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Recently, inorganic halide perovskites, especially CsPbBrs;,
have been attracting attention because of their high effi-
ciency, wide color gamut, and narrow luminescent spectrum.
To elevate the perovskite devices’ performance, optimiza-
tions of crystalline quality, device structures, and fabrication
process are essential. Currently, the state-of-the-art fab-
rication approach of CsPbBr; is spin-coating in an inert
environment (nitrogen, argon, etc.), which requires tempera-
ture and humidity control. In this work, a CsPbBr;-based
visible photodetector (PD) is realized in a humid atmosphere,
whose performances were comparable to those reported in
an inert glovebox. The dependencies of responsivity and
transient time on CsBr coating layer numbers and electrode
period were also investigated. The best device performance
was obtained with 4 layers of CsBr coating with a respon-
sivity of 107.2 mA/W, detectivity of 4.29 x 10" Jones, and
quantum efficiency of 25.4%. The rise time of the 3—4-layer
CsBr-coated PD was reduced by the higher crystalline qual-
ity and carrier mobility, while the decay time of the 1-layer
CsBr-coated PD was faster since the dense defect induced
non-radiative recombination centers. With the period T
increasing, the responsivity decreased, while the transient
times increased. We believe that our results could benefit
the future optimization of perovskite materials and PDs. ©
2023 Optica Publishing Group
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Introduction. Recently, many opto-electronics (e.g., light-
emitting diode, laser diode, solar cell, photodiode (PD), etc.)
based on CsPbBr; have emerged, due to its high efficiency, wide
color gamut, and narrow luminescent spectrum [1-6]. Among
them, the CsPbBr; PD with high responsivity in the visible band
is promising for application in the Internet of Things and under-
water communication, because of its stability and strong dipole
transition. In 2017, Liu’s group achieved a 34-A/W CsPbBr;
nanoflakes PD at 1.5 V by cation exchange [7]. High responsivity
of 4.4 x 10° A/W and 0.252-ms transient time were also realized
by a CsPbBr; nanowires PD [8]. To further enhance the device’s
properties, optimizations of crystalline quality and device design
were required. Since halide perovskites degrade in air and mois-
ture, spin-coating in an inert environment with strictly controlled
temperature and humidity has been the most popular fabrication
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process for CsPbBr; materials and devices [9,10]. Convention-
ally, CsPbBr; materials have been synthesized in a nitrogen
glovebox [11]. The reports about CsPbBr; materials synthe-
sized in the atmosphere are rare. In 2021, Noh et al. reported
a 9% photo-conversion efficient perovskite solar cell fabricated
under a 40-50% relative humidity environment [12]. In 2020,
Yang et al. assembled the CsPbBr; nanowires in the atmosphere
[13]. Responsivity of 20 A/W and transient time of 0.3 ms were
realized without observable degradation after 60 days air expo-
sure. In 2022, Luo et al. [14] fabricated a stacked CsPbBr; PD
in ambient air. Despite the above reports, the CsPbBr; thin films
by spin coating in air have not been investigated in detail, and
the device structures are still complex. Therefore, in this work,
CsPbBr; thin films were spin-coated in a humid air condition
by a two-step method. Metal-semiconductor-metal (MSM) PDs
were fabricated on the CsPbBr; thin films with 1-6 CsBr layers.
The effects of the number of CsBr layers on a thin film and
PD were investigated. It was shown that the CsPbBr; PDs with
4 layers of CsBr yielded the best responsivity, detectivity, and
quantum efficiency. The rise time of the PD was determined by
the carrier mobility of CsPbBr;, while the decay time of the
PD was dominated by the recombination centers induced by
defects. An increase of the electrode period rendered a lower
responsivity and higher transient time.

Experiments. The CsPbBr; thin films were spin-coated in a
60% humidity, 25°C atmosphere. The Cr/Au (30/180 nm) inter-
digital electrodes were first deposited on a quartz substrate by
photolithography and magnetron sputtering. All the electrode
patterns maintained a 40% duty ratio (metal width/period) with
periods ranging from 20 to 200 um. A 1 M PbBr, solution (dis-
solved in DMF) was initially spin coated on the quartz substrate
followed by 100°C, 45-min thermal annealing in the atmosphere.
Respectively 1-6 layers of 0.07 M CsBr (in CH3;0H) solution
were then deposited on the annealed PbBr, layer to form the
CsPbBr; thin films, as illustrated in Fig. 1.

X ray diffraction (XRD) 20-w phase analysis scattering
was performed by TD-3500 XRD apparatus. Scanning electron
microscopy (SEM) images were taken by a Carl Zeiss Sigma-HD
microscope. The surface morphology and thicknesses of the per-
ovskites were detected by a stepper profiler (Bruker Dektak-XT).
The dark and photo current—voltage curves of the perovskite
PD were measured by a Keithley 2450 source meter, with a
10-mW/cm?, 525-nm LED excitation source.
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Fig. 1. Two-step spin coating of perovskite.
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Fig. 2. XRD 260-w of CsPbBr; with different layer numbers of
CsBr.
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Fig. 3. (a)—(f) SEM images of CstBr3 thin films with 1-6 layers
of CsBr, (g) perovskite stepper profile, and (h) SD of morphology.

Results and discussion. Figure 2 shows that the perovskite
with different CsBr layer number typically exhibited (001),
(002), and (100) planes of CsPbBr;. Perovskite with 1-2 layers
of CsBr also had the CsPb,Brs phase, which meant unconsumed
PbBr,, while the 6 layers of CsBr formed Cs,PbBrs, which rep-
resented excess CsBr content. Our results coincided with other
two-step spin coatings in an inert environment [3].

Figures 3(a)-3(f) represent the SEM images of 1-6-layer
CsBr-coated CsPbBr; thin films. All the thin films exhibited
good surface coverage, which was ascribed to the annealing
of PbBr,. Under high magnification, some nano voids could
be observed in the perovskite with only one layer of CsBr
[Fig. 3(a)]. With increasing the number of CsBr layers, the
voids disappeared by the growth of the crystal grain. No voids
were detected in the 3—4-layer CsBr-coated sample. When the
CsBr coating number was further increased, the grains merged
with each other by recrystallization. Some crystal bulks with
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Fig. 4. (a)Photo-induced I-V, (b) responsivity, and (c) detectivity
with different numbers of CsBr layers.

tens of micrometers were shown in the 5-6-layer CsBr coating
[Figs. 3(e) and 3(f)], along with voids on the grain boundary. Fig-
ures 3(g) and 3(h) show the profile and standard deviation (SD)
of perovskites. With increasing the CsBr content, the thickness
of CsPbBrj; increased from 120 nm of 2-layer CsBr to 400 nm of
3—4 layers, and then became saturated. The surface morphology
was also smooth for 3—4-layers CsBr with less than 20-nm SD.
With insufficient or excessive CsBr, the morphology became
rough, which was also in line with the SEM images. The low-
est trap density of 2.13 x 10" cm™ by the space-charge limited
current (SCLC) model [14] and the highest photoluminescent
quantum yield (PLQY) were also obtained with the 4-layer CsBr
coating (not shown), confirming the best quality of the 4-layer
CsBr sample.

The —1 to 1V photo current-voltage curves of 1-6-layer
CsBr coating CsPbBr; PD with 20-um period were measured, as
shown in Fig. 4(a). All curves represented symmetrical Schottky
contact. Highest photo current appeared for the 4-layer CsBr-
coated sample. This could be explained by the high absorption
coefficient and mobility of 4-layer CsBr perovskite.

The responsivity R and detectivity D* are defined as

I, -1, . RJSf RVS
= and D" = = ;
PxS I, \2el,

wherel,,1,, P, S, f, I,, e represent the photocurrent, dark current,
incident light power, illumination area, cutoff frequency, noise
current, and electron charge, respectively [15]. Both R and D*
were averaged by several samples with 5% variance. Figures 4(b)
and 4(c) show that the responsivity and detectivity achieved the
maximal values of 107 mA/W and 4.29 x 10'° Jones for the 4-
layer CsBr perovskite, corresponding to a quantum efficiency of
25.4%. This should also be ascribed to the smooth surface, pure
crystal phase, compact grains, and higher crystalline quality
of 4-layer CsBr-coated CsPbBr;. Although synthesized under
a humid atmosphere, our CsPbBr; PD exhibited comparable
performance with those fabricated in an inert environment (e.g.,
200 mA/W of Lai’s thin film PD) [6,16-20].

As shown in Fig. 5(a) and its enlarged inset, the CsPbBr; PD
repeated well after cycles. Figure 5(b) shows that the rise time
7, presented an opposite trend with CsBr layer numbers to the
decay time 74. The rise time had a minimum of approximately
223.8 ms at 3—4 layers CsBr, while the decay time achieved a
maximum at 3-5-layers CsBr. To explain this phenomenon, a
transient model was proposed. The rise time was determined by
two processes: the RC time constant 7, and the carrier transit
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Fig. 5. (a) Repeated PD responsive curve, (b) rise and decay

times of PD with different CsBr layer numbers, and (c) schematic
interdigital electrode structure of MSM PD.

time 7,: 7.7 =7 + 7, '. As shown in Fig. 5(c), the parallel
capacity of MSM interdigital structure was
dleye;
C=—n, 1

7" (1)
where d is the electrode thickness; / is the electrode length; L
is the effective interval of electrode in single period; and &,
and g; are the dielectric coefficients of vacuum and perovskite.
Similarly, the parallel resistance should be

L 1
R=p— -. 2
T (2)
The RC time constant is
Tpe = RC = E0&P = il ’ (3)
neql’[

where n., g, 1 are the carrier concentration, electron charge, and
mobility, respectively. The carrier transit time 7, was determined
by the L and electrode velocity v,: 7,=L/v,. The velocity of
electron was related with the mobility x4 and electric field E:
vs =u-E. The electric field could be estimated by the voltage U
and L. Therefore, the transit time is

L2
Ty = - U (4)
The rise time follows
S\l 5 -l
vl = [22) L (2}
n.qu u-u

Because the CsPbBr; materials with 3—4-layers CsBr exhib-
ited a better crystalline quality with higher carrier mobility,
the rise process of these two PDs were thus swift, which coin-
cided with the experimental results [Fig. 5(b)]. With increasing
or decreasing the CsBr layer number, voids and fluctuations
appeared at the grain boundaries and surface (Fig. 2), the carrier
mobility and crystal quality decayed, prolonging the rise time.

However, during the decay process, in addition to the RC
constant and transit time, the recombination process by defects
dominated. Since our perovskite was spin-coated by solution,
the polycrystalline phase of CsPbBr; was confirmed by XRD
phase analysis and SEM. Defects in grains and along the
grain boundary were believed to play a role as non-radiative
recombination centers. When excess carriers were generated by
photon illumination, most carriers should be annihilated through
defect assisted recombination. Therefore, the decay time 74 was
expressed by

nequ u-u

where the non-radiative recombination rate was proportional to
the defect density pp: 7, = k - pp. Since the defect density was

g0\ L\
n;‘=r;.‘+r,:‘+r;,‘=( ) +( ) +kpp,  (6)
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Fig. 6. (a) Responsivity and (b) transient time of 4-layer CsBr-
coated perovskite PDs with different electrode period.

higher in 2- and 5-6-layers CsBr perovskite, the decay times of
these PDs were thus faster than the 3—4-layers CsBr PD.

The effect of electrode period 7 on the perovskite PD’s perfor-
mance was also investigated. Figure 6 shows the responsivities
and transient times of PDs with 40% duty ratio and different
period from 20-200 um. By increasing the period, the PD’s
responsivity decreased. This could be ascribed to the increase
of resistance (R = V’f,—; = 32‘1’5 , where D is the whole length of the
PDs), and reduction of the effective electric field (E = U/L) by
elongating the electrode intervals.

Figure 6(b) shows that the rise and decay processes were
both delayed by increasing the period. In Fig. 5(c), the intervals
L between anode and cathode could be expressed as L=0.6T
(40% duty ratio). Equations (5) and (6) are transformed into

! oy -1
o= (808, ) . (0.36T ) , e
n.qu u-u
-1 -1
- 3677
B [ TRy L (8)
n.qu u-u

The period T affected the transit time 7, through carrier velocity
v, (= puE), which was inversely proportional to the period T at
same voltage U. Therefore, the transit times 7, and 7, both
increased with period 7, following the second terms of Eqs. (7)
and (8), which coincided with experiments.

Conclusion. In this work, CsPbBr; materials and PD devices
were spin-coated in a humid atmosphere, showing comparable
performance to those synthesized in an inert environment. The
4-layer CsBr-coated CsPbBr; thin films exhibited the best crys-
talline quality and compact surface. The PD based on the 4-layer
CsBr-coated CsPbBrj; thin film yielded the best performance of a
responsivity of 107.2 mA/W, quantum efficiency of 25.4%, and
detectivity of 4.29 x 10'° Jones. The carrier mobility and defect
density determined the rise and decay time, respectively, ren-
dering the fastest rise and slowest decay time for the 3—4-layers
CsBr-coated perovskite. The effect of electrode period on PD
performance was also investigated, showing that the responsivity
decreased while transient time increased with the period.
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