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Abstract: Deep-ultraviolet (UV) sensing has attracted significant interest because of its wide range of
applications. A mixed-cation halide perovskite-based photodetector prepared by mixing CH3NH;PbX3
(X =1, Br, and ClI) and HC(NH;)PbX3 (X = I, Br, and Cl) exhibits high stability and excellent light
absorption. In this study, perovskite was prepared by mixing CH3NH;* (FA*) and HC(NHy),™ (MA™)
cations using I~, Br~, and Cl~ halide anions. The bandgaps of the prepared perovskites increased
to 1.48, 2.25, and 2.90 eV with I-, Br-, and Cl-, respectively, and the light absorption spectra shifted
to shorter wavelengths. An increase in the redshift of the light absorption led to an increase in the
photocurrent. The FAPbCl3-MAPbCl3-based photodetector showed a high responsivity of 5.64 mA /W,
a detectivity of 4.03 x 101, and an external quantum efficiency of 27.3%. The results suggested that the
FAPbCI3-MAPDCl; perovskite is suitable for deep-UV light sensing and is an excellent candidate for the
fabrication of a sensitive photodetector.

Keywords: mixed-cation; halide perovskite; perovskite thin film; UVC sensor; photodetector

1. Introduction

A photodetector converts light into electricity. It has excellent sensitivity compared
to other detectors, owing to the detection method using light [1]. Ultraviolet (UV) pho-
todetectors have been applied in various fields over the past few years, including the
image detection, military, medical, environmental, and communication fields, and have
attracted considerable attention [2]. In general, UV light constitutes approximately 10%
of the electromagnetic waves emitted from the sun and can be classified into three types
based on the wavelength range—UVA: 320400 nm, UVB: 280-320 nm, and UVC: 180-200
nm [3]. The UVC emitted by the sun is mostly absorbed by the ozone layer. However, it is
also emitted by artificial light sources such as partial discharges from power equipment,
arc welding torches, and mercury lamps [2]. In addition to adversely affecting the human
body and causing skin cancer and cataracts, UVC can also cause accidents in industrial
facilities [4,5]. Therefore, to prevent damage from UVC, UVC photodetectors are used in
such facilities. They are also used in scientific research for applications in fire detection,
remote control, secure communication, and chemical and biological analyses [6]. A typical
example is installing UVC photodetectors in switchboards to prevent fire accidents caused
by arc flashes in power facilities [7]. Therefore, it is essential to develop a detector capable
of detecting UVC to prevent damage caused by UVC.

Previously, materials such as organic polymers, silicon, III-V compounds, and colloidal
quantum dots were used for photodetector fabrication [1,8]. However, silicon has a narrow
bandgap; therefore, silicon-based photodetectors require the installation of a separate UV
filter. Silicon-based photodetectors also exhibit a low fabrication efficiency and require high-
vacuum conditions [9]. Further, the fabrication of a high-performance colloidal quantum
dots-based detector is difficult because of the short carrier diffusion length of colloidal
quantum dots. They are also expensive and require high temperatures and complicated
processes [10,11]. Perovskites have attracted attention as a suitable alternative for existing
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detector materials due to their excellent properties such as significant light absorption,
a long carrier spread length, and an adjustable bandgap [12]. In addition, the solution
processing of perovskite is inexpensive because it is a simple process that can be conducted
at low temperatures [13,14].

Perovskites have an ABX3 chemical structure. There are cations such as formami-
dinium (CH(NH),PbX3, FA), methylammonium (CH3NHj3, MA), cesium (Cs), rubidium
(Rb) that correspond to the A position in organic—inorganic lead halide perovskite [15,16].
In addition, pyrrolidine (Py, C4HgNH) and MoS, have been reported as candidates for
perovskite materials [17-19]. In general, formamidinium lead halide (FAPbX3) and methy-
lammonium lead iodide (MAPDbX3) are used as perovskite materials, and studies are being
conducted to mix MA and FA to compensate for the shortcomings of perovskites and
increase their stability [20]. The improved electrical properties of mixed cations have been
demonstrated in several studies [21,22].

It is essential to adjust the bandgap to allow the UVC photodetector to absorb a short
wavelength of 254 nm because the wavelength of UVC light is in the range of 200-280 nm.
The wavelength that exhibits the strongest light absorption depends on the bandgap. This
means the detection selectivity of the photodetector can be determined by adjusting the
bandgap of the material.

In this study, the bandgap energy, detection selectivity, and photoresponse characteris-
tics of FAPbX3-MAPBX; (X =1, Br, and Cl) photodetectors fabricated using mixed cations
were investigated in the UVC region.

2. Materials and Methods
2.1. Materials

The following materials and chemicals were used: A quartz-glass substrate with a
160 nm-thick layer of indium tin oxide (ITO) was obtained from TMA (Seoul, Republic of
Korea). Formamidinium iodide (FAI), methylammonium iodide (MAI), formamidinium
bromide (FABr), methylammonium bromide (MABr), formamidinium chloride (FACI), and
methylammonium chloride (MACI) were purchased from GreatCell Solar (Queanbeyan,
Australia). Lead (II) iodide (99.999%), N,N-dimethylformamide (DMF, 99.8%), dimethyl
sulfoxide (DMSO, 99.7%), toluene (99.8%), sodium dodecylbenzenesulfonate (SDBS), and
2-propanol (IPA, 75 wt.%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). A
5SnO; colloidal solution (15 wt.% in water) was purchased from Alfa Aesar (Seoul, Republic
of Korea). All the materials were used without further purification.

2.2. Methods

Figure 1a shows a schematic of the structure of a mixed cation-based n-i-p UVC
photodetector, and Figure 1b shows the fabrication process. To remove the organic matter,
the ITO quartz substrate was ultrasonically cleaned using a neutral detergent, water,
acetone, ethanol, and distilled water for 20 min each. After drying in an oven at 80 °C
for 20 min, a UV-ozone treatment was performed for 30 min to further remove moisture.
A polymer tape was applied to the cleaned substrate to cover a portion of the ITO, and
PH1000 was deposited using spin coating. To reduce the sheet resistance and increase
the transmittance in the UV region, a methanol post-treatment was performed based on
a previously reported procedure [23]. After depositing the front electrode, SnO, was
deposited as an electron transport layer. Next, 1.2 mL of the SnO, colloidal solution (15
wt.%), 5.2 mL of deionized water, and 1 mg of SDBS were used to prepare a SnO,-SDBS
mixed solution. The SnO, colloidal solution was spin-coated at 3000 rpm for 20 s and then
annealed at 150 °C for 30 min. A two-step spin coating method was employed for the
perovskite layer. First, 1.4 mol of 92.5% FAPbxs was spin-coated at 4000 rpm for 20 s and
then annealed at 150 °C for 15 min to form a part of the perovskite. After sufficient cooling,
MAX/IPA was spin-coated at 4000 rpm for 20 s and then annealed at 100 °C for 20 min. A
spiro-OMeTAD hole-transport layer was spin-coated at 4000 rpm for 20 s. Finally, Au was
deposited using a thermal evaporator.
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Figure 1. (a) Schematic showing the structure of the mixed cation-based n-i-p UVC photodetector.
(b) The fabrication process for the detector.

2.3. Device Characterization

The crystal structure of the perovskite film was investigated using X-ray diffraction
(XRD, DMAX 2200, Rigaku, Tokyo, Japan) at a scan rate of 5.00° /min. The top surfaces
of the perovskite films were observed using scanning electron microscopy (SEM, S-4700,
Hitachi, Tokyo, Japan). The light absorbance of the device was measured using UV-visible
(UV-vis) spectroscopy (UV-vis 8453, Agilent, Santa Clara, CA, USA). The electrical response
of the perovskite photodetector was measured using a combined source and measurement
meter (Source Measure Unit, Keithley Instruments, Cleveland, OH, USA) and a UV lamp
(6 W, 254 nm) (VL-6.LC, Vilber Lourmat, Marne-la-Vallée, France) under 254, 302, and
356 nm irradiations.

3. Results and Discussion

The crystallinities of the FAPbX3-MAPDbX3 (x =1, Br, and Cl) films were investigated
by measuring the XRD patterns. In Figure 2a, the major perovskite diffraction peaks are
present at 20 = 14.1° and 29.4° for FAPbl3-MAPbI3, 14.9° and 30.1° for FAPbBr3-MAPbBr3,
and 15.6° and 31.5° for FAPbCl3-MAPbCl3, corresponding to the (100) and (200) planes,
respectively. When X = I, Br, and Cl, all three major peaks gradually shift to the left, which
is due to a decrease in the lattice spacing, difference in the ion sizes of the materials, and
difference in the crystal structure sizes resulting from the different lattice constants [24,25].
The three X anions had ionic sizes of 2.2 (I7), 1.96 (Br~), and 1.81 A (C17) [26]. When X is I,
the lattice constants were a = b = 8.83 A and ¢ = 12.69 A in the tetragonal system, and when
X was Br or Cl, they were 592 A and 5.67 A, respectively [26]. These values correspond to a
cubic system with different lattice constants. Therefore, when X was Br or Cl, similar XRD
patterns were observed [25]. Other small XRD peaks are also observed, which are inferred
to originate from residual MACl and Pbl, [24,25]. However, in Figure 3a—c, no large residue
was observed in the SEM picture of the surface, and the XRD result showed a much smaller
peak size than that of the perovskite phase. Although small peaks other than perovskite
peaks were commonly reported in previous studies of mixed cation perovskites, small rises
in peaks other than the perovskite peak do not significantly affect performance [27-29].
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Figure 2. (a) XRD pattern of the FAPbX3-MAPbX; (X = I, Br, and Cl) films, (b) Schematic of mixed
cation halide perovskite for incorporation of cations.
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Figure 3. SEM images of the FAPbX3-MAPbXj3 (X = I, Br, and Cl) thin film surfaces for (a) X = I, (b) X
= Br, and (c) X = Cl, and (d) resistivity.

Figure 2b shows the formation mechanism for the mixed-cation halide perovskite.
First, 92.5 mol% FAPbXj; is deposited as an intermediate complex. After the process of
post-treatment with MAX, MA is introduced as a cation to form a mixed cation. As a result
of the cation mixing, a mixed-cation perovskite without an unstable 6-FAPbX3 phase is
formed.

The SEM images of the surface of the perovskite thin film are shown in Figure 3a—c.
The average domain diameters are 3.41, 2.69, and 2.55 um for perovskites with X =1, Br,
and Cl, respectively. The grain size was averaged by measuring the domain diameter more
than 100 times using the Image ] program. The differences in the average diameters are
caused by the differences in the sizes of I~ (2.2 A), Br~ (1.96 A), and C1~ (1.81 A) [24].
Although a smaller grain size is observed when X = Br or Cl, compared to that when X =1,
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all three films show dense and clear surfaces without pinholes or defects. Therefore, it can
be inferred that the perovskite is well formed.

Figure 3d shows the resistivity values of FAPbX3-MAPbX3 (X = I, Br, and Cl), as
measured using the Hall effect. The resistivity has small values in the order of X =1, Br, and
Cl The increase in resistivity is due to an increase in the light absorption and a decrease in
grain size [30,31]. When the light absorption increases, the photodetector benefits but the
resistivity increases because of carrier scattering [32]. The resistivity of FAPbCl3-MAPbCl3
is approximately 0.12 ()-cm greater than that of FAPbI3-MAPbI3. However, considering
the UVC selectivity due to the wider bandgap energy of FAPbCl3-MAPbCl3, this is a small
difference as the bandgap energy of the former is approximately twice that of the latter.

Figure 4a shows the light absorption in the UV-vis spectrum. In FAPbX3-MAPbX3 (X
=1, Br, and Cl), when Xis I, light absorption occurs over a wide band of approximately 200
500 nm. In the case of Br, the absorption occurs at 200-320 nm, and Cl shows a high light
absorption in the range of approximately 200-280 nm. A photodetector is characterized
by its light detection in a desired wavelength band. UVC photodetectors are developed to
detect light in the range of 200-280 nm. FAPbCl3-MAPbCl; films have a high absorption
coefficient in the range of 200-280 nm, enabling the fabrication of a detector for UVC light
without a separate filter. Figure 4b shows a bandgap energy based on the light absorption
measurements. Based on the light absorption coefficient, the bandgap energy values of
FAPbX3-MAPbX3 (X = I, Br, and Cl) are estimated to be approximately 1.48, 2.25, and
2.90 eV, respectively, with the widest bandgap observed when X = Cl. A wide bandgap
material is advantageous for fabricating UV photodetectors because it can absorb and emit
high-energy photons [29,32]. Therefore, FAPbCl3-MAPbClj3 is suitable for fabricating UVC
photodetectors.
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Figure 4. Light absorption and bandgap energy values of FAPbX3-MAPDbX3 (X =1, Br, and Cl) thin
films. (a) UV-vis spectrum and (b) bandgap energy dependent on light absorption.

Figure 5a—c show current-voltage (I-V) curves to compare the characteristics of the
photodetectors based on halide anions. The devices were measured from —1to +1 V ata
scan rate of 2.5 V/s, an irradiated light wavelength of 254 nm, and an intensity of 0.648
mW /cm?. The dark current was generated in a dark environment without irradiated light,
and a smaller value indicated a better the performance for the detector [32]. In Figure 5a—c,
the dark current at a 0 V has very small values of 1.05, 2.82, and 1.56 pA for X =1, Br, and Cl,
respectively. When light at 254 nm is irradiated, the photocurrent has a higher value than
the dark current, and the current increases with the voltage because of the photo-generated
carriers [2,33]. At a 1 bias, the dark currents of the FAPbX3-MAPbX3 (X =1, Br, and Cl)
photodetectors show similar values; however, the photocurrent gradually increases when
X is changed from I to Br and Cl, with values of 302.1, 345.7, and 393.9 uA, respectively.
The smallest photocurrent value is observed when X = I despite the lower resistivity. This
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is because when X =1, it has a higher saturation voltage and lower trap density compared
to those when X = Cl1 [25].

2
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Figure 5. Current-voltage curves of FAPbX3-MAPbX;3 (X =1, Br, and Cl) photodetectors with different
halides: (a) X =1, (b) X = Br, and (c) X = Cl.

Wavelength selectivity is an important factor when comparing the performances of
photodetectors [33]. To confirm that the photodetector operated only in the UVC region,
the I-V curves were examined in the UVA, UVB, and UVC regions. Figure 6a—c shows the
photocurrents in each region. In Figure 6a, the values of the three currents are similarly
measured. The FAPbI3-MAPDbI; detector has a wide absorption band of approximately
200-500 nm. Rather, the current value is the highest at 365 nm. Figure 6b shows that the
FAPDbBr3-MAPDbBr; detector has strong absorbance in the range of 200-320 nm and high
photocurrents in the UVB and UVC regions. The FAPbCl3-MAPbCl; detector exhibits
strong absorbance in the range of 200-280 nm, and it shows a high photocurrent at 254 nm,
corresponding to UVC. The photocurrent decreases with an increase in the light wavelength,
as shown in Figure 6¢c. These results suggest that among the analyzed detectors, the
FAPbCl3-MAPDbCl3 detector is the most suitable for UVC detection.
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Figure 6. Current-voltage curves of FAPbX3-MAPbX;3 (X = I, Br, and Cl) photodetectors at different
wavelengths of light: (a) X =1, (b) X = Br, and (c) X = ClL.

The parameters of each detector were compared to investigate the detector perfor-
mance for halide material. The significant parameters that determined the detector per-
formance included the responsivity (R), detectivity (D*), and external quantum efficiency
(EQE). The responsivity was calculated as follows:

Dsa — Laark
R = 2 dork
P-S
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where I)s54 is the photocurrent; I, is the current in a dark environment; P is the power of
the irradiated light; and S is the area receiving the light.

The detectivity refers to the smallest signal that can be detected using a detector and is
affected by the responsivity and dark current. It is defined as follows [2]:

R

V ZQIdark ’

where R is the responsivity; g is the electron charge; and ], is the dark current density,
which is the value of the dark current per unit area. The detectivity indicates that the dark
current is an important factor in determining the photodetector performance. Figure 7a
shows the responsivity values of the FAPbX3-MAPbX3 (X =1, By, and Cl) photodetectors
from 0 to 1 V when 254 nm light was irradiated with an intensity of 0.648 mW/ cm?. At
a 0 bias, the detector shows responsivity of 3.83, 4.70, and 5.60 mA /W for X =1, Br, and
Cl, respectively. As the bias increases, the responsivity also increases to 161.78, 197.06, and
223.77 mA/W at a 1 bias for X = I, Br, and Cl, respectively. This is because the internal
electric field increases with the bias voltage, which suppresses carrier recombination and
increases the photon-to-charge conversion efficiency [34]. In Figure 7b, the detectivity
values of the FAPbX3-MAPbX3 (X = I, Br, and Cl) photodetectors are 3.37 x 10!, 2.52
x 101, and 4.04 x 10! at a bias of 0 V, respectively. As the voltage increases from 0 to
1V, the detectivity also increases, which is similar to the responsivity results, because the
detectivity is related to the responsivity and dark current. These results indicate that among
the FAPbX3-MAPDbX;3 (X =1, Br, and Cl) detectors, the FAPbCl3-MAPbCl3 detector is the
most sensitive at 254 nm.

Figure 7c shows the on/off ratios of the FAPbX3-MAPbX3 (X =1, Br, and Cl) detectors
from 0 to 1 V. The on/off ratio is an important performance characteristic of photodetec-
tors [35]. The on-off ratio shows the highest value when X is Cl. Figure 7d displays the
measurements of the instantaneous changes in current by repeating the detector on/off
cycle. The irradiated light had a wavelength of 254 nm and an intensity of 0.648 mW /cm?
at a 1 bias. The detector responses can be compared with the increases in photocurrent, and
among the FAPbX3-MAPbX3 (X =1, Br, and Cl) detectors, FAPbCl3-MAPbCl3, which has the
highest optical absorption at 245 nm, shows the highest increase in current. Figure 7e shows
the response time. In general, the response time is measured based on the current change in
the range of 10-90%; however, in this study, the comparison was conducted in the range of
50-90%. Although the response time is the shortest for the FAPbI3-MAPbI; photodetector,
the FAPbI3-MAPDI; detector has a wide light absorption band of 200-500 nm, along with
higher photocurrents in the UVA and UVB wavelength bands than that measured for UVC.
This shows that the FAPbIs-MAPDI; detector has inappropriate selectivity in the UVC
region despite its fast response speed. The FAPbBr3-MAPbBr; and FAPbCl3-MAPbCl; de-
tectors have a response time difference of less than 0.06 s compared to the FAPbI3-MAPbI3
detector. This means all three detectors show sensitive responses with small differences
when the increase in photocurrent is considered. Figure 7f shows the on/off switching
repeatability of the FAPbCl3-MAPDbCI; photodetector. The on/off switching was inves-
tigated for 1000 s by repeating the on/off cycle 100 times at 254 nm with an intensity of
0.648 mW /cm?. The current remains constant from approximately 80 to 840 s. Subsequently,
it slightly decreases; however, the photocurrent is maintained for a relatively long period,
which confirms the reproducibility. Stability is an important factor for the operation of a
perovskite device [36]. Nguyen and coworkers have fabricated a UVC photodetector that
maintains a fast response speed even after storage for three weeks in ambient air [2]. The
fabrication of the FAPbCl3-MAPbCl; photodetector is expected to have similar stability
because the photodetector was fabricated under the same conditions and materials as in
Nguyen’s study.

*
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Figure 7. Responses of the FAPbX3-MAPDbX;3 (X = I, Br, and Cl) detectors: (a) responsivity; (b) de-
tectivity; (c) on/off ratio; (d) transient photoresponse through repeated on/off cycles; (e) detector
response time, rise-time, and decay-time; and (f) switching of detectors to investigate photostability.

Table 1 lists the parameters of the various UVC photodetectors fabricated using
perovskite materials. The responsivity, detectivity, and EQE values are compared. The EQE
is the ratio of the number of incident photons to the number of electrons produced [37]:

EQE = R_hC,
eA
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where R is the responsivity; h is Planck’s constant; ¢ is the speed of light; and A is the
wavelength of the incident light. The EQE is related to the speed at which photons are
converted from electrons to electrons/holes [2,38]. The fabricated FAPbCl3-MAPbCl3
photodetector shows a responsivity of 5.64 mA /W and detectivity of 4.03 x 10!, which
implies that it is more sensitive than those reported in other studies. In addition, it has an
EQE of 27.3%, which is higher than those of perovskite-based photodetectors developed in
other studies. These results indicate that FAPbCl3-MAPbCl; is an excellent material for the
development of UVC photodetectors.

Table 1. Parameter comparison of UVC photodetectors based on various halide perovskites.

Materials

Light (nm) Bias (V) R (mA/W) D* (Jones) EQE (%) Ref.

(FAPbCl3)1_ (MAPbCl3)
(FAPbI3);_(MAPbBr3)y
MAPbBr5
CU3 Cu215
CsPbBr3
CaSnO3
Diamond/ 3-GayO3
Mny 52Zng 4503
Nb:SrTiO3/Gay O3
ZnO—Ga203

254 5.60 4.03 x 101 27.3 [This study]
254 492 7.57 x 1010 - [35]
254 457 1.02 x 1013 222 [5]
265 0.11 6.9% 10! [39]
254 0.24 1.1 x 10° 0.05 [23]
255 2.25 1.56 x 1010 1.06 [40]
244 0.2 6.9 x 10° [41]

|

1

1

OO NONOO

—_
o

250 0.1 - - [11
254 2.6 - 13 [42
254 9.7 - - [43

\
)

References

4. Conclusions

In summary, mixed-cation-based halide perovskite UVC photodetectors were fab-
ricated using a simple and low-temperature process, and the photodetector character-
istics of different halide materials were compared. The band gap energies of FAPbX3-
MAPDbX;3 perovskite with X = I, Br, and Cl were 1.48, 2.25, and 2.90 eV, respectively. The
FAPbCl3-MAPbCl; photodetector showed a high absorbance only in the UVC region,
which demonstrated that it had appropriate selectivity for UVC detection. At a 0 bias, the
FAPbCl3-MAPbCl; photodetector showed a sensitive response, exhibiting a responsivity of
5.64 mA /W, a detectivity of 4.03 x 10'!, and an EQF of 27.3%. These results suggested that
FAPbCl3-MAPbCl; perovskite, which has a wide bandgap, could be an excellent material
for fabricating UVC photodetectors.
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