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1. Experimental section
Materials

Cesium iodide (CsI, 99.99%) and cesium bromide (CsBr, 99.99%) sourced from Xi'an Polymer Light Technology 
Co., lead thiocyanate (Pb(SCN)2, 99.5%) from Innochem Technology Co., Ltd., dimethyl sulfoxide (DMSO, >99.8%) 
and tin dioxide (SnO2) 15% hydrocolloid dispersion from Alfa Aesar, N,N-dimethylformamide (DMF, 99.99%) from 
TCI, polyvinylpyrrolidone (PVP) from Aladdin, and titanium tetrachloride (TiCl4, 99.5%) from ACROS, were 
procured without further purification for use in the study.

Precursor preparation

The Cs2Pb(SCN)2X2 (X = I and Br) perovskite precursor solutions were formulated by dissolving 0.5 mmol Pb(SCN)2 
and 1 mmol CsX (X = I and Br) in 1 mL anhydrous DMF/DMSO (3:7, v/v) solution, followed by stirring at 60 °C 
overnight. For the mixed I/Br systems, the corresponding ratios were employed, with all other processes remaining 
consistent. SnO2 solutions were prepared by combining tin dioxide 15% hydrocolloid dispersion and deionized water 
in a 1:6 volume ratio.

Device fabrication

The glass substrates underwent sequential ultrasonic cleaning with deionized water, isopropanol, deionized water, 
and ethanol. After air-drying, the substrates underwent a 20-minute UV-O3 treatment. The TiO2 substrates were 
prepared by immersing the substrate in a TiCl4 solution, heating it at 70 °C for 1 h, replacing the TiCl4 solution with 
deionized water, and then heating the glass substrate at 200 °C for 1 h. The SnO2 substrates were prepared by adding 
SnO2 precursor solution to a glass substrate, spin-coating at 5000 rpm for 50 s, and annealing at 150 °C for 40 min to 
form the SnO2 layer. Subsequently, the glass/TiO2 (or SnO2) substrate was preheated at 50 °C, and the perovskite 
precursor solution was filtered through a 0.22 μm filter head, followed by spin-coating at 3000 rpm for 30 s, and 
annealing at 80 °C for two minutes. Finally, a 60 nm gold interdigitated electrode (electrode distance: L = 50 µm) was 
deposited via thermal evaporation under 4 × 10−4 Pa. The effective area of the electrode is 7.25 × 10−3 cm2.

Material characterization

Power X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab X-ray diffractometer with Cu Kα 
radiation (0.15418 nm). Scanning electron microscope (SEM) images were captured utilizing a Hitachi High 
Technologies Co. SU8010. X-ray photoelectron spectra (XPS) were acquired employing a Thermo Fisher Scientific 
ESCALab250Xi spectrometer. UV-vis absorption spectra were measured using a Shimadzu UV2450 UV-vis 
spectrophotometer. Steady-state PL and temperature-dependent PL (TDPL) spectra were recorded using an Edinburgh 
FLS 1000 spectrometer under xenon lamp excitation. Excitation wavelengths were set at 400 nm and 530 nm for 
Cs2Pb(SCN)2Br2 and Cs2Pb(SCN)2I2, respectively. For TDPL measurements, samples were initially cooled to 113 K 
under 6.5 × 10−6 Pa and then heated in 20 K increments. The temperature was maintained for 15 minutes following 
each temperature increment to ensure the stabilization of the sample temperature, after which PL spectra were 
recorded using the spectrometer. Time-resolved photoluminescence (TRPL) measurements were conducted using the 
Edinburgh FLS 1000 spectrometer equipped with an Edinburgh Instruments EPLED picosecond laser diode, with 
monitoring at the emission wavelength of 594 nm for Cs2Pb(SCN)2I2 films.

Device performance measurement

Photodetection was performed utilizing a Cindbest CGO probe station equipped with a 450 nm single-mode fiber 
laser diode. I-V and I-t curves were recorded under vacuum conditions using a Keithley 2614B SourceMeter. Noise 
spectra were obtained by recording transient dark current using the buffer mode of the Keithley 2614B, followed by 
the fast Fourier transform of the dark current data. X-ray photons with a peak energy of 22 keV were produced using 
a portable silver-target X-ray generator with an aluminum collimator (outlet diameter: 5 mm). The accelerating 
voltage was fixed at 30 kV and the X-ray dose rate was controlled by adjusting the generator’s input current (100−500 
μA). The dosimeter was positioned identically to the detector for measuring the dose rate. I−t curves under X-ray 
irradiation were recorded using a Keithley 6517B electrometer.

Calculation method

Device’s responsivity (R) and specific detectivity (D*), R and D* were calculated using the formulas:𝑅 =  
𝐼𝑝 ‒ 𝐼𝑑

𝑃 × 𝑆
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where Ip, Id, P, S, and q represent the photocurrent, dark current, light intensity, device’s effective area, and elementary charge, 
respectively.
Device’s sensitivity (S) and signal-to-noise ratio (SNR) under X-ray was calculated by linearly fitting the correlation between 
photocurrent and dose rate using the formula: 𝑆 =
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where Ip is the photocurrent, Id is the dark current, S is the sensitivity, D is the dose rate, and A is the effective area of 
the device.

2. Supplementary data

Fig. S1 Statistical plots of the average Pb-X-Pb (X = I− or Br−) bond angles and interlayer distance in 
representative 2DPKs. PEABr, PEAI, BABr, BAI, BDABr, BDAI, and SCNBr represent (PEA)2PbBr4

1, 
(PEA)2PbI4

2, (BA)2PbBr4
1, (BA)2PbI4

3, BDAPbBr4
4, BDAPbI4

5, Cs2Pb(SCN)2Br2, respectively.

Fig. S2 Surface and cross SEM images of the Cs2Pb(SCN)2I2 film.



Fig. S3 Temperature-dependent PL spectra of (a) Cs2Pb(SCN)2Br2 and (b) Cs2Pb(SCN)2I2.

Fig. S4 Device structure schematic of Au interdigital electrode/perovskite film/TiO2/Glass.

Fig. S5 I-V curves of Cs2Pb(SCN)2Br2 and Cs2Pb(SCN)2I2 devices under 405 laser illumination.

Table S1 Device performance of (Cs)2Pb(SCN)2I2 films with different PVP concentrations. 

PVP (mg mL−1) Idark (nA) Ilight (nA) R (mA W−1) D* (× 1012 Jones)

0 0.004 93.89 6.48 0.38

2 0.004 270.91 18.69 1.41

4 0.005 302.41 20.83 1.40

6 0.005 218.01 1.50 1.01



Fig. S6 Summary of exciton binding energy versus band gap curve based on reported perovskites; 
PEA2PbI4

2, PEA2PbBr4
1, BA2PbI4

3, BA2PbBr4
1, BA2MAn−1PbnI3n+1 (n =2, 3, 4, and 5)6, MAPbI3

7, 
MAPbBr3

8, FAPbI3
7, FAPbBr3

7, CsPbI3
9, and CsPbBr3

9.

Fig. S7 (a)TRPL and (b) XPS spectra of Cs2Pb(SCN)2I2 films with and without PVP.

Fig. S8 R and D* versus light intensity of the Cs2Pb(SCN)2I2 device.



Fig. S9 (a) I-t curves of Cs2Pb(SCN)2I2 devices under increased X-ray dose rates. (b) Linearly fitting 
the photocurrent density at different dose rates to determine device’s sensitivity. (c) Sensitivity at 
different bias. (d) I-t curves of the device at low dose rate.

Table S2 Performance comparison of our 2D Cs2Pb(SCN)2I2 film photodetector with those in published 
literature.

Material Responsivity
(A W−1)

Detectivity
(Jones)

Response speed References

MAPbI3 SC 0.15 / 120 ms 10

MAPbBr3 SC 0.26 1.5 × 1013 100 ns 11

MAPbCl3 SC 0.047 1.2 × 1010 24 ms 12

CsPbBr3 SC 0.028 1.8 × 1011 100 ms 13

(PEA)2PbBr4 SC 5.4 × 10−3 1.07 × 1013 / 14

Cs2Pb(SCN)2Br2 SC 8.5 × 10−3 1.2 × 1010 2.6 ms 15

MAPbI3 film 0.11 1.3 × 1011 20 ms 16

MAPbCl3 film 0.071 2.87 × 1010 / 17

MAPbICl2 film 0.67 1.4 × 1013 200 ms 18

Cs2Pb(SCN)2I2 film 0.028 6.2 × 1011 2.78 ms This work

Table S3 X-ray detection performance of different perovskite devices.
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