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Facet-Dependent, Fast Response, and Broadband
Photodetector Based on Highly Stable All-Inorganic
CsCu,l; Single Crystal with 1D Electronic Structure

Ziging Li, Ziliang Li, Zhifeng Shi,* and Xiaosheng Fang*

Low-dimensional metal halides at molecular level, which feature strong
quantum confinement effects from intrinsic structure, are emerging as

ideal candidates in optoelectronic fields. However, developing stable and
nontoxic metal halides still remains a great challenge. Herein, for the first
time, high-crystalline and highly stable CsCu,l; single crystal, which is
acquired by a low-cost antisolvent vapor assisted method, is successfully
developed to construct high-speed (tise/tdecay = 0.19 ms/14.7 ms) and UV-to-
visible broadband (300700 nm) photodetector, outperforming most reported
photodetectors based on individual all-inorganic lead-free metal halides.
Intriguingly, facet-dependent photoresponse is observed for CsCus,l; single
crystal, whose morphology consists of {010}, {110}, and {021} crystal planes.
The on—off ratio of {010} crystal plane is higher than that of {110} crystal
plane, mainly owing to lower dark current. Furthermore, photogenerated
electrons are localized in twofold chains created by [Cul,] tetrahedra, leading
to relatively small effective mass and fast transport mobility along the 1D
transport pathway. Anisotropic carrier transport characteristic is related to
stronger confinement and higher electron density for {110} crystal planes.
This work not only demonstrates the great potential of CsCusl; single

crystal in high-performance optoelectronics, but also gives insights into 1D
electronic structure associated with fast photoresponse and high anisotropy.

the past few years. Researchers have been
making continuous efforts on exploring
nanostructure materials (0D quantum
dots, 1D nanowires and nanotubes, 2D
nanoplates) and atomically thin 2D mate-
rials to prepare high-speed, broadband
and sensitive optoelectronic devices to
meet the application requirements./?!
Different from reducing morphology
size to several nanometers, low-dimen-
sional semiconductor materials featuring
0D, 1D, 2D structural dimensionality are
of great interest to exhibit unique photo-
physical performances,’! because of
strong quantum confinement effects from
crystal structure in nature.l Against this
background, molecular-level low-dimen-
sional metal halides are arising as ideal
candidates in many optoelectronic fields,!
such as light-emitting diodes, solar cells
and lasers. Although organic-inorganic
metal halide perovskites demonstrate
advantages of structural diversity, tunable
band structure and soft crystal lattice,!

1. Introduction

Photodetector, which can convert light signals into electrical
signals, serves as an important optoelectronic device in many
fields such as military, medicine, life, industry, scientific
research, and so on.ll' Low-dimensional semiconductor mate-
rials have shown attractive prospects for optoelectronics during
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their poor thermal and chemical stabilities

are considered as major limiting factors,

which are originated from organic cat-
ions in the framework.! Among all-inorganic metal (Pb, Sn,
Bi, Sb, Pd, etc.)® halides with perovskite and nonperovskite
structures, lead halide materials exhibit excellent properties,
which essentially originate from the electronic structure of the
Pb lone-pair 6s? state.”) However, the environmental toxicity
of the crucial element Pb remains a limitation for large-scale
commercialization. ']

Recently, a novel all-inorganic copper halide CsCu,l; with
1D architecture and soft crystal lattice, enabling strong self-
trapped excitons and high photoluminescence quantum yield,
has been reported to be a prospective self-activated lumines-
cent material. ' However, this material is rarely explored in
photodetector applications, especially in high-crystalline form
studying the underlying relationship between photoelectric per-
formance and electronic structure. In addition, semiconductor
single crystals with high phase purity, less grain boundaries
and defects, which contribute to improving the figures of merit
of the devices,"” are more desirable than polycrystalline and
amorphous materials for both fundamental and applied inves-
tigations in optoelectronics.] Meanwhile, single crystal plat-
form is suitable for observing facet-dependent photophysical
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performances deriving from intrinsic structural anisotropy,
which is intriguing for potential optoelectronic application.
This paper first describes a fast speed, facet-dependent and
broadband photodetector based on all-inorganic lead-free 1D
CsCu,l; single crystal, obtained through low-cost solution-pro-
cessed antisolvent vapor assisted method. The fast carrier trans-
port mobility, facet-dependent photoelectric performance and
high stability of CsCu,I; single crystal are mostly ascribed to 1D
crystal structure and 1D electronic structure. The results show
that the structurally low-dimensional metal halide single crystal
with favorable crystal orientation and regulated electron trans-
port is enabled to establish high-performance photodetector.

2. Results and Discussion

2.1. Crystal Growth and Crystalline Quality

CsCu,l; single crystals are successfully prepared by a solution-
processed growth method, which is described in detail in the
Experimental Section. Figure 1a shows the photograph of freshly
as-grown single crystals, whose powder X-ray diffraction (XRD)
pattern with whole range of 10°-90° is depicted in Figure 1b.
The XRD pattern exhibits weak noise background and strong
signal peaks, whose position and intensity are in good agree-
ment with those of crystal planes of the orthorhombic CsCu,l;3
(PDF No. 01-072-9857, space group Cmcm). Visible rod-shaped
morphology of 0.3-1.0 mm width and 1.5-6.0 mm length is
clearly seen in the optical microscopy image of these single
crystals in Figure 1c. To further check the crystalline quality,
XRD measurements are conducted on different crystal planes
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of an individual single crystal. As shown in Figure 1d, XRD pat-
tern exhibits a series of strong diffraction peaks at 26 of 10.8°,
21.6°, 32.7°, and 44.1°, which are corresponding to (110), (220),
(330), (440) crystal planes, respectively. As shown in Figure 1le,
XRD pattern shows several diffraction peaks at 26 0of 13.5°, 27.0°,
41.1°, 55.8°, and 71.6°, which are corresponding to (020), (040),
(060), (080), and (0100) crystal planes, respectively. The strong
noise background from {010} crystal planes are ascribed to the
small area for X-ray irradiation. These XRD results reveal high
crystalline quality and phase purity for CsCu,l; single crystal,[’]
whose morphology includes the {110} and {010} crystal planes.

2.2. Facet-Dependent Photoelectric Performance

The equilibrium morphology is a good reflection of inner
crystal structure.'l Therefore, the predicted morphology of
CsCu,l; single crystal is established using Bravais—Friedel
and Donnay-Harker (BFDH) methods,”! which is based on
its known structure parameters. As seen in Figure S1 in the
Supporting Information, the predicted morphology exhibits
the {010}, {110}, {021}, {111} facets. It is worth noting that
{111} facets are predicted but not experimentally observed,
because the crystal morphology is also affected by kinetic fac-
tors.'® Optical microscopy images of side view of several
CsCu,l; single crystals (perpendicular to the viewing surface)
with parallel hexagon morphology are provided under bright
background (Figure S2a—c, Supporting Information) and dark
background (Figure S2d—f, Supporting Information), with the
corresponding morphological schematic views (Figure S2g-i,
Supporting Information) completely marked by crystal plane
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Figure 1. Crystal growth of CsCu,ls: a) Photograph of the freshly as-grown single crystals. b) Powder X-ray diffraction pattern. c) Optical microscopy
image of the single crystals. d) X-ray diffraction pattern of the (110) plane. e) X-ray diffraction pattern of the (010) plane.

Adv. Funct. Mater. 2020, 30, 2002634

2002634 (2 of 10)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(b)

(a) (b’)

(021)

(027)

(110) (010)

(c)
z
E o
3
1o"’! — — (010)-dark
—=— (010)-350 nm
10"‘! —— (110)-dark
“ —a— (110)-350 nm
10° - - - - - - -
3 2 A 0 1 2 3
Voltage (V)
(d)
10°4
(021)
<
g 10
£
(5]
‘040}
——— (010) plane
——(110) plane
10"

0 100 200 300 400 500 600 700
Time (s)

Figure 2. a,b) Optical microscopy images of CsCu,l; single crystals with rod-shaped morphology. a’,b’) Schematic view of the corresponding crystal
morphology. Comparison of photoelectric properties between (110) and (010) crystal planes of CsCuj,l; single crystals: c) I-V curves and d) -t curves

under dark and 350 nm illumination at 3 V bias.

indices. Combined with the results from XRD, it is concluded
that the whole morphology of CsCu,l; single crystal consists
of totally {010}, {110}, and {021} ten crystal planes, where
{010} crystal planes include (010) and (010) two crystal planes,
{110} crystal planes include (110), (110), (110), and (110) four
crystal planes, {021} crystal planes include (021), (021), (021),
and (021) four crystal planes.

In order to study the facet-dependent photoresponse of
CsCu,l; single crystal, (010) and (110) crystal planes parallel to the
viewing surface (shown in Figure 2a,b) are selected to perform
photoelectric performances, with the corresponding morpholog-
ical schematic views shown in Figure 2a’,b’. As I-V curves at the
voltage from —3 V to 3 V shown in Figure 2c, the dark current of
(010) crystal plane is lower than that of (110) crystal plane, while
the photocurrent of (010) crystal plane is close to that of (110)
crystal plane under 350 nm illumination. As shown in Figure 2d,
I-t curves at the voltage of 3 V also reveal that the dark current
of (010) crystal plane is lower than that of (110) crystal plane,
while the photocurrent of (010) crystal plane is close to that of
(110) crystal plane under 350 nm illumination. To further con-
firm this observation, more samples are employed for the iden-
tical I-V measurements targeting at (010) and (110) crystal planes
of CsCu,l; single crystal, as shown in Figure S3 in the Sup-
porting Information. Although the photocurrent at the voltage of
3 V varies around 1.9-6.0 nA for both two crystal planes, (010)
crystal planes show dark currents of 0.03-0.05 nA, which are
much lower than those of (110) crystal planes (more than 0.1 nA).
The photoresponse data of -V curves at 3 V from Figure S3
in the Supporting Information are clearly collected in Table S1
in the Supporting Information. These results indicate that the
{010} crystal plane has better photoelectric performances, and its
higher on—off ratio is mainly due to its much lower dark current.
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2.3. Application in Photodetector

The photoelectric performances of metal-semiconductor-metal
(MSM) photodetector, based on the {010} crystal plane of an
individual CsCu,l; single crystal, is systematically investigated,
with the schematic diagram depicted in Figure 3a. A mono-
chromator-filtered continuous tunable Xe-lamp is adopted as
the light source, and its relationship between wavelength and
photodensity is provided in Figure S4 in the Supporting Infor-
mation. Figure 3b describes the semilogarithmic I-V curves
with characteristics of asymmetric dark current and symmetric
photocurrent at forward and reverse bias, under dark condi-
tion and broadband illumination from 250 nm to 500 nm. The
adoption of symmetric Ag electrodes form Schottky contacts
with CsCu,l; single crystal, which are verified from the non-
linear characteristics of -V curves (Inset in Figure 3b). At 3 V
bias, the device yields a dark current of 0.016 nA, while the
highest photocurrent of 3.0 nA is achieved at 350 nm, with on—
off ratio reaching a climax of 188. The on—off ratio of CsCu,l;
single crystal is much higher than those of most photodetectors
based on individual all-inorganic lead-free metal halide.24* It
is noted that potential photocurrents are observed under 0 V,
corresponding to the displayed open-circuit voltage (V,.) of
0.05 V and photovoltaic self-powered performance from the
Schottky barriers.!"”!

To study the response speed and device stability, the dynamic
time-dependent photocurrent of the photodetector is tested upon
350 nm illumination. Figure 3c presents I-t curves with several
on-off cycles under six different bias voltages of 0-9 V. As bias
voltage increases, the on—off ratio decreases due to the increased
dark current. The prepared photodetector at 3 V bias demon-
strates a lower dark current at the beginning, and then reaches
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Figure 3. Photoelectric performances of CsCu,l; photodetector on (010) plane: a) Schematic diagram of the CsCuj,l; photodetector. b) -V curves
under dark and illumination of 250-500 nm. c) I—t curves under 350 nm illumination at 0-9 V bias. d) Calculated responsivity and detectivity curves of
300-700 nm at 3 V bias. e) Calculated EQE curve of 300-700 nm at 3 V. f) Photoresponse to 10 Hz 355 nm laser pulse at 10 V bias. g) Estimated rise
and decay time from single pulse response curve, the inset is the enlarged curve. h) Light intensity-dependent I-V curves under 350 nm illumination.
i) Photocurrent as a function of photodensity and the corresponding power law fitting curves under 350 nm illumination at 3 V bias.

a stable dark current of 0.2 nA and photocurrent of around 6.0 nA
for several on—off repetitions. Compared to the data obtained
from -V curves, the higher dark current and photocurrent are
mainly resulted from the light-induced resistance reduce of
CsCu,l; single crystal according to the photoconductive phe-
nomenon,?%! which is confirmed by photocurrent enhancement
during lasting illumination. After removing the bias voltage, the
light-induced pyroelectric effect is also observed from the signals
of a sharp rising edge, a stable plateau and a sharp falling edge
in each on-off cycle,?!l which is more clearly shown in Figure S5
in the Supporting Information. Therefore, the sensitive photo-
current of CsCu,l; single crystal is a complicated process com-
bining photoconductive and photovoltaic—pyroelectric effects.*?!

Considering the influences of effective illumination area S
and incident light power density P, (subscripted A is the illu-
mination wavelength) on the photocurrent, the responsivity R,
is introduced to evaluate the sensitivity of photodetector,?!l as
defined by the following formula

R, = % 1)
A
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where I, is the photocurrent of photodetector, Ig,y is the dark
current of photodetector. As low dark current is expected to
obtain high sensitivity to weak light signal,?3! the detectivity D*
is calculated as follows

P @
(26 I dark / S )
where e represents the elementary charge. Fixing bias voltage
at 3V, the photocurrents as a function of light wavelength are
described by I-t test in Figure S6 in the Supporting Informa-
tion. The effective illumination area S of the device is calcu-
lated as 0.02 mm? in Figure S7 in the Supporting Information.
As shown in Figure 3d, the photodetector demonstrates
UV-to-visible broadband (300-700 nm) photoresponse with
the responsivity of 10.0-52.0 mA W and the detectivity of
(1.8-9.3) x 10 Jones, which are much higher than the per-
formances of most photodetectors based on Ag, Bi, Sn hal-
ides.?!l And the maximum and minimum values locate at 340
and 550 nm, respectively. External quantum efficiency (EQE)
is another important parameter for evaluating photoelectric
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conversion efficiency of the photodetector,?®l which is
expressed as the equation

he &,

EQE=
Q e A

3)

where h is the Plank constant, ¢ is the velocity of light, A is
the illumination wavelength. The EQE of this photodetector
reaches 19% at 340 nm, and then decrease to 2.3% at 550 nm,
and finally rise to 74% at 680 nm, as shown in Figure 3e.

The response time limitation of semiconductor characteri-
zation system is responsible for the obvious gap near rising
and falling edge in Figure S5 in the Supporting Information,
therefore, Q-switch Nd:YAG laser pulses and oscilloscope are
introduced to trace the transient response time of the CsCu,ls
single crystal photodetector. Using 355 nm laser pulses with
10 Hz frequency and 10 V bias, the device demonstrates ultra-
fast, highly stable and repeatable photoresponse as displayed in
Figure 3f. The time-resolved photoresponse of a single period
is clearly shown in Figure 3g, and the rise time from 10% to
90% (based on signal maximum) is estimated to be 188 s, the
decay time from 90% to 10% is calculated to be 14.7 ms (inset
in Figure 3g). Under lower bias voltages of 3V, 5V, 7V, the fast
rise and decay time are estimated within 0.25 ms and 20 ms
(shown in Figure S8 in the Supporting Information). Table 1
summarizes the photoelectric performances of typical photode-
tectors based on all-inorganic lead-free metal halide with perov-
skite and nonperovskite structures under air atmosphere and
room temperature, and 1D CsCu,l; single crystal photodetector
demonstrates much faster response time than most photode-
tectors, especially the fastest rise time.

The generation probability of light-induced carrier is directly
proportional to the absorbed photon flux, and the photocurrent

is described as a function of photodensity according to the
power law: [ = @ P where o is a constant under a given wave-
length. Figure 3h displays nonlinear -V curves of the CsCu,l;
single crystal photodetector under 350 nm illumination and
varying light intensities. Through fitting the curve in Figure 3i
with the power law equation, 6 is calculated to be 0.44 at 3 V
bias. To further examine the fitting accuracy, 0 is fitted to be
0.47 and 0.44 at 1V and 2 V bias, as shown in Figure S9 in the
Supporting Information. It is suggested that the nonunity expo-
nent @ indicates complex processes of electron—hole generation,
trapping, and recombination for CsCu,l; single crystal.l?’]

2.4. Air Stability

Long-term air stability of CsCu,l; single crystal, which is
essential for photodetectors, is examined by powder XRD and
X-ray photoelectron spectroscopy (XPS). Figure 4a presents
highly matched XRD curves from samples exposed to the open
air for 25 and 45 days, respectively. This result indicates that
CsCu,l; single crystal maintains high phase purity and crystal-
line quality under open air atmosphere (at least 70%RH mois-
ture). All peaks are classified as main constituent elements (Cs,
Cu, and I) of CsCu,l; single crystal (exposed to open air for
40 days) from survey X-ray photoelectron spectrum in Figure 4b,
except for C 1s and O 1s peaks from absorbed contamina-
tions. Figure 4c—e displays high-resolution X-ray photoelectron
spectra for Cs 3d, Cu 2p, and I 3d core levels, which are doublet
peaks with the spin—orbit coupling separation of 14.0, 19.8, and
114 eV (coincide with the values in ref. [26]), respectively. Cs
3ds), core level is located at the peak of 724.6 eV, while Cs 3d;,
core level at 738.6 eV is overlapped by I MNN auger lines (at

Table 1. Photoelectric performances and material descriptions of typical photodetectors based on all-inorganic lead-free metal halide perovskites and

nonperovskites under air atmosphere and room temperature.

Photodetector Material description Anm]  PimWem™? Bias V] Ioh [NA]  lganc [NA] Response time Refs.
Type D DY  MHPY tise [MS] tdecay [MS]
Ti/Au-CsYbl;/grapheme-Ti/Au Hybrid film 3D 3D Y 400 - - - - 694 4648 [38]
Au-CsSnBry 5Cly s-Au Polycrystalline powder 3D 3D Y 445 - 0.1 443 4.94 - - [24a]
ITO-Cs3Cu,ls-ITO Polycrystalline film oD oD N 265 2.74 0 0.14 0.0011 26.2 49.9 [39]
Au-CsBislyo-Au Polycrystalline film 3D oD Y 650 84 1 1n.8 0.00016 0.33 0.38 [40]
ITO-Cs,AgBiBrs/SnO,-Au Heterojunction film 3D <3D Y 350 100 0 - - <3 <3 [41]
In-Cs,AgBiBrs/GaN-Ag Heterojunction film 3D <3D Y 265 24 0 79 0.019 3.463 8.442 [42]
Ti/Au-CsSnl;-Ti/Au® Nanowire array 3D 3D Y 940 50 0.1 6300 6300 83.8 243.4 [24f]
ITO-Cs;Bi,lg-ITO? Nanoplate 2D 2D Y 450 228.08 8 0149 <005 102 372 [24e]
Ti/Au-Cs3Sb,Brg-Ti/Au Nanoflake 2D 2D Y 450 - 10 39 - 48 24 [43]
Au/Cs3Sb,Clo/Au Nanowire 2D 2D Y 410 - 09 180009 30009 130 230 [44]
Au-Cs,AgInClg-Au Single crystal 3D <3D Y 365 2.36 5 8 0.29 2.1 - [24d]
Au-Cs,SnClg xBrx-Au Single crystal oD 0D N 590 1.27 -20 -0.199  —0.019 4.34 - [24¢]
Ag-Cs,AgBiBrg-Ag Single crystal 3D <3D Y 400 66.3 5 389 0.79 159 85 [24b]
Ag-CsCuyls-Ag Single crystal 1D 1D N 350 0.6 3 6.3 0.2 <0.25 <20 this work

D, = dimensionality of crystal structure; ®)D, = dimensionality of electronic structure; “MHP = metal halide perovskite, “Y = yes” means the material belong to metal
halide perovskite, “N = no” means the material belong to metal halide nonperovskite; 9The data are calculated from the I-V or It curves in references; ©The photoelectric

measurements were carried out under vacuum.
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Figure 4. Air stability of CsCuj,l; single crystals under ambient atmosphere: a) Powder X-ray diffraction patterns of CsCujl; single crystals exposed to
open air for 25 and 45 days. b) Survey spectrum and high-resolution X-ray photoelectron spectra. c) Cs 3d core level, d) Cu 2p core level, e) | 3d core

level of CsCu,l; single crystals exposed to open air for 40 days.

around 748.0 eV and 738.0 eV),2® which are produced under
Mg Ke irradiation. The asymmetric peak is deconvoluted with
two peaks at 932.4 eV and 930.5 eV, which are ascribed to Cu
2p3); and I 3p;5. The single peak of Cu 2p;,; and absence of
Cu(II) satellite peaks indicate the monovalent Cu(I) in CsCu,l;3
single crystal.””! Both peaks of I 3ds, and I 3d;), core levels are
symmetric at 619.2 eV and 630.6 eV, respectively. These results
provide the evidence of high stability of monovalent Cs, Cu and
I in CsCu,l; single crystal under open air atmosphere, which is
meaningful to long-term application of CsCu,l; single crystal
photodetector.

2.5. Structure—Property Relationship

To gain insights into structural origins of the high performance
of CsCu,l; single crystal, both 1D crystal structure and 1D elec-
tronic structure are discussed. From the view of crystal struc-
ture along crystallographic ¢ direction in Figure 5a, the Cu(I)
iodide wires are isolated by Cs atoms, forming 1D crystal struc-
ture along [001] direction. The configuration of single 1D Cu(I)
iodide wire surrounded by Cs atoms is similar to core—shell
structure,9 as shown in Figure 5b. There is obvious one type
of Cs site, one type of Cu site and two different types of I sites
in the framework. Due to the small ionic radius of Cu(I) and
the high energy level for Cu 3d™ orbitals,?®! Cu(I) atoms ener-
getically favor fourfold coordination to form [Culy] tetrahedra.
The [Cul,] tetrahedra constitutes a twofold chain through
shared edges, which is clearly seen from [Cu,lg] dimer (two
[Cul,] tetrahedra with shared edge), as displayed in Figure 5c.
The high stability of 1D CsCu,l; single crystal originates from
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the fourfold coordination environment of all Cu(I) atoms, while
poor air and thermal stability are observed in 0D Cs;Cu,ls,
which contain both threefold and fourfold coordination envi-
ronment of Cu(I) atoms. %"

Based on the 1D crystal structure, 1D electronic structure
is formed accordingly in CsCu,l; single crystal.?’l The den-
sity functional theory (DFT) calculation based on the primi-
tive cell is conducted to examine the electronic structure of
CsCu,l;, which has a direct optical band gap of 2.02 eV, as
shown in Figure 6a. The valence band maximum (VBM) and
conduction band minimum (CBM) are both located at G point
(in reciprocal space). Highly dispersive bands near the valence
and conduction edges endow metal halides with excellent car-
rier transport properties.?% Both the VBM and CBM are most
dispersive along [001] direction (G-Z, T-Y and S-R), indicating
relatively small effective mass and high mobility of electrons
and holes along the Cu(I) iodide wires. In contrast, perpen-
dicular to the crystallographic c¢ direction, the band along [010]
direction (Z-T and Y-G) is more dispersive than that along [110]
direction (G-S and R-Z), suggesting that {110} crystal planes
have stronger confinement of electrons and holes than the
{010} crystal planes, involving an anisotropic carrier transport
performance in CsCu,l; single crystal.*® The total and partial
density of states (TDOS and PDOS) in Figure 6b indicate that
the state near VBM are mainly contributed by Cu 3d and I 5p
orbitals, while those near the CBM are constituted by Cu 4s and
I 5s orbitals. Since the optical absorption of materials are con-
siderably related to the electronic transitions close to the for-
bidden band,! the photoactive sites are isolated by Cs* ions
in CsCu,l;, considering Cs* ions making few contributions to
VBM and CBM.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a)

0, )

©

0 30

ritk

»

&

- _
S 5 S SR S R,

(b)

[Cul,]* tetrahedron

[Cu,l¢]* dimer

Figure 5. 1D crystal structure of CsCuy,l; single crystal: a) Perspective view of crystal structure along [001] direction. b) View of 1D Cu(l) iodide wire

surrounded by Cs atoms. c) [Cuj,lg] dimer and [Cul,] tetrahedron.

From the calculated 3D electron density difference (EDD)
plot in the a-b plane (Figure 6¢), the accumulation and
depletion of electrons are mainly around Cu—I bonds, indi-
cating 1D electronic distribution around the Cu(I) iodide wires.
The 1D electronic distribution preference is obviously seen in
the calculated EDD plots from different perspectives (slices 1-7
in Figure S10a,c,d, Supporting Information) in Figure 6d-f,
including the plane close to {110} crystal plane and across Cu,I
atoms (slices 1,2 in Figure S10a, Supporting Information), the
a—c plane across Cu atoms (slice 3 in Figure S10c, Supporting
Information), the a-b plane across Cu atoms (slice 7 in
Figure S10d, Supporting Information). The electron localization
function (ELF) is helpful to analyze the localization character-
istics of electrons.? The calculated ELF plots from different
perspectives are shown in Figure 6g—i and Figure S10b, e-g in
the Supporting Information. It is worth noting that the Cu—I
bonds show non-negligible covalent characteristics, which are
similar to Cul.*®l The electron density of {110} crystal planes
(in Figure 6g and Figure S10b in the Supporting Information,
the overall area mean ELF values is 0.44) is higher than that
of {010} crystal planes (Figure 6h, the overall area mean ELF
values is 0.24), corresponding to higher dark current in {110}
crystal planes. Above all, it is speculated that photogenerated
electrons are localized in the twofold chain created by [Cul,] tet-
rahedra, leading to the fast transport mobility among the chain,
which is parallel to [001] direction.
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3. Conclusion

CsCuyl; single crystal, with high crystalline quality, visible
shape, and millimeter size, is successfully grown by low-cost
solution-processed method. Its whole morphology is revealed
by theoretical BFDH simulation and experimental X-ray diffrac-
tion methods, including totally {010}, {110}, and {021} facets.
Facet-dependent photoresponse of CsCu,l; single crystal dem-
onstrates that the on—off ratio of {010} crystal plane is higher
than that of {110} crystal plane. For the first time, the photo-
electric performances of the CsCu,l; single crystal photode-
tector are systematically investigated. This device exhibits stable
and UV-to-visible broadband (300-700 nm) photoresponse,
including a responsivity of 10.0-52.0 mA W, a detectivity of
(1.8-9.3) x 10 Jones and an EQE of 2.3-19% (3 V bias), as
well as fast response time (tjse = 0.19 mS, tgecay = 14.7 ms, at
350 nm and 10 V bias), outperforming most reported photo-
detectors based on all-inorganic lead-free metal halides. The
high stability of monovalent Cs, Cu, and I in CsCu,l; single
crystal, which originates from fourfold coordination [Culy] tet-
rahedra, is meaningful for long-term optoelectronic application
under open air. Through DFT calculation, it is confirmed that
carriers with relatively small effective mass and high mobility
transport along the 1D Cu(I) iodide wires. It is speculated that
photogenerated electrons are localized in the twofold chain cre-
ated by [Cul,] tetrahedra, leading to the fast transport mobility

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. 1D electronic structure of CsCus,l; single crystal: a) Calculated electronic band structure along G-Z-T-Y-G-S-R-Z path throughout the Brillouin
zone as depicted in the inset. b) Calculated total and partial DOS, dashed line represents Fermi level set at 0.0 eV. c) Side view of the 3D EDD plot
in the a—b plane. Pink and green isosurfaces denote electron accumulation and depletion regions with a value of 0.026 e A=, respectively. Calculated
EDD plots from different perspectives: d) The plane close to {110} crystal planes and across Cu,| atoms, €) the a—c plane across Cu atoms, f) the a-b
plane across Cu atoms. Calculated ELF plots from different perspectives: g) Two planes close to {110} crystal planes and across Cu,| atoms on single
Cu(l) iodide wire, h) the a—c plane across Cu atoms, i) the a—b plane across Cu atoms.

among the twofold chain. Meanwhile, {110} crystal plane has
stronger confinement of electrons and holes than the {010}
crystal plane, involving an anisotropic carrier transport perfor-
mance in CsCu,l; single crystal. The electron density of {110}
crystal plane is higher than that of {010} crystal plane, corre-
sponding to higher dark current in {110} crystal plane. This
work not only demonstrates a high-performance photodetector
based on 1D CsCu,l; single crystal, but also provides insights
into its 1D electronic structure, promoting the development of
high-performance optoelectronics based on nontoxic and stable
low-dimensional metal halides in the future.

4. Experimental Section

Crystal Growth: CsCujl; single crystal was grown by antisolvent vapor
assisted method,"l the detailed process is depicted as follows. The raw
materials 1.299 g Csl (Aladdin Chemistry Co., Ltd., 99.999%) and 0.952 g
Cul (Aladdin Chemistry Co., Ltd., 99.95%) were dissolved in the solvent
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mixed with 1 mL dimethyl sulfoxide (Sinopharm Chemical Reagent
Co., Ltd., DMSO, 99.0%) and 4 mL N,N-dimethylformamide (Aladdin
Chemistry Co., Ltd., DMF, 99.8%). The mixture was constantly stirred
at 60 °C until clear solution was obtained. The methanol anhydrous
(Sinopharm Chemical Reagent Co., Ltd., 99.5%) was dropwise added
to the solution until white precipitate did not disappear. Immediately,
the precipitate was removed by filters and syringes, and the saturation
solution was transferred to a small vial. This vial was placed in a large vial,
which contained methanol anhydrous and was finally sealed by paraffin
film. The whole apparatus was standing on a 60 °C hot plate for three
days. At the end of growth, CsCu,l; single crystals were cleaned using
ethyl alcohol (Sinopharm Chemical Reagent Co., Ltd., 95%) and n-hexane
(Sinopharm Chemical Reagent Co., Ltd., 95%) from the bottom of vial.
Material Characterization: X-ray diffraction patterns were collected
using Bruker D8 Advance X-ray diffractometer equipped with Cu Ko
radiation (A4 = 0.15406 nm). The powder sample was tested with the
scan step of 0.02° and a step time of 1's, and the bulk crystal sample
was tested with the scan step of 0.02° and a step time of 0.2 s. X-ray
photoelectron spectra were acquired by the PHI 5000C&PHI5300 X-ray
photoelectron spectrometer, equipped with a dual Mg/Al anode. All
peaks were calibrated using the C 1s peak (284.6 eV) as the reference,
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and the deconvolution was conducted using a Gaussian—Lorentzian
fitting after background subtraction. The optical photographs were
obtained by Olympus optical microscope. Crystal structure analysis
was performed through Vesta 3.4.4,PY based on the crystallographic
information file (CIF) data of CsCujl; single crystal.l

Device Construction: A single crystal was fixed on glass substrate to
facilitate the photoelectric measurements, with the desired crystal plane
parallel to its surface. A couple of silver pastes with sub-millimeters
apart were deposited on one crystal plane as electrodes. The crystal
plane orientation ({110} and {010} planes) was determined by observing
crystal plane angle (two types of angles calculated to be 128.6° and
102.7° in Figure S2, Supporting Information).

Photoelectric Measurements: A 75 W Xe lamp equipped with a
monochromator was utilized as light source system. The photodensity
was detected using optical power meter (Ophir NOVA Il). The |-V
and |-t characteristics were collected through the semiconductor
characterization ~ system  (Keithley =~ 4200-SCS). The transient
photoresponse was recorded using the Q-switch Nd:YAG laser
(Continuum Electro-Optics, MINILITE II), connecting with the resistor
and the oscilloscope (Tektronix MSO/DPO5000). All measurements
were conducted under air atmosphere and room temperature.

Electronic Structure Calculations: Based on the density function theory
(DFT), first-principle calculation was executed using the plane-wave
pseudopotential method through Cambridge sequential total energy
package (CASTEP) code.’®l Structural parameters of CsCus,ls single crystal
were used for the calculation. The generalized gradient approximation
(GGA) with Perdew—Burke—Ernzerhof (PBE) was introduced to describe
the exchange-correlation potential for electron interactions.’”l The
pseudo atomic calculations were carried out for the valence electrons
of all constituent elements, including Cs 5s% 5p® 6s', Cu 3p® 3d' 4s',
| 552 5p°. The plane-wave basis cut-off and energy convergence criterion
were set as 400 eV and 107 eV, respectively. The Brillouin zone sampling
was carried out in a 3 x 3 X 4 Monkhorst—Pack k-point grid.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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