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Polarization-sensitive photodetectors are the core of optics appli-
cations and have been successfully demonstrated in photodetectors
based on the newly-emerging metal-halide perovskites. However,
achieving high polarization sensitivity is still extremely challenging.
In addition, most of the previously reported photodetectors were
concentrated on 1D lead-halide perovskites and 2D asymmetric
intrinsic structure materials, but suffered from being external bias
driven, lead-toxicity, poor stability and complex processes, severely
limiting their practical applications. Here, we demonstrate a high-
performance polarization-sensitive and stable polarization-sensitive
UV photodetector based on a dendritic crystal lead-free metal-
halide CsCu,ls/GaN heterostructure. By combining the anisotropic
morphology and asymmetric intrinsic structure of CsCu,ls dendrites
with the isotropic material GaN film, a high specific surface area and
built-in electric field are achieved, exhibiting an ultra-high polariza-
tion selectivity up to 28.7 and 102.8 under self-driving mode and
—3 V bias, respectively. To our knowledge, such a high polarization
selectivity has exceeded those of all of the reported perovskite-
based devices, and is comparable to, or even superior to, those of
the conventional 2D heterostructure materials. Interestingly, the
unsealed device shows outstanding stability, and can be stored for
over 2 months, and effectively maintained the performance even
after repeated heating (373K)-cooling (300K) for different periods of
time in ambient air, indicating a remarkable temperature tolerance
and desired compatibility for applications under harsh conditions.
Such excellent performance and simple method strongly show that
the CsCu,lz/GaN heterojunction photodetector has great potential
in practical applications with high polarization-sensitivity. This work
provides a new insight into designing novel high-performance
polarization-sensitive optoelectronic devices.
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New concepts

Recently, polarization-sensitive photodetectors have attracted great
attention in the newly-emerging metal-halide perovskites due to their
excellent optoelectronic features. However, the current reports based on
perovskites mostly focus on materials with one-dimensional morphology
that are subjected to an external bias, and there are few reports on
materials with other morphologies. Herein, we demonstrate a high-
performance polarization-sensitive and stable UV photodetector based
on a dendritic crystal lead-free perovskite CsCu,l;/GaN heterostructure.
Benefiting from the anisotropic morphology and asymmetric intrinsic
structure of CsCu,I; dendrites and strong built-in electric fields, the device
exhibits an ultra-high polarization selectivity up to 28.7 under self-driven
mode and up to 102.8 under —3 V bias. More importantly, the present
device, without any encapsulation or protection, can work efficiently after
2 months of storage in the open air. The excellent storage stability is
superior to the performance of organic-inorganic hybrid perovskite-based
devices. Such excellent performance and environmentally-friendly
characteristics show that the proposed CsCu,l;/GaN heterojunction
photodetector has great potential in practical applications of highly
polarization-sensitive and stable self-powered ultraviolet detection.

Introduction

Polarization-sensitive photodetectors have attracted great inter-
est because of their significant applications, such as in high-
contrast polarizers, optical switches and interconnects, etc.,"™®
which require photoactive materials with outstanding optoelec-
tronic characteristics, and an anisotropic crystal structure or
morphology.' However, most polarization-sensitive photodetec-
tors still suffer from being external bias driven, low anisotropy
ratio, complex processes and high costs,””® which greatly limits
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their applications. There is an urgent need to explore materials
with anisotropic structures or morphologies to obtain polarization-
sensitive detectors with high anisotropy ratios. Recently,
polarization-sensitive photodetectors based on metal halide
materials have attracted much attention due to their inherent
large light absorption coefficient and long charge diffusion
length,'®*® and many advances have been witnessed."”>°
Polarized light detection was realized through the external
anisotropy of the one dimensional (1D) geometric structure of
perovskite nanowires (NWs), which have symmetrical crystal
structures lacking inherent anisotropy. By using CH;NH;Pbl;
single crystal NWs, polarization-sensitive light detection was
achieved by Sw’s groups.”’ Zhang et al also reported a
polarization-dependent photodetector based on a CsPbX; single
crystal NW array and achieved a photocurrent anisotropy ratio
of 0.7 under an external bias.?> Furthermore, 1D morphology
perovskites with asymmetric crystal structures were synthesized
and polarization-sensitivity was realized. Ding et al. synthesized
anisotropic crystal structure CH;NH;PbCl; perovskite NWs and
revealed polarized light detection properties.>* By using aniso-
tropic orthogonal CsPbl; NWs, Zhou et al. fabricated a linearly
polarized visible light detector with a photocurrent anisotropy
ratio of 2.68.>> However, the asymmetric crystal structure with
1D morphology still exhibits a low anisotropy ratio and is
external bias driven. More recently, Luo et al. demonstrated a
high-performance polarization-sensitive photodetector by using
a two-dimensional (2D) anisotropic crystal structure (4-AMP)(MA),-
Pb;Br;, combined with MAPbBr; film, which exhibited ultrahigh
polarization selectivity up to 17.6 under a self-driven mode due to
the strong built-in electric field.*® But, up to now, most of the
previous works used traditional lead-halide perovskites, and their
environmental instability, toxicity and low polarization selectivity
limit their further applications.”® In addition, the reported
devices mainly focus on visible light/infrared light detection,
and there are few reports on polarization-sensitive metal halide
photodetectors in the ultraviolet (UV) region. Therefore, it is
imperative to find an environmentally stable, high anisotropy
ratio, and energy-saving lead-free alternative as a photoactive
material for the ultraviolet region to solve the above problems.

Herein, we demonstrate a high-performance polarization-
sensitive and stable UV heterostructure photodetector based on
an anti-solvent processed dendritic crystal lead-free metal
halide. By combining anisotropic morphology and asymmetric
intrinsic structure CsCu,l; dendrites with the isotropic material
GaN film, the device exhibits an ultra-high polarization selectivity
up to 28.7 under self-driven mode and up to 102.8 under —3 V
bias. To our knowledge, such a high polarization selectivity
exceeds those of all the reported perovskite-based polarization-
sensitive devices, and is comparable to, or even superior to, those
of conventional 2D heterostructure materials. Benefiting from
high specific surface area and built-in electric field, the device
performance is remarkable in terms of a photoresponsivity of
0.37 AW, a specific detectivity of 1.83 x 10" Jones, and a fast
response speed of 7/8 ms under a low light density of 95 pW
cm >, Additionally, the device without encapsulation exhibits
excellent working stability against thermal degradation in the
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open air, indicating a remarkable temperature tolerance and
desirable compatibility for applications under harsh conditions.
Given the record polarization sensitivity and high stability,
CsCu,l; dendrites have the potential to be used in practical
applications as high-performance polarization-sensitive ultravio-
let photodetectors.

Results and discussion

Fig. 1a illustrates the synthesis procedures of the CsCu,l;
dendrites by using anti-solvent engineering, as reported in
conventional lead halide perovskites, and methyl acetate was
employed as the antisolvent. The morphology of the CsCu,l3
dendrites was examined by using scanning electron microscopy
(SEM) and is shown in Fig. 1b. Fig. S1 (ESI{) shows the
morphology of an individual CsCu,l; dendritic crystal. A large
number of pine-leaf-shaped microrods were observed, which
reveals that the synthesized CsCu,I; has a dendrite morphol-
ogy. The energy dispersive X-ray spectroscopy (EDS) elemental
mapping results (Fig. 1c) show that the Cs, Cu, and I elements
are uniformly distributed. The EDS spectrum quantitative
analysis shown in Fig. S2 (ESIf) further confirmed that the
atomic ratio of Cs:Cu:I is 1:2.02:2.78, which is close to the
stoichiometry of the CsCu,l; material. Fig. 1d shows typical
X-ray diffraction (XRD) patterns of the as-grown sample in
comparison with the standard CsCu,l;. A set of diffraction
peaks at 10.72°, 13.42°, 21.62°, 26.14°, and 27.12° can be
assigned to the (110), (020), (220), (221), and (040) planes of
the orthorhombic CsCu,l;." No other impurity phases were
found, further indicating the good crystallinity of the synthesis
of CsCu,l; dendrites. Fig. 1e shows the schematic crystal
structure of orthorhombic CsCu,l; dendrites, which is
composed of a 1D chain structure formed by edge-sharing
[Cul,]” dimerized units. The Cs' ions are intercalated between
the chains, which are coordinated by eight I" ions in the form
of double-capped trigonal prisms.*® The crystal structures of
CsCu,l; from the top and left view indicate that CsCu,l; has an
anisotropic crystal structure, which provides the possibility of
designing a polarization-sensitive photodetector by using its
inherent anisotropic character. As shown in Fig. 1f, a clear
absorption peak around 330 nm was observed, and the corres-
ponding Tauc plot of the absorption spectrum (Fig. S3, ESIT)
reveals that CsCu,l; possesses a direct bandgap of 2.6 eV, which
is similar to other articles.® The red line displays the PL
spectrum of CsCu,l; dendrites at an excitation wavelength of
325 nm. An emission peak centered at 590 nm was observed,
and the FWHW was 118 nm. Comparing its PL and absorption
spectra, it should be mentioned that there is a large Stokes shift
of ~260 nm. The large Stokes shift and broadband emission
indicate that the PL emission cannot be simply attributed to the
direct band emission, but also the exciton self-trapping.**~** As
shown in Fig. S4, (ESIt) due to strong photoacoustic coupling,
the lower-energy self-trapped exciton (STE) states will capture
free electrons, which will lead to the reorganization of the
excited states. Fluorescence emission causes electrons to

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Schematic of the processing procedures of the CsCu,ls dendrites.
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(b) SEM image of the CsCu,ls dendrites. (c) EDS elemental mapping of the

CsCus,lz dendrites. (d) XRD patterns of the as-grown sample in comparison with the standard CsCusls. (e) Crystal structure of CsCus,ls from side, top, and
left views. (f) Steady-state PL and absorption spectra of the CsCu,ls dendrites.

transition from the STE states to the ground states. Therefore,
the Stokes shift is determined by the energy difference between
the excited states and the STE states.

Fig. 2a displays the device structure of the fabricated
CsCu,I3/GaN polarization-sensitive photodetector, in which
70 nm Au deposited on the CsCu,l; dendrites serves as the
cathode and 100 nm In deposited on the GaN film serves as the
anode. The incident light is set to pass through the polarizer
first, and then reflects to the photodetector. Therefore, the
polarization state will not change as the propagation direction
changes, and there will still be vibration components in the y
direction (parallel to the built-in electric field). As presented in
Fig. 2b, once the photogenerated electron-hole pairs diffuse
into the hetero-interface, they can be quickly separated in
opposite directions by the built-in electric field without an

This journal is © The Royal Society of Chemistry 2022

external power supply. The holes will transport to the perovskite
side, whereas the electrons will move to the opposite direction,
generating photocurrent in the external circuit. Moreover, the
built-in electric field is in a position to reduce the electron-hole
recombination, favoring a low reverse dark current and thus
improving the detectivity. In order to support the above state-
ment of charge carrier transfer on the heterojunction surface,
steady-state PL spectra of CsCu,l; dendrites and the CsCu,l;/
GaN heterostructure were measured. As shown in Fig. 2c,
compared to the bare CsCu,l; dendrites, the integrated PL
intensity of the CsCu,l;/GaN heterostructure was reduced by
~30%, reflecting the transfer of photo-generated carriers from
CsCu,l; to GaN.>* Fig. 2d shows a color mapping, which shows
the variation of the PL intensity with the polarization angle. The
minimum emission intensity near 590 nm is at the 0° angle

Mater. Horiz., 2022, 9,1479-1488 | 1481
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Fig. 2 (a) Schematic illustration of the CsCu,ls/GaN heterojunction device. (b) Energy band diagrams of the CsCu,lz/GaN heterojunction. (c) PL spectra
of CsCu,lz and the CsCu,ls/GaN heterojunction. (d) PL spectra as a function of the incident light polarization. The color represents the emission intensity.
(e) Polarization-dependent PL intensities of the CsCu,ls/GaN heterojunction. (f) Polar plot of the angle-resolved photocurrent as a function of

polarization angle of GaN measured at 325 nm under 3 V bias.

(0° is the z-axis marked in Fig. 2a), and its intensity gradually
increases with the polarization angle and reaches the maximum
at 90° polarization (y-axis). Furthermore, the red curve in Fig. 2e
shows the cosine fit of the PL intensity with a period of 2,
and the PL intensity shows a polarization ratio of ~2.6:1. It
should be noted that the polarization ratio here may be the
contribution of the anisotropic crystal structure and the aniso-
tropic morphology. This is similar to the report of Fang et al. on
one-dimensional CsCu,l; NWs.>” And the polarization aniso-
tropy ratio of pure CsCu,l; dendrites is as high as 5 (as shown in
Fig. S5, ESIT), which is better than that of 1D nanowires of 3.16.
In contrast, the photocurrent of the GaN films exhibits a stable
size with the transformation of the polarization angle, directly
due to the isotropic crystal structure of GaN (Fig. 2f).

The above experimental results indicate that the CsCu,l;/
GaN heterostructure photodetector has UV polarization sensitivity.
To further investigate its polarization sensitivity characteristics,
we measured the photocurrent at the junction area as a function
of incident light intensity and polarization angle, as shown in
Fig. 3a. Obviously, the photocurrent exhibits significant aniso-
tropy, and the photocurrent under 0° polarization angle is one
to two orders of magnitude lower than that of the 90° angle.
This is because when the polarized angle is parallel to the built-
in electric field (incident along the y direction), the photo-
generated carriers have the largest momentum in the direction
of the built-in electric field,*® which can effectively separate the
generated electron-hole pairs and reduce their recombination.

1482 | Mater. Horiz., 2022, 9, 1479-1488

Furthermore, Fig. 3b depicts a remarkable anisotropic photo-
response of the photodetector via the 3D colormap within the
bias from 0 to —3 V. Similar to the polarization-dependent PL
spectra, the photocurrent increases with the increasing of the
polarization angle and reaches the maximum at 90° polarization
when the polarized light is incident along the y direction. Then,
the photocurrent recovers totally at 180° polarization and is
close to the 0° polarization photocurrent. This result was in
good agreement with the sine function, which further demon-
strated the polarization sensitivity of the CsCu,I;/GaN hetero-
structure photodetector. The evolution of the current under zero
bias was further extracted as a function of the polarization angle
in polar coordinates, as plotted in Fig. 3c. A high photocurrent
anisotropy ratio of about 28.7 was achieved (defined as the ratio
of the measured photocurrent at 90° polarization to 0°), which is
the maximum value among the perovskite-based polarized
photodetectors as far as we know, and also superior to the other
heterojunction materials, as summarized in Table 1. Besides,
the evolution of the current under different bias voltages was
also extracted as a function of the polarization angle in polar
coordinates, as shown in Fig. 3d. Significantly, it is observed
that the measured photocurrent is highly dependent on the
polarization angle as well as bias voltage. Then, the variation of
anisotropy ratio with voltage is shown in Fig. S6 (ESIt). It can be
seen that the polarization selectivity obviously increases with the
increasing of the bias voltage and an ultra-high polarization
selectivity of 102.8 can be obtained under —3 V bias. Fig. 3e

This journal is © The Royal Society of Chemistry 2022
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(a) The variation of the photocurrent parallel and perpendicular to the interface of the heterostructure with the light intensity. (b) Anisotropic

response in photocurrent under 325 nm light excitation described via the 3D colormap (photocurrent is denoted by the color bar). Polarization
dependence of the photocurrent for the CsCu,ls/GaN heterostructure under different bias of (c) 0 V, and (d) 0 to —3 V. (e) Photocurrent response of the
CsCu,ls/GaN heterostructure device under incident light with different polarization angles.

Table 1 Summary of the performance of the polarization-sensitive photodetectors

Lead-free Wavelength Responsivity Polarization
Device structure (yes/no) (nm) (AW D*(x10" Jones) ratio Ref.
CsCu,l;/GaN Yes 300-350 0.37 18.3 28.7 This work
CsPbl; nanowires No 400-800 0.75 0.035 2.68 23
(BA),PbI, nanowires No 480-600 — — 3.62 49
CH;NH;PbI; nanowires No 400-800 1000 — 2.6 21
(s-BA),(MA)Pb,1, crystal No 610 0.097 0.279 1.16 50
CH;3NH;3PbCl; crystal No 350-450 0.0011 2.25 24
CsPbBr; nanowires No 400-530 0.0115 0.7 22
CsCu,l; nanowires Yes 250-350 32.2 1.89 3.16 1
GeSe flake Yes 400-950 — 2.16 52
Black phosphorus flake Yes 400-3750 3.5 x 10" — 3.5 6
GeAs/InSe Yes 635 0.357 0.2 18 5
GeSe/MosS, Yes 380-1046 0.1 0.014 2.95 48
SblI,/Sb,0, Yes 450 — 0.001 3.14 51
(4-AMP)(MA),Pb;Br, /MAPbBr; No 405 0.0015 0.038 17.6 25

depicts the corresponding I-t curves of the photodetector as a
function of the polarization angle. A clear polarization dependence
was observed, consistent with the above discussions.

Fig. S7 (ESIt) shows the I-V characteristics of the In/GaN/In
and Au/CsCu,l3/Au devices in the dark and under UV light
illumination. The near-linear I-V characteristics confirm that
they make good ohmic contacts.?” As can be seen from Fig. S7b,
(ESIT) the dark current is about 0.003 pA, and the current under
325 nm illumination is 0.097 pA at a bias voltage of —5 V.
A high hjgni/Igark ratio of ~32 can be achieved at 325 nm.

This journal is © The Royal Society of Chemistry 2022

The maximum value of 25.6 mA W™ " was achieved at a low light
density of 0.05 mW cm ™ (Fig. S7c, ESI{). These results are close
to those reported by Tang et al>' It is worth noting that the
existence of more grain boundaries in the horizontal direction
increases the recombination loss of the photocurrent. But in
the vertical direction, since the thickness of the synthesized
CsCu,l; dendrites is less than 1 um, and it can be observed
from Fig. S1 (ESIT) that the CsCu,l; dendrites are composed of
a large number of one-dimensional single crystal microwires,
the recombination loss in the vertical direction is much smaller

Mater. Horiz., 2022, 9,1479-1488 | 1483
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Fig. 4 (a) -V curves of the photodetector tested in the dark and under different light irradiation intensity (325 nm). (b) Enlarged /-V curve showing the
photovoltaic effect of the CsCu,ls/GaN heterojunction. (c) Photocurrent response measured under 325 nm light excitation with varying intensity at zero
bias. (d) Logarithmic plot of the photocurrent versus light irradiation power at zero bias. (e) Responsivity and detectivity of the photodetector versus light
irradiation power. (f) Measurement of the t, and 17 of the photodetectors at 1 Hz under zero bias.

than that in the horizontal direction. Finally, by combining the
CsCu,]I; dendrites with the GaN film, benefiting from a high
specific surface area and built-in electric field, the device
exhibits good optoelectronic properties. Shown in Fig. 4a are
the current-voltage (I-V) curves of the CsCu,l;/GaN hetero-
junction photodetector under 325 nm UV illumination with
varying light intensities (0.3-95 puW cm™?). Obviously, the
current of the device at zero bias greatly increases from
1.02 x 107" A in the dark to 1.13 x 1077 A under UV light
(95 uW cm™?). A short-circuit current (I5.) of 0.089 pA and an
open-circuit voltage (Vo) of 0.48 V were obtained (Fig. 4b),
showing a remarkable photovoltaic behavior. Fig. 4c shows the
temporal photocurrent response of the device with different
light intensities in self-powered mode. Apparently, the photo-
current increases gradually with the light intensity. And the
photodetector can be stability switched reversibly between
the on and off states, yielding an on/off ratio of 1.1 x 10*
(95 uW cm?). Besides, it is worth noting that the on/off ratio of
the photodetector can still reach 60 even under a low light
irradiation of 0.3 uW ecm ™2, suggesting the excellent capability
to detect a weak signal. The linear dynamic range (LDR) was
estimated by using the expression®®

LDR =20 loglﬁ (1)
14

in which I,- represents the photocurrent, and I is the dark
current. At zero bias, the LDR value was determined to be
~81 dB under 95 uyW cm > light intensity, better than the state-
of-the-art commercial photodetectors.*® Furthermore, the

1484 | Mater. Horiz., 2022, 9, 1479-1488

dependence of the photocurrent on the light intensity is shown
in Fig. 4d. The data can be fitted well by the power law Ip = o-P".
Where P is the light power, o represents a proportional con-
stant, and f is an empirical value, which reflects the recombi-
nation of photoexcited carriers. The value of f is 0.90 in the
experiment, close to that of an ideal photodetector (f = 1),
which suggests a small recombination loss and high quality of
the CsCu,ls/GaN heterostructure. Furthermore, other device
parameters, including the responsivity (R) and specific detec-
tivity (D*) of the heterojunction photodetector were calculated
based on the following formulas

R_ Liight — {dark )
PiignS
RVS
D* = 7\/— (3]
Vv'2el gark

where Iiigne, Iqarks Plighty S and e are the photocurrent, dark
current, incident light density, effective incident area (7.85 x
103 ecm™?), and charge constant, respectively. With the above
equations, values of R and D* for the CsCu,I;/GaN heterojunc-
tion photodetector were estimated at different light densities
(Fig. 4e), and the maximum values of 370 mA W~ " and 1.83 x
10" Jones were achieved at a low light density of 0.3 pW cm 2,
respectively. Due to the increased carrier recombination prob-
ability at a higher light intensity, both values present a declin-
ing trend with increasing light intensity, consistent with other
reports.>”*® Furthermore, the response speed of the CsCu,l,/
GaN photodetector was measured to evaluate its capability to

This journal is © The Royal Society of Chemistry 2022
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follow a varied optical signal. The schematic illustration is
shown in Fig. S8a, (ESIf) in which a waveform generator was
used to produce the pulsed light (1 Hz to 10 Hz), and an
oscilloscope was used to record the change of photocurrent
with time. Fig. S8b-d (ESIt) display the photoresponse to
pulsed light with different modulation frequencies. And the
obtained data were normalized relative to the photoresponse
tested under 1 Hz pulsed light. It can be seen that the photo-
detector can work with remarkable reproducibility in a wide
frequency range. As shown in Fig. 4f, the corresponding rise (t,,
from 10 to 90% of the peak output photocurrent) and fall time
(T, from 90 to 10% of the peak output photocurrent) were
estimated as 7 and 8 ms, respectively, which are comparable
to those of many previously reported perovskite-based hetero-
junction photodetectors.**™*!

As we all know, the instability of conventional lead-halide
perovskites is the main obstacle for their further applications in
optoelectronic devices.** ™’ Typically, lead-halide perovskites in
moist air would decompose due to the hygroscopic amine salts,
and even if the manufactured materials and devices are dried
again, the chemical reaction process is irreversible. To evaluate
the application potential of the dendritic crystal lead-free
CsCu,l3/GaN heterostructure photodetector, the investigation
of its working stability is imperative. Fig. 5a shows the time-
dependent light response of the device with 2000 cycles, which
was tested in ambient air (27 °C, ~50% humidity) at a
frequency of 2 Hz. One can observe that the photocurrent
and the dark current of the photodetector can be well main-
tained after 2000 consecutive cycles, which indicates that the

()
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prepared device has excellent repeatability even after being
operated in ambient air without encapsulation. As shown in
Fig. 5b, the as-grown CsCu,l; dendrites maintain the structural
integrity without decomposition after 2 months of storage in
ambient conditions (27 °C, ~50% humidity). In addition to a
slight change of the peak intensity, no other diffraction signals
appear, proving higher stability against oxygen and water degra-
dation than conventional lead-halide perovskites. Moreover, the
original emission performance can be almost retained after
2 months of storage with the spectral shape unchanged, as
shown in Fig. 5c. These results suggest that the Cu is ultra-
stable in the unique CsCu',I; dendrite crystal structure. In fact,
the high air-stability property of the Cu-based halides was also
observed previously in other Cu(i)}-based halides, possibly owing
to the robust chemical bonds between the Cu and halogen ions
in such a unique dendrite crystal structure.’***”° All-inorganic
halide perovskites and compounds are proved to be more
thermally stable in higher temperatures due to the lack of
numerous phase transitions.”

In consideration of this, it is highly important to investigate
the thermal stability of the CsCu,l; dendrites. Fig. 5d displays
that the device can still maintain a certain performance after
repeated heating (373 K)-cooling (300 K) for different periods of
time, demonstrating significant temperature tolerance for appli-
cations under harsh conditions. These results demonstrate good
stability of the CsCu,l; dendrites against heat, UV light, and
environmental oxygen/moisture, and are also evidence of a
reliable CsCu,I; photoactive material compatible for practical
applications. More importantly, the present device, without any
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Fig. 5 (a) 2000 response cycles of the CsCu,l3/GaN heterojunction photodetector. (b) The XRD, and (c) PL spectra evolution of the CsCu,ls films after
2 months in ambient air. (d) The photocurrent after repeated heating—cooling for different periods of time. (e) Long-term storage stability of the

photodetector in ambient air.
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encapsulation and protection, can work efficiently after
2 months of storage in the open air (27 °C, ~50% humidity),
and maintain almost the same photocurrent under the same
test conditions (325 nm, 0.1 mW cm %), as presented in Fig. 5e.
The excellent storage stability is superior to the performance of
organic-inorganic hybrid perovskite-based devices.*®*” The
above observations suggest that the studied heterojunction
photodetector has highly stable and reproducible characteristics,
as well as good temperature resistance, rendering it potentially
useful for the assembly of optoelectronic systems in the future.

Conclusions

In summary, a dendritic crystal metal-halide was successfully
prepared by an anti-solvent engineering approach. By combin-
ing anisotropic morphology and asymmetric intrinsic structure
CsCu,l; dendrites with the isotropic material GaN film, we
demonstrate a record-performance polarization selectivity up to
28.7 under self-driving mode and 102.8 under —3 V bias, which
is the maximum value in metal halide-based polarized photo-
detectors, and is comparable to, or even better than, the
conventional 2D heterostructure materials. Benefiting from a
high specific surface area and built-in electric field, the device
performance is remarkable in terms of a photoresponsivity of
0.37 AW, a specific detectivity of 1.83 x 10"* Jones, and a fast
response speed of 7/8 ms (95 uW cm ™ 2). Moreover, the device
without encapsulation exhibits excellent working stability
against thermal degradation in the open air, and its detection
performance can be effectively maintained even after repeated
heating (373K)-cooling (300K) for different periods of time or
being stored for 2 months in the open air, indicating a
remarkable temperature tolerance and desired compatibility
for applications under harsh conditions. Such excellent perfor-
mance and simple method show that the proposed CsCu,ls/
GaN heterojunction photodetector has great potential in the
practical application of highly polarization-sensitive and stable
self-powered ultraviolet detection.

Experimental section

GaN films were grown on sapphire substrates by metal-organic
chemical vapor deposition (MOCVD), and were ultrasonically
cleaned with ethanol, acetone, and deionized water, respectively.
Next, the GaN film surfaces were treated with Ar gas plasma for 20
min. The CsCu,I; dendrites were prepared using solution proces-
sing via a one-step spin-coating method. In detail, the precursor
solution mixed with 1.0 mmol CsI (> = 99.9%, Shanghai Aladdin
Bio-Chem Technology Co.) and 2.0 mmol Cul (> = 99.5%,
Shanghai Aladdin Bio-Chem Technology Co.) in dimethyl sulfoxide
(DMSO, > =99.8%, Shanghai Aladdin Bio-Chem Technology Co.)
and N,N-dimethylformamide (DMF, > =99.9%, Shanghai Aladdin
Bio-Chem Technology Co.) (completely dissolved at 60 °C for 4 h)
was spin-coated on the prepared GaN substrate at 1500 rpm for
10 s and then 2000 rpm for 30 s, and 100 pL methyl acetate was
dropped on the center of the spinning substrate at the last 10 s for
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pinning the CsCu,l; crystallization. The thickness of the films can
be controlled by adjusting the speed and time of the spin-coating
process. Following that, the sample was annealed at 100 °C for 1 h
under Ar, conditions to evaporate the solvent and enhance the
crystallization.

For device preparation, an In electrode (100 nm) on GaN and
an Au electrode (70 nm) on the CsCu,l; dendrites were prepared by
thermal evaporation by using a shadow mask. The morphology of
the prepared CsCu,I; dendrites was tested by field-emission SEM
(ZEISS Ultra 55). The XRD measurement was conducted using a
Panalytical X'Pert Pro. The absorption spectra were recorded using
a UV-vis spectrometer (Varian Cary 500). Photoluminescence (PL)
spectra were acquired via a 325 nm He-Cd laser and collected at
room temperature. All photoelectric performance characteristics of
the PDs were monitored using a precision source/measure unit
(model B2902, Keysight Technologies, Inc.), and all the measure-
ments were performed under ambient conditions.
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