from the focal spot was measured to be 360 mm. The
dose rate of the continuous x-ray beam can be incrementally
adjusted by altering the tube voltage and tube current. For
consistency, the tube voltage of the x-ray source was maintained
at 120 kV, corresponding to a continuous x-ray spectrum with
a maximum photon energy of 120 keV, while the dose rate was
modulated by varying the tube current from 0.2 mA to 15 mA.
Prior to x-ray characterization, the dose rate of the x-ray source
wasmeticulously calibrated at each tube current setting using the
IBA MagicMaX Multi-Detector (XR 40–150 kV). Additionally, a
Keithley 2400 sourcemeter was employed to apply a bias voltage
ranging from 0 V to 200 V. The low-noise current preamplifier
(SR570, Stanford Research Systems) and SR830 lock-in amplifier
were subsequently utilized to accurately record the signals.

Supporting Information

Details of theoretical calculations; details of inverse temperature
crystallization; description on the limit of Lewis theory; charac-
teristics of MAPbI3 SCs; characterizations of photodetector and
x-ray detector; solvent steric hindrance engineering modulating
growth of MHP-SCs; other data.
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