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A highly sensitive self-powered photodetector
based on pinhole-free PEAg >FAg gShls films with
aminopyrimidinetf

Meiyue Liu, 2 Yuanchuang Li,? Xiang Yao,*® Shengjun Li© 2 and Hin-Lap Yip & *<de

Tin-based perovskite halides have emerged as promising lead-free perovskite photodetectors. However,
achieving high performance is hampered by poor stability and a high density of intrinsic defects. In this
study, we developed an efficient tin-based perovskite photodetector that is sensitive to visible and near-
infrared light through the incorporation of 2-aminopyrimidine as an additive. Our results demonstrated
that the inclusion of 2-aminopyrimidine significantly improves film morphology, reduces roughness,
passivates defect states, and suppresses the oxidation of Sn2*. The PEAg FAqsSNls films with 2-
aminopyrimidine exhibited a high responsivity of 0.4 A W™ and a detectivity of 1.16 x 102 Jones, a fast
response time of 0.93 ms, and excellent operation stability after 10 on/off cycles. The findings highlight
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Introduction

Photodetectors (PDs) are capable of sensing optical signals over
a wide range of wavelengths, including ultraviolet, visible light,
and near-infrared (NIR) light. NIR detection is particularly
important for various optical-electrical applications, such as
medical imaging, biometric identification, and image
sensing."” However, current commercial NIR PDs based on
inorganic compounds (silicon and III-V group materials) are
costly and require high-temperature and vacuum processes.**
The development of new materials, such as conjugated mole-
cules, two-dimensional materials, and halide perovskites, has
led to the creation of lighter and lower-cost PDs.*® Organic—
inorganic halide perovskites, in particular, are promising
options as next-generation PDs due to their low cost, ease of
fabrication, and excellent optoelectronic properties.'**®
Although Pb-based perovskite PDs have demonstrated high
responsivity, detectivity, and fast response time,"" the toxicity
of Pb limits their commercialization.>* Substitution of Pb with
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the significant potential of tin-based perovskite in the development of advanced photodetectors.

a less toxic alternative is therefore necessary to ensure
commercial viability.

Tin (Sn)-based perovskites have emerged as a possible
solution that addresses the issue of toxicity in Pb-based perov-
skite PDs, offering the advantages of a narrow bandgap, high
charge-carrier mobility, and low exciton binding energy.>**® Sn-
based perovskites facilitate optical detection ranging from
visible to NIR.?”*® However, most of the previously reported Sn-
based PDs are based on nanowire structures, all inorganic
perovskites, or 2D perovskites with a device architecture of
photoconductors or transistors.***® Unfortunately, these Sn-
based PDs exhibit unsatisfactory response times, where
FASnI;-based PDs have delivered a rise/fall response time of 8.7/
50 s and BA,FASn,I,-based PDs showed a rise/fall response time
of 5.78/0.96 s5.””¢ Recently, Seong and co-workers reported PDs
based on 2D PEA,Snl, with a fast response speed of 0.56 ms, but
the associated wavelength range was limited to 300-650 nm.*’
In order to achieve faster response times, devices with short
charge transport channels are needed, such as a vertical
photodiode with a transparent electrode on one side.*®*
However, there are only a few reports of Sn-based photodiodes,
and even fewer dealing with 3D Sn-based PDs.*******! This is
mainly due to the challenge of fabricating high quality and
dense Sn-based perovskite thin films. Moreover, Sn-based
perovskite thin films undergo Sn®>" oxidation to Sn*" and
rapid crystallization,*”** making it critical to achieve high
quality and dense active films with low defect density to realize
Sn-based perovskite PDs. Additive engineering to passivate
defects and suppress Sn** oxidation is an effective way to obtain
high quality Sn-based perovskite films.*®

In this study, we have fabricated Pb-free perovskite PDs
using a PEA(,FA,gSnl; thin film that incorporated 2-
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aminopyrimidine. The addition of 2-aminopyrimidine enabled
controlled crystal growth, improved film morphology, passiv-
ated defect states, and prevented Sn>" oxidation. The Sn-based
PDs with 2-aminopyrimidine have exhibited a broad response
range from 300 to 900 nm, a fast rise/fall response time of 0.93/
1.74 ms, a high responsivity of 0.4 A W' and a detectivity of
1.16 x 10" Jones, and a linear dynamic range (LDR) of 94.6 dB.
Moreover, the PEA;,FA,sSnl;-based PDs with 2-amino-
pyrimidine exhibited excellent operational stability after 10* on/
off cycles.

Results and discussion

Sn-based perovskite films were prepared by the antisolvent-
assisted spin-coating of a PEA,,FA,gSnl; precursor solution
with varying amounts of 2-aminopyrimidine dissolved in
a mixture of N,N-dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) solvents, following the methodology outlined
in the Experimental section. The impact of 2-aminopyrimidine
concentration on the crystallinity and optical properties of
PEA, ,FA,sSnl; films was evaluated using X-ray diffraction
(XRD) and absorption spectroscopy. The amount of 2-amino-
pyrimidine was adjusted from 0 to 2 mg to investigate the
impact on the optoelectronic properties of PEA,,FAq gSnl;
films. The XRD patterns, shown in Fig. 1a, are consistent with
the reported orthorhombic structure of the perovskite film, with
peaks at 14.1°, 24.5°, 28.4°nd 43.0° attributed to the (100),
(102), (200) and (213) planes, respectively.*” The peaks located at
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24.5° and 43.0° are too weak to be visible, and the enlarged
patterns are shown in Fig. S1.f Increasing the amount of 2-
aminopyrimidine (0-1 mg) led to an increase in the intensity of
the (100) and (200) peaks indicating that the addition of 2-
aminopyrimidine could regulate the crystalline process of the
PEA, ,FA, sSnl; films. However, the intensity of the (100) plane
decreased when the PEA, ,FA, gSnl; film was accompanied by
2 mg of 2-aminopyrimidine, suggesting that an excessive
amount of additive hampers the growth of high-quality crystals
in the PEA(,FA, ¢Snl; film. The full width at half maximum
(FWHM) of the (100) diffraction peak is presented as a function
of 2-aminopyrimidine concentration in Fig. 1b. As the amount
of 2-aminopyrimidine additive increased from 0 to 1.0 mg, the
FWHM of the (100) peak decreased from 0.0824° to 0.0807°.
However, it increased to 0.089° with the addition of 2 mg. The
PEA, ,FA( gSnI; films treated with 1 mg 2-aminopyrimidine
exhibited the smallest FWHM, indicating that the well-growth
and high crystallinity of the PEA,,FA,gSnI; film could be
attributed to the optimized amount of 2-aminopyrimidine.
The absorption spectra of the PEA(,FA,sSnl; films with
varying 2-aminopyrimidine concentrations are presented in
Fig. 1c. All the films exhibited an absorption edge at approxi-
mately 900 nm, which remained unaffected by the increasing
amount of 2-aminopyrimidine (inset of Fig. 1c). This suggests
that the additive had no significant effect on the absorption
properties of the film. Steady-state photoluminescence (PL)
measurements were performed to evaluate the optical proper-
ties of the PEA,FA,sSnl; films as a function of 2-
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(a) XRD diffraction patterns and (b) the FWHM of the (100) peak for PEAg ,FAg gSnls films with varying amounts of 2-aminopyrimidine (0—

2 mq). (c) Absorption spectra (the inset shows the enlarged absorption edge) and (d) PL spectra of PEAg 2FAq gSnls films with varying amounts of

2-aminopyrimidine.
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aminopyrimidine concentration. As shown in Fig. 1d, the films
exhibited an emission peak at approximately 880 nm. The
PEA, ,FA, gSnl; film with 1 mg 2-aminopyrimidine exhibited the
highest PL intensity, suggesting that the additive effectively
passivated defect states and reduced non-radiative recombina-
tion losses.

To investigate the effect of the amounts of 2-amino-
pyrimidine on the surface morphology and roughness of
PEA, ,FA, gSnl; films, we employed scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). In Fig. 2a, the
PEA, ,FA, ¢Snl; film without 2-aminopyrimidine showed poor
uniformity and numerous cracks, which can act as charge
recombination centers and are detrimental to dark current.
Furthermore, the pristine film exhibited a rough surface with
a high roughness value of 31 nm (Fig. S2t). However, as the
amount of 2-aminopyrimidine was increased from 0 to 1 mg
(Fig. 2b and c), the film became denser and smoother. A more
uniform morphology is crucial for efficient charge transport
during photodetection. Additionally, the PEA,,FA,gSnl; film
with 1 mg 2-aminopyrimidine displayed the lowest roughness
value (13.2 nm). On the other hand, increasing the additive to
2 mg resulted in the appearance of numerous pinholes at the
grain boundaries, leading to an increase in the roughness value
(32 nm) (Fig. 2d and S21). These results indicate that the use of
excessive additives has a negative effect on the crystallization
and leads to poor surface coverage. Therefore, adding 1 mg of 2-
aminopyrimidine was found to be optimal, and the subsequent
discussion will focus on the PEA, ,FA, gSnl; film with 1 mg 2-
aminopyrimidine and the pristine PEA, ,FA, gSnl; film.

To explore the chemical interaction between the 2-amino-
pyrimidine additive and the PEA,,FA(¢Snl; film, Fourier
transform infrared (FTIR) spectroscopy was conducted. As
shown in Fig. S3,7 the FTIR spectra of neat 2-aminopyrimidine
and the perovskite with 1 mg of 2-aminopyrimidine were

(a)

View Article Online

Paper

compared. In neat 2-aminopyrimidine, the peak corresponding
to the N-H bond in 2-aminopyrimidine was observed at
3400.2 cm™'. However, in the perovskite with 2-amino-
pyrimidine, the peak corresponding to the N-H bond shifted to
3384.9 cm ', indicating an interaction between 2-amino-
pyrimidine and the perovskite. Furthermore, X-ray photoelec-
tron spectroscopy (XPS) measurements were performed to
examine the valence state of Sn and to assess the effect of the
additive on the stability of the Sn-based perovskite. The Sn 3d
core-level XPS spectra of the PEA, ,FA, gSnl; films without and
with 2-aminopyrimidine are presented in Fig. 3a and b,
respectively. The peaks at 486.1 and 494.6 eV correspond to the
energy levels of Sn 3ds/, and 3d;), for Sn**, while the peaks at
486.8 and 495.0 eV correspond to Sn*".*® Fitting analysis has
revealed that the peak composition associated with Sn*"
decreased from 36.2 to 26.1% area following the introduction of
2-aminopyrimidine, indicating an effective inhibition of Sn**
oxidation. Therefore, the introduction of the 2-amino-
pyrimidine additive can significantly enhance film quality
through the N-H bond and improve stability by suppressing the
oxidation of Sn*" to Sn*".

To validate the possible effect of 2-aminopyrimidine in
reducing trap densities in PEA, ,FA, sSnl; films, we fabricated
electron-only devices with the structure of ITO/SnO,/PEA, ,FA ¢
Snl;/PCBM/Ag. The corresponding current-voltage curves are
plotted in Fig. 3c and d using the space charge limited current
(SCLC) method. The trap density (N,) can be calculated using the
equation, N, = 2¢4e,.Vrpr/el?, where &, represents the relative
dielectric constant, ¢, is the vacuum permittivity, Vg, denotes the
trap-filled voltage, e is the elementary charge, and L is the thick-
ness of the PEA, ,FA, gSnl; layer.*” The Vg, value of PEA, ,FA g
Snl;-based devices with and without 2-aminopyrimidine was 0.24
and 0.16 V, respectively. The incorporation of 2-aminopyrimidine
resulted in a lower trap density (5.8 x 10'> cm ™) compared to the

(b)

Fig. 2 Representative SEM images of PEAg 2FAp gSnls films with (a) 0 mg, (b) 0.5 mg, (c) 1 mg and (d) 2 mg 2-aminopyrimidine.
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aminopyrimidine.

film without 2-aminopyrimidine (3.9 x 10" em ™), confirming
that the additive can effectively reduce trap densities. This
reduction in trap density can be attributed to the improved film
quality and suppressed Sn>" oxidation, leading to a decrease in
dark current and an enhancement in PL intensity, which are
beneficial features for high-performance photodetectors.

The schematic diagram in Fig. 4a illustrates the structural
arrangement of the PEA, ,FA, sSnlz-based PDs. The PDs were
fabricated with the structure of ITO/poly(3,4-ethylene dioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS)/PEA, ,FA sSnl;/
[6,6]-phenyl  Cgy-butyric acid methyl ester (PCBM)/
Bathocuproine (BCP)/Ag. The effect of the 2-aminopyrimidine
additive on the performance of the PDs was evaluated using
current density-voltage (J-V) curves in the dark and under light
illumination. The J-V curves of the PEA,,FA,sSnl;-based
perovskite PDs with and without 2-aminopyrimidine are shown
in Fig. 4b. The current density of the PEA, ,FA, sSnl;-based PDs
with 1 mg 2-aminopyrimidine was 3.69 x 10~’ Acm™>at —0.1V,
lower than that of the PDs without 2-aminopyrimidine (4.6 x
107% A em ™2 at —0.1 V). The reduction in dark current can be
attributed to the improved uniformity of the films and the lower
trap densities resulting from the introduction of 2-amino-
pyrimidine. The dense and smooth morphology with enhanced
crystallinity led to an increase in the photocurrent density for
the PEA,,FA, gSnls;-based PDs containing 2-aminopyrimidine,
establishing efficient carrier transport in the device.

The external quantum efficiency (EQE) spectra of PDs with
varying concentrations of 2-aminopyrimidine were measured,
where all PDs exhibited a broadband light response from 300 to

This journal is © The Royal Society of Chemistry 2024
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(a and b) XPS spectra, and (c and d) J-V curves for the electron-only devices based on the PEAg ,FAg gSnls films without and with 1 mg 2-

900 nm (Fig. S41). Notably, the PD with 1 mg 2-amino-
pyrimidine achieved a high EQE of over 60% at 400-810 nm
(Fig. 4c), demonstrating high charge-carrier collection effi-
ciency. Responsivity (R) is a key parameter for evaluating the
performance of a PD, representing the response efficiency of the
PD to the optical signal. The value of R can be calculated from
the equation, R = EQE X e/hv, where e represents the elemen-
tary charge, 4 is Planck’s constant, and » denotes the frequency
of the optical signal.®® The dependence of responsivity on
wavelength at zero voltage is presented in Fig. 4d. The PEA -
FA, gSnlz-based PD with 1 mg 2-aminopyrimidine generated
higher R values over the 300-900 nm range. The maximum R
value was 0.4 AW™" at 810 nm, demonstrating the suitability of
the PEA,,FA, sSnl;-based PDs for broadband detection from
visible to NIR. The enhanced photoresponse performance of the
PEA, ,FA, gSnl;-based PDs incorporating 1 mg of 2-amino-
pyrimidine was superior to that of the PDs without 2-amino-
pyrimidine (Table 1).

The specific detectivity (D*) is a figure of merit used to quantify
the capability of a photodetector to measure weak optical signals.
The D* can be calculated using the formula, D* = R/(2q.Ja)"%,
where J4q represents the dark current density. The detectivity
profiles with respect to spectral wavelength are shown in Fig. 4e.
The D* values for the PEA, ,FA, ¢Snl;-based PDs with 1 mg of 2-
aminopyrimidine were appreciably higher, with a maximum
detectivity of 1.16 x 10'* Jones at 810 nm under a bias voltage of
—0.1V, four times higher than that of the pristine PEA, ,FA, sSnl;-
based PDs (2.9 x 10" Jones). The results indicate that the lower
trap density, which suppressed carrier recombination, resulted in

J. Mater. Chem. A, 2024, 12, 6446-6454 | 6449
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(a) Structure schematic of the Sn perovskite PDs. (b) J-V curves under dark conditions and AM 1.5G solar illumination, (c) EQE spectra, (d)

responsivity, and (e) specific detectivity of the Sn perovskite PDs with 0 mg (black circles) and 1 mg (red circles) 2-aminopyrimidine. (f)

Representation of the specific detectivity of Sn-based perovskite PDs.

Table 1 Photoresponse performance of the PEAg 2FAg gSnlz-based PDs with and without 2-aminopyrimidine

Ja(Acem™?) RAW™ D* (Jones) Trise/an (MS) LDR (dB)
Control 4.60 x 10°° 0.35 2.90 x 10" 0.99/1.78 71.4
2-Aminopyrimidine 3.69 x 1077 0.40 1.16 x 10" 0.93/1.74 94.6

the highest R and D* associated with the PDs containing 1 mg 2-
aminopyrimidine. The range of D* values reported for Sn-based
PDs with different structures and active layers is summarized in
Fig. 4f and Table 2. Previously reported Sn-based perovskite PDs
with high D* mostly employed two-dimensional or all-inorganic
perovskites as photoactive layers, which resulted in a narrow
device detection range. It should be noted that our fabricated
PEA, ,FA( sSnlz-based PDs delivered the highest D* when
compared with previously reported Sn-based PDs based on
a photodiode device architecture.

The linear dynamic range (LDR) is a crucial parameter that
characterizes the range of linear dependence on light intensity
and is particularly significant in practical photodetection

6450 | J Mater. Chem. A, 2024, 12, 6446-6454

applications, specifically in imaging. It can be quantified using
the formula, LDR = 20 1og(Iiax/Imin), Where I;,.x represents the
highest light intensity and Iy, indicates the lowest light inten-
sity within the linear range. As illustrated in Fig. 5a, the I, of
the PEA, ,FA, gSnl;-based PDs with 1 mg 2-aminopyrimidine is
one order of magnitude lower than that of the reference PDs
(Fig. 5b). Both the reference and Sn-based PEA, ,FA, ¢Snl; PDs
with 1 mg 2-aminopyrimidine exhibited comparable upper
limits. The LDR of the PEA, ,FA, gSnlz-based PDs with 1 mg 2-
aminopyrimidine was 94.6 dB, significantly larger than the LDR
of the PD without 2-aminopyrimidine (71.4 dB). This finding
demonstrates that the addition of 2-aminopyrimidine can
promote more effective charge separation and collection,

This journal is © The Royal Society of Chemistry 2024
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Table 2 Comparison of the critical parameters associated with reported Sn-based PDs
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Materials D* (Jones) RAW™ Response time Structure type Ref.
FASnI, 1.9 x 10*2 11 x10°@ 0.5V 8.7/57 s Photoconductor 27
Cs,SnBrg 2.71 x 10*° 9.52/4.34 ms Photoconductor 31
Cs,Snlg 100/100 ms Photoconductor 32
(PEA),Snl, 1.92 x 10" 16 0.63/3.6 s Photoconductor 33
BA,Snl, 1.46 x 10" 265@4V 2.62/0.3 s Photoconductor 34
BA,FASD,1, 6.3 x 10"? 1.55@4V 5.78/0.96 s Photoconductor 34
CsSnBr; 4.27 x 10" 0.0623 @ 3V 50/51 ms Photoconductor 35
(PEA),Snl, 2.06 x 10" 3.29 x 10° 0.37/3.05 s Photoconductor 36
PEA,Snl, 6.32 x 10" 509 0.56/10.7 ms Photoconductor 37
(PEA),Snl, 8.09 x 10° 0.121 34/38 ms Photoconductor 42
MA, ;FA, ;SnBr; 6.7 x 10*° 45/420 ms Photoconductor 44
(PEA),Snl, 1.74 x 102 14.57 @ 10V 50 ms/1.5 s Photo transistor 43
MASNI, 8.8 x 10™° 0.47 1500/400 ms Photodiode 29
Nanowire array
CsSnl, 1.5 x 10 0.257 0.35/1.6 ms Photodiode 30
PEA,.15FA, g5Sn1; 8.29 x 10! 0.39 0.78/1.31 ps Photodiode 40
FA,sPEA,,Snl, 2.3 x 10" 0.262 27.7/20.4 ps Photodiode 41
PEA,»FA, gSnI; 1.16 x 102 0.4 0.93/1.74 ms Photodiode This work
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Fig. 5 (a and b) Photocurrent as a function of incident light intensity. (c) Response time of the PEAg 2FAq gSnlz-based PD with 1 mg 2-ami-

nopyrimidine. (d) Response times of previously reported PEAq ,FAq gSnls-based PDs. (e) Long-term /-t curve for the PEAg 2FA gSnlz-based PD
with 1 mg 2-aminopyrimidine under 533 nm green light illumination. (f) Enlarged /-t curve.
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resulting in an enhanced response and detection over a wide
range of light intensities, ranging from weak to intense.

The response time of PEA, ,FA, gSnlz-based PDs with 1 mg of
2-aminopyrimidine is shown in Fig. 5c¢, measured using an
adjustable light source with current amplification. The rise and
fall times were defined as the time required for the photocurrent
to reach 10% and 90% of the maximum value, respectively. The
PDs with 1 mg 2-aminopyrimidine exhibited a fast response
speed, with a rise/fall time of 0.93/1.74 ms at 533 nm light illu-
mination, appreciably faster than the pristine PDs (Fig. S5t). The
fast response time of the PDs with 2-aminopyrimidine indicates
that this additive effectively suppressed carrier recombination
and minimized the dark current. Fig. 5d compares the response
times of PDs using different Sn-based compounds, and it is
evident that the PDs developed in this study showed a faster
response time than other Sn-based perovskite PDs. Furthermore,
when comparing response in terms of device structure (photo-
diode or photoconductor), our study delivers a similar response
speed to the fastest response time Sn-based PDs reported previ-
ously. Additionally, the stability of the PEA, ,FA, sSnl;-based PDs
with 1 mg 2-aminopyrimidine was superior to that of pristine PDs.
Fig. 5 shows the device stability under green light with a pulse
width of 50 Hz. The photocurrent did not exhibit any appreciable
degradation after 10" on/off cycles, demonstrating excellent
operation stability and repeatability. The stability was further
illustrated by the enlarged /-t curve during testing in air that is
presented in Fig. 5f. In contrast, the PEA,,FA,gSnlz-based PD
without 2-aminopyrimidine displayed noticeable degradation, as
shown in Fig. S6,1 indicating that the addition of 2-amino-
pyrimidine effectively improved the stability of Sn-based PDs.

Conclusions

In summary, we developed lead-free and environmentally
friendly PEA,,FA, gSnlz-based PDs by incorporating 2-amino-
pyrimidine as an additive. The addition of 2-aminopyrimidine
not only regulated crystal quality, improved surface morphology,
and decreased roughness of the PEA, ,FA, gSnl; thin film, but
also suppressed oxidation of Sn>" and passivated defects. As
a direct consequence, devices based on PDs with the 2-amino-
pyrimidine additive exhibited a lower defect density and dark
current. The PEA,,FA,sSnl;-based PDs achieved a high
responsivity (0.4 A W~ ') and detectivity (1.16 x 10"* Jones) and
fast response speed (0.93 ms). Additionally, the unencapsulated
PDs exhibited excellent operation stability and repeatability after
10* on/off cycles. Our study demonstrates that the use of 2-
aminopyrimidine as an additive is an effective means of
producing high-performance Sn-based perovskite PDs.

Experimental section

Materials

Tin iodide (Snl,, 99.999%), tin fluoride (SnF,, 99.8%), dimethyl
sulfoxide (DMSO, 99.8%), N,N-dimethylformamide (DMF, 99.8%),
chlorobenzene (CB, 99.8%), and bathocuproine (BCP, 99.5%)
were purchased from Sigma-Aldrich. Phenyl-ethylammonium
iodide (PEAI, 99.5%) and formamidinium iodide (FAI, 99.5%)
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were purchased from Xi'an P-OLED Co. All materials and reagents
were used as received without further purification.

Fabrication of perovskite photodetectors

The glass substrate with ITO was ultrasonically cleaned using
acetone, ethyl alcohol, and deionized water and then treated
with UV-ozone. The PEDOT:PSS (Clevios P VP Al 4083) layer was
spin-coated onto the substrates at 4000 rpm for 30 s, followed by
thermal annealing at 150 °C for 15 min in air. The Sn-based
perovskite precursors were prepared by dissolving FAI: PEAI:
Snl, : SnF, with a molar ratio of 0.8:0.2:1:0.1 in a 1 mL
solution of DMF and DMSO (4 :1 volume). In the case of the
perovskite films with additives, a known amount of 2-amino-
pyridine was added to the precursor solution. In the fabrication
of the Sn-based perovskite film, the precursor solution was
filtered using a 0.22 pm PTFE filter and subjected to spin-
coating at 1000 rpm for 10 s and then at 5000 rpm for 30 s.
The antisolvent (CB) was dripped for 12 s in a high speed step.
Then, the film was annealed at 70 °C for 10 min. PCBM (20 mg
mL~" in CB) was spun on the perovskite film at 1000 rpm for
20 s, followed by BCP (0.5 mg mL ™" in isopropyl alcohol) which
was spun at 3000 rpm for 30 s. Finally, 100 nm thick Ag elec-
trodes were deposited by thermal evaporation under a pressure
of 5 x 10" * Pa.

Film characterization

SEM images were obtained using a JSM-7001F scanning elec-
tron microscope. Sample roughness was determined with
a Bruker Multimode 8 instrument. XRD analysis was conducted
using Cu Ko radiation (Bruker D8 Advance). UV-visible
absorption spectroscopy was performed using a UH4150 spec-
trophotometer. The PL spectra were measured using a fluores-
cence spectrometer (PerkinElmer LS 55), and XPS spectra were
collected using a K-ALPHA+ XPS.

Device characterization

Current density as a function of voltage was recorded using
a Keithley 2400 instrument under dark conditions and simu-
lated AM1.5G sunlight generated using a solar simulator (SS-F5-
3A, Enli Technology Co., Ltd). The light intensity was calibrated
using a certified reference silicon cell. EQE measurements were
conducted with a QE tester (Enlitech, QE-R 3018). A linear
dynamic range test was performed at different white light
intensities using ThorLabs metallic-coated neutral density
filters. The on/off PD response was measured using a galvano-
static instrument (Metrohm Autolab PGSTAT204) with a light
emitting diode (Ocean Optics (LSM)) at a wavelength of 533 nm.
The LED pulse was generated using an LED controller (Ocean
Optics, LDC-1).
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