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ABSTRACT

Organic-inorganic halide perovskite, as a low-cost, solution-processable material with remarkable op-
toelectronic properties, is ideal candidate to fabricate high-performance photodetectors and is expected
to significantly reduce device costs. Compared to the common Dion-Jacobson and Ruddlesden-Popper
two-dimensional (2D) layered hybrid perovskite compounds, the perovskites with alternating cations
in the interlayer (ACI) phase show higher crystal symmetry and narrower optical bandgaps, which
exhibit great potential for excellent photodetection performance. Herein, we report a high-performance
photodetector based on the 2D bilayered hybrid lead halide perovskite single crystal with the ACI phase
(GAMA;Pb;I7; GA = C(NHy)3 and MA = CH3NH3). The single-crystal photodetector exhibits high pho-
toresponsivity of 1.56, 2.54, and 2.60 A/W for incident light wavelengths of 405, 532, and 635 nm under
9.82 nW, respectively, together with the correspondingly high detectivity values of 1.86 x 102,
3.04 x 10", and 3.11 x 10" Jones under the same operating conditions. Meanwhile, a high-resolution
imaging sensor is built based on the GAMA,Pb,l; single-crystal photodetector, confirming the high
stability and photosensitivity of the imaging system. These results show that the 2D hybrid lead halide
perovskites with alternating interlayer cations are promising for high-performance visible light photo-
detectors and imaging systems.

© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Photodetectors (PDs), which can directly convert optical signals
into electrical signals, play a significant part in imaging, security
systems, industrial inspection, and so on [1-5]. To fabricate high-
performance PDs, a semiconductor with a good ability to absorb
incident photons and then produce photogenerated carriers effec-
tively is indispensable. So far, various types of semiconductors,
including silicon, group II-VI compounds, group IlI-V compounds,
and organics, have been extensively explored for use in PDs [6—10].
However, these semiconductor materials usually require relatively
complicated and expensive ways to synthesize, in which the
epitaxy and vapor-liquid-solid (VLS) mechanisms are usually
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involved [11,12]. Thus, it is urgent to discover new promising can-
didates to further design the photodetector with high performance,
low cost, and ease to fabricate.

Recently, the three-dimensional (3D) organic-inorganic hybrid
lead halide perovskites in the forms of CH3NH3PbX3 (X = I, Br, Cl)
have received intense attention owing to their low-cost fabrication
and excellent optoelectronic properties [13,14]. As a result, they
have impressive developments, especially in the high-efficient
perovskite solar cells [15—17]. To date, a certified photovoltaic po-
wer conversion efficiency (PCE) of hybrid perovskite solar cells has
approached 25.7% (until March. 2023), which is higher than that of
many reported conventional thin-film solar cells, organic photo-
voltaics, and dye-sensitized solar cells [18]. Moreover, this kind of
material with excellent features has also attracted enormous
attention in other optoelectronic devices, such as lasers, transistors,
and light-emitting diodes (LEDs) [19]. Especially, perovskites have
been examined for high-performance wide-spectrum photo-
detection from X-ray, UV, visible, to near-infrared light [20,21].
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However, the poor stability of these 3D perovskite-based devices
hinders their further commercial applications [22,23].

Using short alkyl ammonium or aromatic ammonium cations to
low-dimensional perovskites is an effective method to balance de-
vice stability and performance [24—26]. Based on this route, plenty of
perovskites with different dimensions, including zero-dimension
(0D), one-dimension (1D), and two-dimension (2D), were synthe-
sized [27—32]. Among them, 2D perovskites show better optoelec-
tronic performance when compared with OD and 1D perovskites due
to their layered structure being analogue to the conventional 3D
perovskites [33]. From a structural perspective, 2D layered hybrid
perovskites could be classified into three types: Dion-Jacobson (DJ),
Ruddlesden-Popper (RP), and the newly discovered alternating cat-
ions in the interlayer (ACI) types [34—38]. The 2D ACI perovskite
described by formula (C(NH;)3)(CH3NH3),Pbyls,,, featuring two
different alternating organic cations in the interlayer space, was
recently presented by Kanatzidis et al. [36]. Compared to the more
common DJ-phase and RP-phase layered hybrid perovskites, the
perovskite with the ACI phase adopts the short organic cations be-
tween inorganic layers, which decrease the bandgap and exciton
binding energy, being favorable for the performance improvement of
optoelectronic devices [35]. For example, Yang et al. reported stable
2D ACI perovskite solar cells with superior PCE exceeding 19.00%
[37]. In addition, a LED made of the ACI perovskites was successfully
fabricated by the Hofkens's group, showing an external quantum
efficiency (EQE) of 3.4% under high current density [38]. In this re-
gard, the 2D hybrid perovskites with the ACI phase possess great
potential for manufacturing high-performance photodetection with
improved stability.

Herein, we synthesized 2D bilayered lead-halide hybrid perov-
skite single crystals with the ACI phase (GAMA;Pb,l7; GA = C(NH3)3
and MA = CH3NH3) by a facile cooling crystallization method. A
photodetector with a device structure of Au/GAMA,Pb;I7/Au was
successfully fabricated and displays wide-spectrum light detecting
capability covering the entire visible light region. The photode-
tector shows high photoresponsivity of 1.56, 2.54, and 2.60 A/W, for
405, 532, and 635 nm incident light under —1.5 V bias at 9.82 nW,
respectively. In addition, an imaging sensor is built based on the
GAMA;,Pb,l7 single-crystal photodetector to demonstrate the high-
resolution imaging capability.

2. Experimental
2.1. Material synthesis

In this work, the 2D hybrid perovskite of GAMA;Pbl7 crystals
was synthesized using guanidine carbonate salt (C;H19Ng-CH203,
99%, J&K Scientific), lead(Il) acetate trihydrate (C4HgO4Pb-3H>0,
99%, Sigma-Aldrich), methylamine hydrochloride (CH5N-HCI, 99%,
J&K Scientific), hypophosphorous acid (H3PO3, 50% (in mass) water
solution, J&K Scientific) and hydroiodic acid (HI, 47%, Macklin).
First, 54 g (59.5 mmol) guanidine carbonate salt, 4.02 g
(30.0 mmol) methylamine hydrochloride, and 22.8 g (60.1 mmol)
lead(Il) acetate trihydrate were slowly added into a solution of
100 mL hydroiodic acid and 2 mL hypophosphorous acid. After that,
a quick stir would mix them thoroughly at a temperature of 230 °C
until there is no precipitation. The small GAMA;Pb,I; powder-like
samples would appear when cooling to room temperature (20 °C/
h). A yield of 76% was estimated relative to Pb. To grow the bulk
perovskite crystals, a constant-speed temperature-programmable
bath was used to control the cooling speed. After cooling the bath
from 65 °C to room temperature (1 °C/d), millimeter-level bulk
crystals were obtained (see Fig. S1). The purity of these powder and
single crystal samples was confirmed by a D2 PHASER XE-T X-ray
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Diffractometer System. The absorption spectra were obtained using
a UV-3600i Plus UV-VIS-NIR spectrometer.

2.2. Device fabrication and characterization

To fabricate the photodetection device, Au electrodes with a
thickness of 50 nm were deposited by a high-vacuum thermal
evaporator with an evaporation rate of about 1.8 A/s. In a shadow
masking process, the length and width of the device channel were
defined to be 65 um and 15 pm, respectively. Room temperature [-V
and I-T characteristics under different incident light wavelengths
(405, 532, and 635 nm) were measured using a semiconductor
analyzer (Agilent 4155C). The incident light power was calibrated
by PM400, Thorlabs. To obtain the high-speed response time, the
precise time-resolved [-T curves of the GAMA,Pb,l; device were
recorded via a digital oscilloscope (Tektronix, TBS 1102B) connected
with a low-noise current preamplifier (Stanford Research Systems,
SR570).

3. Results and discussion

As shown in the photograph in Fig. S1, black-color single crystals
of GAMA;Pb,l; were grown from its saturated solution through the
cooling crystallization method. The measured PXRD pattern agrees
well with the simulation result, which confirms its crystal structure
(Fig. 1c). Single-crystal structural analysis discovers that it crystal-
lizes in the space group No. 38, orthorhombic Bmm2 at 293 K.
Fig. 1aillustrates the 2D ACI perovskite structure, where the layered
parts contain corner-sharing [Pbyl;]®bilayers and MA™ cations,
which pile up along the c-axis. Meanwhile, GA™ and interlayer MA™
organic cations are ordered packing between the perovskite layers
and linked to the infinite bilayered perovskite via N—H---I
hydrogen bonds. Especially, due to the small ionic radius of MA (217
pm) and GA (278 pm), the distance between [Pb,I7]® inorganic
layers is as short as 3.125 4 A [39]. It is noted that such short
interlayer distance has a significant impact on their optoelectronic
properties, altering their bandgap and dielectric confinement in 2D
hybrid perovskites.

As depicted in the ultraviolet-visible absorption spectrum in
Fig. 3a, the absorption edge at 680 nm indicates that GAMA,Pb,l;
could absorb wide-band visible light. Besides, the optical bandgap
is determined by the Tauc plot method [40], and the estimated
value extracted from the Tauc plot is 1.88 eV (the inset of Fig. 2a).
Meanwhile, we evaluate the band structures and electronic prop-
erties of GAMA,Pb,l; crystals by using the first-principles density
functional theory (DFT). (Fig. 2b). Both the conduction band
maximum (CBM) and valence band minimum (VBM) are obviously
located at the same x-axis point, which confirms that GAMA;Pb,l;
belongs to a kind of direct bandgap semiconductor. The calculated
bandgap value of 1.84 eV matches well with the experimental
value. Furthermore, the partial density of states (PDOS) spectra
demonstrate that the unoccupied I p orbitals contribute to the VBM,
while the Pb p orbitals contribute to the CBM (Fig. 2c).

Based on the good material properties, single-crystal
GAMA;,Pb,l; photodetectors were constructed using Au as elec-
trodes and glass as a substrate, where the planar device configu-
ration is shown in Fig. 3a. The detailed device fabrication processes
were displayed in the experimental section. As the photodetector
was made by bulk perovskite single crystal, the crystal anisotropy
needs to be taken into consideration [41—43]. As shown in Fig. 3b,
the XRD pattern of single GAMA,Pb;l7 crystal exhibits periodically
repeated diffraction peaks corresponding to the (101) plane group,
suggesting the good orientation of the GAMA,Pb;l; single crystal
used in this work.
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Fig. 1. (a) 2D bilayered crystal structures of GAMA,Pb,l7. All hydrogen atoms are omitted. (b) Crystal structure viewed along the c-axis direction. (c) Powder XRD pattern and

simulated XRD pattern of GAMA,Pb,l-.

Fig. 2. (a) Absorption spectrum of the GAMA,Pb,l; crystal. Inset: the optical bandgap obtained by the Tauc plot method. (b) DFT calculated band structure and (c) PDOS spectra of

GAMA,Pb;l7.

First, the spectral response of single-crystal GAMA;Pb,l; was
measured with wavelength ranging from 400 nm to 800 nm under
an applied voltage of —1.5 V bias (Fig. 3c). The photoresponsivity
shows a wide-spectrum response with a cutoff wavelength close to
700 nm, which is consistent with the absorption spectra presented
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in Fig. 2a. After that, three different incident light wavelengths of
405, 532, and 635 nm were used to characterize the photodetection
performance of the GAMA,Pbyl;  photodetector. The
current—voltage (I-V) curves in the dark and under different illu-
mination light intensities were recorded with a bias voltage
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Fig. 3. (a) Schematic diagram of the GAMA,Pb,l; photodetector architecture. (b) XRD pattern of the bulk single crystal of GAMA,Pb,l5. (c) Normalized responsivity of the corre-
sponding GAMA,Pb,l; photodetector under the 400-800 nm illumination light. (d, e, f) I--V curves of dark current and photocurrent under different incident power at —1.5 V

(A = 405, 532, and 635 nm).

of —1.5 V (Fig. 3d-f). The current increased dramatically when the
device was illuminated by increasing light intensity. This phe-
nomenon could be attributed to the stronger illumination, which
will generate more photogenerated carriers and flow through the
channel, causing higher photocurrent in the circuit.

At the same time, the I-T curves of the GAMA,Pb,I; PDs were
also recorded under different illumination of 405 nm, 532 nm, and
635 nm laser at —1.5 V (Fig. 4a, d, and 4g). The measured current
shows reproducible on-off switching behaviors under different
incident wavelengths and different light illumination powers. The
time-resolved I-T curves of PDs were measured by a homemade
high-speed photoresponse measurement circuit, by which the rise
and decay times could be estimated from the precise photo-
response signals. The rise time is defined from 10% to 90%, and the
decay time is estimated from 90% to 10% of the output signal
maximum. As a result, both the rise and decay times are approxi-
mately 400 us in this work, though with different incident light
wavelengths, suggesting the fast response of the device (Fig. S4). To
understand the photoresponse behaviors, the incident light power
versus photocurrent Ipp (Iph = Ion — ldark) is compiled under the
illumination of different wavelength light (Fig. 4b, e, 4h), in which
the relationship can be fitted by formula 1 [3].

Iop =AP* (1)
where P represents the photocurrent, while x and A refer to the
fitting exponent and the scaling constant, respectively. Through
fitting, the I, shows a power dependence of 0.86, 0.81, and 0.70
under 405, 532, and 635 nm incident light. Such sublinear corre-
lation between the Ipn and the incident light intensity can be
attributed to the intricate mechanisms involving exciton genera-
tion, trapping, and recombination, which are commonly witnessed
in semiconducting materials [44,45].

Besides, to further evaluate the photodetection performance of
the GAMA,Pb,l; photodetector, the responsivity (R), detectivity
(D*), and EQE were obtained by the following formulas [3,4]:
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R="s (2)

. [ S

D" =R,[=—— 3
2qldark ( )
hcR

EQE:q—A (4)

where S is the active area of the photodetector, g is the absolute
value of electron charge (1.6 x 107" C), Iqark represents the dark
current, h represents the Planck's constant, c refers to the velocity of
light, and A represents the incident wavelength. The light intensity-
dependent R of the device under illumination with different light
intensities were measured, as depicted in Fig. 4b, 4e, and 4h. The
high photoresponsivity of 1.56, 2.54, and 2.60 A/W could be ach-
ieved for the GAMA,Pbl; photodetector under 405, 532, and
635 nm incident light under 9.82 nW, respectively, which is larger
than those of most reported 2D RP and DJ hybrid perovskite single-
crystal photodetectors (Table S1). Furthermore, the D* and EQE
under different light intensities were calculated and shown in
Fig. 4c, 4f, and 4i. The largest D* for the photodetectors under
405 nm, 532 nm, and 635 nm incident light is 1.86 x 10",
3.04 x 10'2, and 3.11 x 102 Jones and the corresponding EQE values
are up to 477%, 592% and, 508%, respectively. Moreover, the stability
of organic-inorganic hybrid perovskites is essential for practical
applications. Fig. S5 shows the I-T curve of the GAMA;Pbsl;
photodetector under 532 nm laser illumination in the ambient
temperature (relative humidity is about 68%). The photocurrent
maintained 85.5% of the initial performance after 1 000 s operating
durations. The thermogravimetric analysis curve also shows high
thermal stability up to 260 °C (Fig. S6). These results highlight the
operation and thermal stability of the GAMA,Pb;l; crystals, which
is beneficial to further practical utilizations.

Based on the outstanding photosensitivity in the visible light
region, the GAMA,Pb;I7 photodetector holds excellent potential for
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Fig. 4. Performance of the GAMA,PbI; photodetector in the visible light spectrum. (a, b, c) The I-T curves, Ipp, R, D, and EQE under illumination wavelengths of 405 nm. (d, e, f) The
I-T curves, Ipn, R, D, and EQE under illumination wavelengths of 532 nm. (g, h, i) The I-T curves, Ipy, R, D, and EQE under illumination wavelengths of 635 nm.

imaging applications. Herein, a high-resolution imaging system is
built based on the GAMA,Pb,l; photodetector. As shown in Fig. 5a, a
laser with a wavelength of 532 nm was used to illuminate the
imaging object (a hollow dolphin pattern), which can move
sequentially along the X and Y directions. The GAMA,Pb;I7 imaging
sensor connected with a semiconductor analyzer was used to re-
cord the spatially resolved photocurrent. As a result, a high-
resolution dolphin image could be extracted from the recorded
photocurrent signal (Fig. 5b), showing the imaging system's good
stability and light sensitivity. This work verifies the promising ap-
plications in the imaging system based on the 2D bilayered hybrid
perovskite with the ACI phase.

4. Conclusion

In this work, an unexplored 2D bilayered hybrid perovskite
GAMA;,Pb,l7 single crystals with the ACI phase was synthesized by
a facile solution process. The photodetector with an Au/
GAMA,Pb,l7/Au device structure was also successfully constructed,
showing high photoresponsivity of 1.56, 2.54, and 2.60 A/W for 405,
532, and 635 nm visible light under 9.82 nW, respectively, together
with high detectivity values of 1.86 x 10'2, 3.04 x 10'?, and
3.11 x 10" Jones. Meanwhile, a high-resolution image sensor has
been demonstrated under a 532 nm laser to show the excellent
photosensitivity and imaging capability. This work shows the great

Fig. 5. (a) Schematic diagram of the imaging system based on the GAMA,Pb,l; photodetector. (b) Corresponding imaging results from the fabricated GAMA,Pb,l; image sensor

under a 532 nm laser.
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potential of 2D hybrid perovskites with the ACI phase for high-
performance visible photodetection and imaging applications.
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