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Flexible All-Inorganic Perovskite Photodetector with a
Combined Soft-Hard Layer Produced by Ligand

Cross-Linking

Tongyu Shi, Xi Chen, Rui He,* Hao Huang, Xinru Yuan, Zhenyu Zhang, Jiahong Wang,

Paul K. Chu, and Xue-Feng Yu*

Although perovskite nanocrystals have attracted considerable interests as
emerging semiconductors in optoelectronic devices, design and fabrication of
a deformable structure with high stability and flexibility while meeting the
charge transport requirements remain a huge challenge. Herein, a combined
soft-hard strategy is demonstrated to fabricate intrinsically flexible
all-inorganic perovskite layers for photodetection via ligand cross-linking.
Perfluorodecyltrichlorosilane (FDTS) is employed as the capping ligand and
passivating agent bound to the CsPbBr; surface via Pb-F and Br-F
interactions. The Si—Cl head groups of FDTS are hydrolyzed to produce Si-OH
groups which subsequently condense to form the Si—-O-Si network. The
CsPbBr; @FDTS nanocrystals (NCs) are monodispersed cubes with an
average particle size of 13.03 nm and exhibit excellent optical stability.
Furthermore, the residual hydroxyl groups on the surface of the

CsPbBr; @FDTS render the NCs tightly packed and cross-linked to each other

Si, GaN, SiC, and InGaAs are dominating
the photodetector market for the ultraviolet
(UV) to near-infrared spectral range.!?] Nev-
ertheless, traditional detectors composed of
these semiconductors have a planar and
rigid structure and cannot meet the strin-
gent requirements of high-performance
flexible and deformable devices.I*! Besides,
the growth of these bulk materials and de-
vice fabrication typically involves a high
temperature, thus the process is costly and
complicated.*] The key challenge for flexi-
ble photodetectors is how to maintain the
favorable photoelectric attributes of the ma-
terials while making them compatible with
deformable substrates and meeting the
simple and low-cost manufacturing criteria.

to form a dense and elastic CsPbBr; @ FDTS film with soft and hard
components. The photodetector based on the flexible CsPbBr; @ FDTS film
exhibits outstanding mechanical flexibility and robust stability after 5000

bending cycles.

1. Introduction

Flexible photodetectors have attracted increasing attention as cru-
cial components in wearable electronics, foldable displays, and
portable image sensors.[!! Conventional semiconductors such as

Colloidal nanocrystals (NCs) are pos-
sible candidates for flexible devices by
combining size-dependent tunable opto-
electronics with low-temperature solution
processing.’] In particular, all-inorganic
perovskites have attracted considerable in-
terests as emerging semiconductors on ac-
count of the large absorption coeflicient,
high carrier mobility, and long carrier diffusion lengths.®! In fact,
all-inorganic perovskite NCs and flexible substrates can be inte-
grated by spraying, spin coating, and drop casting to simplify the
production process and reduce the cost.l”! Specifically, van der
Waals forces between ligands have been shown to bode well for
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the assembly of NCs to form films.[!l However, small molecule
ligands which stabilize the particle surface merely by coordina-
tion cannot sufficiently block surrounding moisture.! Although
the mechanical properties and stability can be improved by com-
bining nanoparticles with polymers, the embedded nanoparticles
suffer from the low volume fraction, poor dispersion in the poly-
mer matrix, and an inert insulating coating.l'”] Hence, there is
still a crucial need for a deformable structure that combines sta-
bility and high flexibility as well meets the charge transport re-
quirements of photodetectors.

In this work, we design a stable flexible CsPbBr; @FDTS pho-
tosensitive layer with a combined soft-hard structure based on the
network skeleton formed by ligand cross-linking at the perovskite
NCs  surface.  1H,1H,2H,2H-perfluorodecyltrichlorosilane
(FDTS), a fluorosilane of the F,C(CF,),,,(CH,), SiCl class, is em-
ployed as the capping ligand and passivating agent for CsPbBr,
perovskite via Pb-F and Br-F interactions. The Si-Cl groups
of FDTS are converted into Si-OH driven by water molecules
and further condense into Si—O-Si encapsulated on the surface
of the perovskite NCs. Subsequently, the NCs are adopted as
the building blocks to prepare a flexible perovskite film by self-
assembly and further condensation of Si-OH groups. Notably,
the resistance to thermal and moisture improves significantly
due to defect passivation and effective protection by the coating.
Since the ultrathin modification layer of Si-O-Si network does
not intercept the charge transport, we successfully fabricated
the photosensitive layer with great photoelectric properties
based on CsPbBr; @FDTS NCs. Moreover, the CsPbBr; @FDTS
film with the combined soft-hard structure has exceptional
flexural strain resistance. Compared to the purified nanocrystal
film (Ex~5.2GPa), the elastic modulus of the CsPbBr; @FDTS
film decreases to 2.755 GPa illustrating significantly improved
resistance to elastic deformation and better compatibility with
flexible substrates under bending. As demonstration, the UV
detector composed of the flexible CsPbBr; @FDTS film exhibits
outstanding mechanical flexibility and robust stability after 5000
bending cycles.

2. Results and Discussion

The synthesis process of CsPbBry@FDTS is illustrated in
Figure 1a; and Figure S1 (Supporting Information). First, the
CsPbBr; NCs are prepared by the ligand-assisted reprecipita-
tion method.['") After that, the as-synthesized NCs are purified
by centrifugation processes to remove dissociative organic lig-
ands. As revealed by high-resolution transmission electron mi-
croscopy (HR-TEM), the purified CsPbBr; NCs have a cubic
shape (Figure 1b) with an average size of 12.83 nm (Figure S2a,
Supporting Information). The CsPbBr;@FDTS NCs are pro-
duced by adding the FDTS dispersant (mixture of FDTS, chlo-
roform, deionized water, and ethanol) into the solution of puri-
fied CsPbBr; NCs under vigorous stirring. It is noted that these
processes should be conducted under sealed conditions because
moisture in air is adverse to driving the reaction uniformly. The
obtained nanocrystals exhibit monodispersed cubes with an av-
erage size of 13.03 nm (Figure 1c; and Figure S2b, Supporting
Information), which is close to that of purified CsPbBr; NCs, in-
dicating the formation of ultrathin modification layers.l?l Both
the purified CsPbBr; and CsPbBr;@FDTS NCs have a lattice
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distance of 0.42 nm, corresponding to the (110) crystal plane of
the monoclinic phase perovskite (Figure S3, Supporting Informa-
tion). Compared to the purified CsPbBr; NCs, elemental com-
position is detected from the perovskite surface by the energy
dispersion spectroscopy (EDS) (Figure 1d; and Figure S4, Sup-
porting Information). The X-ray diffraction (XRD) patterns of the
purified CsPbBr; and CsPbBr; @FDTS NCs in Figure 1e can be
indexed to CsPbBr; (PDF#18-0364), suggesting the coating does
not change the perovskite structure.

To investigate the surface chemistry of CsPbBr; @FDTS NCs,
X-ray photoelectron spectroscopy (XPS) is performed. As shown
in Figure 1f, F Is and Si 2p peaks are detected from the purified
FDTS and CsPbBr;@FDTS NCs, while Pb, Cs, and Br are ob-
served from purified CsPbBr; and CsPbBr;@FDTS NCs, thus
confirming synthesis of CsPbBr; and introduction of FDTS. In
the C 1s spectra of CsPbBr;@FDTS, the peaks at 284.8, 285.9,
291.5, and 293.5-294.2 eV correspond to the C-C, C-Si,—CF, and
—CF, groups, respectively (Figure 1g).['*l The high-intensity -CF,
bond is consistent with the —(CH,), (CF,),CF; chemical group of
FDTS, demonstrating successful binding of the long-chain flu-
oroalkyl group to the surface of CsPbBr;.['* The Si spectrum
of CsPbBr; @FDTS can be divided into two peaks at 103.3 and
104.7 €V attributable to Si-OH and Si—O-Si, respectively.["* ']
The Si-OH peak is weaker than the Si—-O-Si peak, probably due
to condensation of most of the Si~OH to form the Si-O-Si struc-
ture. The interaction between FDTS and CsPbBr; can also be con-
firmed by the chemical shifts in XPS measurement (Figure 1h).
Compared to the purified CsPbBr; and FDTS, the F 1s peak of
CsPbBr; @FDTS decreases from 689.6 to 688.6 eV, while the
Pb 4f and Br peaks (Figure S5, Supporting Information) shift
to higher energies. These shifts can be attributed to the change
in the chemical environment including the formation of halo-
gen bonds (between F~ and Br™)['®l and electronic interactions
(betweenPb?* and F~),l'7] and the probable binding scheme is
proposed in Figure 1i.[18]

Fourier-transform infrared spectroscopy (FTIR) is conducted
and as shown in Figure 1j, the obvious stretching vibration peak
of —-OH at 3441 cm™ of CsPbBr;@FDTS stems from hydrol-
ysis of the Si—Cl head group of FDTS."] The Si—O-Si vibra-
tion peak at 1070 cm™ and Si-O symmetrical stretching peak
at 897 cm™! arise from condensation of Si-OH into the Si—O-Si
structure.[13320] The bands at 2922 and 2851 cm™! are assigned
to C-H bonds of the -(CH,),(CF,),CF,; groups!'*] and those at
1148-1236 cm™' can be ascribed to vibration of -CF; and -CF,
functional groups.[**]

Based on the experimental results, the formation mechanism
of the in situ network-like coating of Si—~O-Si on the CsPbBr; sur-
face is described in Scheme S1 (Supporting Information). FDTS
first binds to the surface of CsPbBr; NCs by Pb-F and F-Br co-
ordination. In particular, the C-F chain is located on the inner
side due to the affinity and interaction with the perovskite sur-
face, and the outer Si—Cl groups are converted to S—-OH driven
by water molecules. Subsequently, the Si-OH groups condense
to form the Si-O-Si network on the surface of CsPbBr; NCs.
Since hydrolysis of FDTS is vigorous and a trace amount of wa-
ter vapor in the air is able to initiate the reaction, further con-
trol of the reaction uniformity is required (Figure S6, Supporting
Information). The reaction rate can be regulated by controlling
the amounts of H,O and ethanol in the dispersion, where water
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Figure 1. a) Schematic illustration of the CsPbBr; @FDTS NCs synthesis process. b,c) TEM images of b) Purified CsPbBr; and c) CsPbBr; @FDTS NCs.
d) EDS elemental maps of CsPbBr; @FDTS NCs. €) XRD spectra of the purified CsPbBr; and CsPbBr; @FDTS NCs. f) XPS survey spectra of the purified
CsPbBry CsPbBry@FDTS NCs, and FDTS. g) XPS C 1s and Si 2p spectra of CsPbBr; @FDTS. h) XPS F 1s spectra of CsPbBr; @FDTS and FDTS, Pb 4f
spectra of CsPbBr; @FDTS, and purified CsPbBr;. i) Proposed structure and j) FTIR spectrum of CsPbBr; @FDTS.

promotes the hydrolysis reaction and ethanol acts as an inhibitor
(Figure S7, Supporting Information). The temperature also plays
an important role in the reaction, as heating promotes condensa-
tion, which is not conducive to the formation of monodispersed
particles. With the increase of FDTS addition, the obvious coating
layer can be observed in the TEM images (Figure S8, Support-
ing Information). After coated with Si—-O-Si network structure,
the measured contact angle is about 76°, and the affinity for wa-
ter is mainly caused by the residual Si-OH group on the surface
(Figure S9, Supporting Information).

The optical properties of the CsPbBr;@FDTS NCs are pre-
sented in Figure 2a; and Figure S10 (Supporting Information).
After the FDTS treatment, the absorption and photolumines-
cence (PL) emission spectra show a slight blue shift, presum-
ably caused by ion exchange between Br~ of CsPbBr, and CI~
of FDTS, and the enhanced PL intensity demonstrating the de-
fects on the surface are effectively passivated. The time-resolved
photoluminescence (TRPL) spectrum of the perovskite NCs can
be fitted by a bi-exponential function with two decay components

Adv. Sci. 2023, 10, 2302005

as shown in Table S1 (Supporting Information). The PL lifetimes
of the CsPbBr; NCs with the oleate-olylamino ligand (CsPbBr,
OA/OAm), purified CsPbBr; NCs, and CsPbBr,@FDTS are
12.31, 10.54, and 22.71 ns, respectively (Figure 2b; and Figure
S11, Supporting Information). The significant increase in the
CsPbBr; @FDTS short lifetime (z;) and long lifetime (z,) indi-
cates that FDTS modification produces effective surface defect
passivation.

To evaluate the resistance of CsPbBr;@FDTS NCs to water,
the PL emissions are tracked as shown in Figure 2c. When the
samples are immersed in water, the PL emission of purified
CsPbBr; exhibits a sharp increase (0-6 h), followed by rapid de-
cline and almost complete quenching after 40 h. In contrast, the
CsPbBr; @FDTS sample shows a slow increase and then a grad-
ual decrease, notably maintaining highly luminescence even af-
ter 72 h. According to XRD, the CsPbBr; NCs are converted into
CsPb, Br; in contact with water. As for the purified CsPbBr; NCs
without a protective layer to resist attack by water, a continuous
phase transition occurs until the CsPbBr, structure is destroyed.
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Figure 2. a,b) Absorption and PL spectra and fitted curves of the purified CsPbBr; and CsPbBry @FDTS NCs. c) Time-dependent PL intensity of the
NCs immersed in water. The insets are the optical images of the perovskite aqueous solution under light and UV illumination. d,e) XRD patterns of the
purified CsPbBr; and CsPbBr; @FDTS NCs after immersion in water for 6 and 40 h. f) TEM images of the purified CsPbBr; and CsPbBr; @FDTS NCs

before and after immersion in water for 40 h.

As for the CsPbBr;@FDTS NCs coated with Si—-O-Si network,
the partially exposed CsPbBr; in the outer layer transforms into
the CsPb,Br, structure to form a relatively stable dual phase
heterojunction which improves the PL performance and stabil-
ity against hydrolytic degradation.?!l The TEM images corrobo-
rate the better structural stability of the CsPbBr; @FDTS NCs as
shown in Figure 2f. CsPbBr; @FDTS also shows more stable PL
emission under harsh conditions such as 85 °C and 85% relative
humidity (Figure S12, Supporting Information).

Perovskite films are prepared on the polyimide (PI) substrate
by the drop coating method as shown in Figure 3a.[?2] Compared
with the purified CsPbBr; film with holes and small cracks, the
CsPbBr; @FDTS film shows a uniform and dense surface (Figure
S13, Supporting Information). The better homogeneity stems
from that the residual Si-OH groups on the perovskite surface
can drive the nanocrystals to be closely packed and cross-linked
to each other consequently forming an elastic film based on the
soft-hard combination (Figure 3b). As shown in Figure 3c, the
thickness of the perovskite film is about 2 pm. The morpho-
logical changes of the CsPbBr; NCs films caused by deforma-
tion are investigated (Figure 3d). As revealed by atomic force
microscopy (AFM), the purified CsPbBr; film has a different
morphology after distortion and flexural operation showing ob-

Ady. Sci. 2023, 10, 2302005

vious cracks and roughness increase from 28.615 to 62.608 nm
(Figure 3e,f). On the contrary, the FDTS-modified group shows
an almost unchanged dense and uniform surface with a rough-
ness of 17.337 nm, reflecting better resistance to deformation
(Figure 3g,h). Nanoindentation experiments are performed to
further evaluate the mechanical properties of the perovskite films
(Figure 3i). The elastic modulus of the purified CsPbBr; film is
derived to be 5.207 GPa from the load-displacement curve(?*) and
it is significantly higher than that of the CsPbBr; OA/OAm film
(3.600 GPa), thus confirming the large influence of the organic
ligands on the mechanical properties (Figure 3j). The elastic mod-
ulus and hardness of the CsPbBr;@FDTS film are 2.755 and
0.027 GPa, respectively, which are obviously lower than those of
the purified CsPbBr; and CsPbBr; OA/OAm films thereby pro-
viding evidence of the positive role of the soft-hard structure in
the flexibility.

Figure 4a shows the schematic illustration of the flexible pho-
todetector consisting of the CsPbBr; film as the photosensitive
layer. The optical images of the photodetector arrays prepared on
the PI substrate with the Au electrode channel length of 25 pm
under illumination are depicted in Figure 4b. To investigate the
optoelectronic properties of the perovskite photodetectors, the
logarithmic current—voltage (I-V) curves in the dark and under

2302005 (4 of8) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. a) Schematic illustration of the CsPbBr; films synthesis process. b) Illustration of the combined soft-hard structure. c) Scanning electron
microscope (SEM) image of the cross-section of the CsPbBr; @FDTS film. d) Mechanical properties: distortion and flexure operation of CsPbBr; films.
AFM images of the purified CsPbBr; film e) before and f) after deformation. AFM images of the purified CsPbBr; film g) before and h) after deformation.
i) Typical load-displacement curves, j) elastic modulus and hardness values of the purified CsPbBr;, CsPbBr; @FDTS, and CsPbBr; OA/OAm films.

365 nm illumination are presented in Figure 4c. Different from
the insulating effects of the OA/OAm ligands on charge trans-
port, the perovskite coated Si—~O-Si network maintains the charge
carrier transfer characteristics. Besides, -V curves with differ-
ent light intensities are shown in Figure S14 (Supporting Infor-
mation). It can be observed that the photocurrent (I, = Iy,
Ijunc) and the switch ratio (g /lgn) of CsPbBr;@FDTS pho-
todetector increase when the light powder increases from 0.126
to 1.084 mW cm~2 at 5.0 V bias voltage (Figure 4d).

The responsivity (R) which reflects the response ability of
the photodetector to illumination is expressed by R = I;,/(P-A),
where P and A denote the light intensity and effective illumina-
tion area, respectively.[>] The specific detectivity (D*) represent-
ing the capability to detect the weakest light signals is expressed
by D* = R/(2ql,,/A)"?, where q is the elementary charge.**]
The R and D* values of the CsPbBr; @FDTS photodetector un-
der various illumination at a bias of 5 V exhibit a dependence on
the light intensity, while the maximum values are 13.60 mA W~!
and 7.75x10' Jones with the light intensity of 0.126 mW cm™2,
respectively (Figure 4e). The performance of detectors fabricated
by CsPbBr; @FDTS with different sizes and FDTS-to-NCs ratios
is summarized in Table S2 (Supporting Information). The per-
formances of the CsPbBr; @FDTS photodetector based on other
purified CsPbBr, device are shown in Figures S15 and S16 (Sup-
porting Information). Moreover, Figure 4f; and Figure S17 (Sup-
porting Information) show the current—time characteristics of
the perovskite devices under different illumination intensities

Adv. Sci. 2023, 10, 2302005
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at a bias of 5.0 V. Compared to the drifting dark current base-
line and continuously increasing photocurrent observed from the
purified perovskite detector, the CsPbBr; @FDTS photodetector
has better stability and reversibility under continuous light on/off
switching.

The mechanical stability of the CsPbBr; photodetectors is as-
sessed and presented in Figure 5. Figure 5a; and Figure S18
(Supporting Information) show the I—V curves of the perovskite
detectors versus bending radii upon 365 nm laser illumination
(0.791 mW cm™2) under ambient conditions. As the bending
radii decrease (inset of Figure 5b), the purified CsPbBr; based
photodetector shows declining performance and the calculated
S, R, and D* decay are approximately half of the initial values
for a radius of 2.5 mm (Figure 5b—d). On the contrary, the flex-
ible CsPbBr;@FDTS photodetector shows no obvious loss in
response to the photocurrent from a flat state to a radius of
2.5 mm, demonstrating significantly improved electrical stability
and durability under bending. As shown in Table S3 (Supporting
Information), the overall performance of the FDTS modified pho-
todetector exhibits enhanced working stability with less current
drift, satisfactory flexible cycling tests and competitive detection
performance compared with other photodetectors.

After 3000 bending cycles, the performance index of
CsPbBr;@FDTS flexible photodetector maintains over 80%
of the initial values, while the calculated normalized S, D%, and
R of the purified CsPbBr; based device are 0.50, 0.38, and 0.30,
respectively (Figure 5e—g). Even after 5000 bending cycles, the

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

35L8017 SUOWIWOD BAIIRID 8|gedljdde sy Aq peusenob afe sajoiLe YO 9Sn Jo s8N Joj Akeiqi auljuQ 481\ UO (SUOIPUO-PUE-SWLBI/L0D AB 1M Aleid 1jeuluo//:Sdny) SUonIpUoD pue swie | 8y aes *[£202/80/y0] Uo Arlqi auluo A3|1M ‘S00Z0EZ02 SAPR/Z00T 0T/10p/wod Ao | 1M Arelg 1 juljuo//sdny wouy pepeojumod ‘2z ‘€202 ‘vr8E86Te



ADVANCED ADVANCEDR

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com

Figure 4. a) Schematic illustration and b) photographs of the photodetector under UV illumination. c) |-V curves of the purified CsPbBrs,
CsPbBry@FDTS, and CsPbBr; OA/OAm based photodetectors. d) Photocurrent, switching ratio, e) responsivity and specific detectivity of the
CsPbBr; @FDTS devices as a function of light intensity at a bias of 5 V. f) I-T characteristics of the CsPbBr; @FDTS devices under different illumi-
nation intensity at a bias of 5 V.

Figure 5. a) |-V curves of the CsPbBr; @FDTS based photodetector under different bending radii (laser illumination: 365 nm, 0.791 mW cm~2). Nor-
malized b) switching ratios, c) responsivities, and d) specific detectivities of the purified CsPbBr; and CsPbBr; @FDTS based photodetectors in different
bending states with the inset showing the corresponding photographs of the device bent at different angles at a bias of 5 V. Normalized e) switching
ratios, f) specific detectivities, and g) responsivities of the purified CsPbBry and CsPbBr; @FDTS based photodetectors under 5000 times of bending
cycles at a bias of 5 V. h) Photodetection properties under damp and hot conditions (85 °C and relative humidity, 85%) at a bias of 5 V.
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flexible CsPbBr;@FDTS photodetector delivers robust perfor-
mance. The excellent mechanical stability can be attributed to
the full release of bending stress through the CsPbBr;@FDTS
film in which the combined soft-hard structure plays a crucial
role.”] As shown in Figure 5h, the CsPbBr,@FDTS-based
device exhibits negligible degradation and retains almost the
initial performance after 10h in the damp and hot environment
(85 °C and relative humidity of 85%).

3. Conclusion

In conclusion, a combined soft-hard strategy is demonstrated
to fabricate intrinsically flexible layers for photodetection by lig-
and cross-linking. Our results suggest that the FDTS ligands
bind firmly to CsPbBr; surface through Pb-F and Br-F interac-
tions and provide effective surface passivation and protection.
The introduced Si-OH groups cross-link to form the Si-O-Si
network and drive the assembly of the perovskite NCs to form
the CsPbBr; @FDTS film, consequently producing a perovskite
nanocrystal film with exceptional flexibility. The elastic modu-
lus of CsPbBr;@FDTS film is 2.755 GPa which shows signifi-
cantly improved resistance to elastic deformation and compati-
bility with the flexible substrate in the bending test. As a result,
the UV detector composed of the flexible CsPbBr; @FDTS photo-
sensitive layer has outstanding mechanical flexibility and robust
stability as demonstrated by the bending test of 5000 cycles. We
believe that our work provides a strategy to balance the stabil-
ity and flexibility while simultaneously offering excellent charge
transport boding well for optoelectronic devices, greatly extend-
ing the application of NCs in future optoelectronic devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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METHOD

Materials. The main chemical reagents including cesium bromide (CsBr, Aladin,
99.9%), lead bromide (PbBr2, Aladin, 99.0%), N,N-dimethylformamide (DMF, Aladin,
99.9%), oleylamine (OAm, Aladin, C18:80-90%), oleic acid (OA, Aladdin, AR),
1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FDTS, Aladin, 96%), chloroform
(Sinopharm, 99.0%), ethonal (Sinopharm, 99.8%), acetone (Sinopharm, 99.0%), gold
(Zhongnuo Advanced Material (Beijing) Technology Co., Ltd, 99.99%) were used
without purification, except chloroform which was dehydrated before use.

Synthesis of purified CsPbBr3 NCs. The CsPbBr; NCs were prepared by the ligand-
assisted reprecipitation method. Firstly, CsBr (0.4 mmol), PbBr; (0.4 mmol) were
dissolved in DMF (10 mL). Subsequently, OAm (0.1 mL) and OA (1 mL) were added
to stabilize the precursor solution until the powder was completely dissolved. 1 mL
of the precursor solution was added quickly into chloroform (10 mL) under vigorous
stirring, and strong green emission was observed immediately. After three times
centrifugation (10,000 rpm, 10 min), purified CsPbBr3; NCs can be obtained.
Synthesis of CsPbBri@FDTS NCs. The FDTS dispersant should be freshly
prepared before use (10 mL chloroform, 30 pL ethanol, 1.5 pL deionized water and 10
pL FDTS). Then 1 mL chloroform and 1 mL FDTS dispersant were added into the
redispersed purified CsPbBr; NCs chloroform solution (2 mL) in sequence with a 5 min
interval.  After stirring for 10 min, 1 mL chloroform and 1 mL FDTS dispersant were
added again. The obtained colloid solution was centrifugated (10,000 rpm, 10 min)

to get the CsPbBr3@FDTS NCs, which were used for the TEM characterization (Figure



I¢) and photodetector fabrication. After further drying at 50 °C, the CsPbBr; @FDTS
powders were used for other material characterizations and stability tests.
Preparation of the CsPbBr3@FDTS flexible photodetector. The CsPbBr3@FDTS
NCs were redispersed in chloroform to form a 10 g/mL uniform dispersion. Polyimide
(PT) membranes (2.5 cm x 2.5 cm) were cleaned sequentially in acetone, ethanol and
deionized water. The CsPbBr3@FDTS film was obtained by the drop-casting method,
and then the gold electrodes (1 mm x 1 mm) were deposited on the composite film by
thermal evaporation, and the channel length between the Au electrodes is 25 pum.
Characterization

The morphology of nanocrystals was examined by transmission electron microscopy
(TEM, FEI Talos F200X) at 200 kV. The composition was determined by energy-
dispersive X-ray spectroscopy (EDS) using the accessory manufactured by Oxford
instruments. To characterize the structure, powder X-ray diffraction (XRD) was
performed on a Rigaku Smartlab 3kW X-ray diffractometer with Cu K, radiation (A =
1.54056 A, 40 kV, 30 mA, 10° min! from 10 to 60°). X-ray photoelectron
spectroscopy (XPS) was carried out on the Thermo ESCALAB 250Xi system. The
structure of the composites was analyzed by Fourier transform infrared spectroscopy
(FTIR, Thermo Scientific, Nicolet 1S60) with the KBr pellet method. The PL and
TRPL properties were determined using a fluorescent spectrophotometer (Hitachi F-
4600 and Edinburgh FLS-1000) at an excitation wavelength of 365 nm. The
absorption spectra were obtained on the Lambda25 UV-Vis-NIR spectrophotometer.

The morphology of the perovskite films was examined by scanning electron



microscopy (SEM, Zeiss GeminiSEM 300) and atomic force microscopy (AFM, Bruker,
USA). The mechanical properties such as elastic modulus and hardness were detected
by a Nanoindenter XP (Bruker Hysitron TI950).  Electric and optoelectronic
measurements of the fabricated devices were conducted in darkness and recorded by

the PDA FS380 semiconductor analyzer.



Figure S1. Schematic illustration of the CsPbBrs @FDTS NCs synthesis process



Figure S2. Particle size distributions: (a) purified CsPbBr; NCs and (b)

CsPbBr;@FDTS.



Figure S3. HRTEM images of (a) purified CsPbBr3 and (b) CsPbBr; @FDTS NCs



Figure S4. EDS elemental maps of CsPbBr;@FDTS NCs.



Figure S5. Br 3d XPS spectra of purified CsPbBr3 NCs and CsPbBr; @FDTS.



FsC Fe
CF3 CF4 (}:F) 3l
2)7 CF
(CFg)z hydrolysis (CF2) condensation y o)
—>
O—s;

_ _ si_/\ fe
o sicor ~o 1"
c’ ¢l HO OH O—gj_~(CF2)7
Ho™ \

OH
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Figure S6. TEM image of CsPbBr; @FDTS synthesized under ambient conditions (25 °C

and relative humidity of 75%).
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Figure S7. TEM image of CsPbBr3s@FDTS synthesized without ethanol addition in a

sealed environment.
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TEM images of the CsPbBrs@FDTS NCs with different amount of

Figure S8.

FDTS addition
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Figure S9. The contact angle of the CsPbBr; @FDTS NCs.
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Figure S10. The PL signal of the purified CsPbBr; and CsPbBr; @FDTS.
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Figure S11. Time-resolved PL decay and fitted curve of CsPbBr; OA/OAm.
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Table S1. Fitting parameters and average lifetimes of CsPbBr3 NCs.

A 71 [ns] Az w2lns]  Twe  Adj.R

Purified CsPbBr;  914.5976  2.0361 242.878 14910 10.5384 0.99318
7 3 84 5 1

CsPbBr;@FDTS  892.9512 3.6685 289.180 29.922 22.7127 0.99291
7 6 05 47 3

CsPbBr; 951.3636 3.2841 274241 18.016 12.3094 0.99513
OA/OAm 2 97 61 5
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Figure S12. Time-dependent PL intensity of the perovskite NCs under harsh

conditions (85 °C high temperature and 85% relative humidity).

18



Figure S13. SEM images: (a) purified CsPbBr3; and (b) CsPbBrs@FDTS film.
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Figure S14. -V curves: (a) purified CsPbBr; and (b) CsPbBr3@FDTS photodetectors

under different illumination intensities at a bias of 5 V.
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Table S2. The performance of detectors fabricated by CsPbBrs@FDTS with different

parameters.
Factor Experiment parameter Responsivity | Detectivity
(mA/W) (x10' Jones)
present 0.4 mmol CsBr, PbBI‘z; 13.60 7.75
OAm (0.1 mL) and OA (1 mL);
FDTS dispersion (1%o)
NC  size | 0.4 mmol CsBr, PbBrx; 16.66 477
' OAm (0.05 mL) and OA (0.5 mL);
(bigger) FDTS dispersion (1%o)
NC size | 0.4 mmol CsBr, PbBr»; 12.45 715
OAm (0.4 mL) and OA (1 mL);
(smaller)

FDTS dispersion (1%o)

0.4 mmol CsBr, PbBr»; 22.92 6.02
OAm (0.1 mL) and OA (1 mL);

FDTS dispersion (0.5%o)

0.4 mmol CsBr, PbBr»; 8.05 3.32
OAm (0.1 mL) and OA (1 mL);

FDTS dispersion (2%o)

0.4 mmol CsBr, PbBr; 536 247
OAm (0.1 mL) and OA (1 mL);

FDTS-to- FDTS dispersion (5%o)

NCs ratio | 0.4 mmol CsBr, PbBry; 3.48 1.88
OAm (0.1 mL) and OA (1 mL);

FDTS dispersion (1%)

0.4 mmol CsBr, PbBr; 2.62 1.48
OAm (0.1 mL) and OA (1 mL);
FDTS dispersion (2%)

0.4 mmol CsBr, PbBr»;
OAm (0.1 mL) and OA (1 mL);
FDTS dispersion (5%)
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Figure S15. Photocurrent and switch ratio of the purified CsPbBr; NCs devices as a

function of light intensity at a bias of 5 V.
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Figure S16. Responsivity and specific detectivity of the purified CsPbBr; NCs devices

as a function of the light intensity at a bias of 5 V.

23



40x10% — 0126 mWicm?
' — 0.440 mWicm? 0.791 mWiem?
—— 0.839 mWicm? 0.957 mWem? il

3.5x10™ 1.003 m\Wiem®> —— 1.084 mWicm®

3.0x10°
—_ il
<
£ 25x10™
—
[
L 2 ox10%
3
@)

1.5x10™

1.0x10™

. I
-10
50077 100 200 300 400
Time (s)

Figure S17. Current—time characteristics of the purified CsPbBr; NCs devices under

different illumination intensities at a bias of 5 V.

24



Figure S18. [-V curves of the purified CsPbBr3; photodetectors under different bending

radii.
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Table S3. Summary of the photoresponse performance figure-of-merits of

representative photodetectors

Sensing Spectral | Responsivity( | Detectivity | Reference
material region A/W) (Jones)
CsPbBr;@FD
uv 13.60 x 1073 7.75%10" | This work
TS NCs
CdTe NC uv 8.0x10°¢ / [1]
ZnO NC uv 8.5x1073 / [2]
Visible-

PbS QD 3.8%1073 / [3]

Flexible NIR

detector | ZnO NW uv / / [4]
HgTe QD NIR / 7.5%101'° [5]
Organic/polym | Photo/Ther

433 x 1073 / [6]
er thin-film mal
MAPbI; NW UV-Visible | =3.5x 107 =100 [7]
CsPbBrs3 films uv 0.24x 1073 =100 [8]
MAPbLI; NW uv / 4.16 x 102 [9]
MAPDBI; NCs uv 10.04x 1073 4.56 x 108 [10]
CsPbl; NCs UV-Visible 30% 1073 1.8 x 10" [11]
CsPbBr3; NCs uv 1.72 1.76 x 107 [12]
CsPbX3 NCs visible / / [13]
CsPbBr; NWs uv 0.19 / [14]
Perovskite

Zn0O
NRs/CsPbBrs3 uv 0.14 / [15]
QDs
CsPbBr3; NCs visible 4.71x1073 4.56 x 108 [16]
CsPbX; QDs uv 32x 1073 / [17]
CsPbBr3; NCs uv 2.2 x10° 1.1 x10° [18]
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CsPbBr3 UV-Visible 0.18 6.1 x 10'° [19]

MAPbLI; NW Visible 5x1073 / [20]

(NC: nanocrystal; QD: quautum dot; NW: nanowire)
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