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ABSTRACT: Lead halide perovskites have received much attention in the field of
optoelectronic devices. However, the environment-unfriendly nature and intrinsic
instability of these perovskites hamper their commercial applications. In this work,
one novel one-dimensional lead-free halide perovskite with high stability, CsCu,I;,
was prepared via an antisolvent-assisted crystallization method. The prepared
CsCu,l; bears a high exciton binding energy of ~105 meV and a high
photoluminescence quantum yield of 12.3%. We fabricated a deep ultraviolet
photodetector based on a CsCu,l; film that is nearly blind to 405 nm visible light
but is sensitive to 265 and 365 nm illumination. The device exhibits excellent
reproducibility and a high Ijg/Igq ratio of 22 under 265 nm illumination.
Furthermore, the responsivity, specific detectivity, and external quantum efficiency
are as high as 22.1 mA/W, 1.2 X 10" Jones, and 10.3% under a light density of
0.305 mW/cm?, respectively. These findings demonstrate that CsCu,l; perovskites
should have great potential for future optoelectronics.
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Recently, UV photodetectors have gained tremendous film using an antisolvent-assisted crystallization method. The
research interest in industrial and scientific applications, 1D crystal structure and soft crystal lattice facilitate the
including but not limited to UV radiation dosimetry, chemical formation of self-trapped excitons, which emit at 580 nm with
sensing, and astronomical observation.'™* In the past few a large Stokes shift. Emphatically, the CsCu,l; film exhibits

years, a series of UV photodetectors based on wide-band-gap
semiconductors (e.g, zinc oxide, diamond, and AlGaN) have
been explored.” " However, their development was severely
impeded by complex manufacturing technology, high oper-
ation voltage, and mechanical inflexibility. It is desirable to

bright yellow emission with a high photoluminescence
quantum yield (PLQY) of up to 12.3% and excellent stability.
For the first time, we fabricated a deep UV (DUV)
photodetector based on the CsCu,l; film. Remarkably, the

explore alternative materials for highly sensitive UV photo- device exhibits apparent sensitivity to 265 and 365 nm
detectors. illumination but is nearly blind to 405 nm visible light. The

Halide perovskites, which have high carrier mobilities, large photocurrent/dark current (Ilight/ I Tatio is as high as 22 at a
absorption coefficients, and low-cost solution processability, bias of 3 V under 265 nm illumination. Furthermore, the
have been proposed as ideal candidates for UV photo- responsivity (R), specific detectivity (D*), and external

11-16 : 5
detectors. For instance, Sargent’s group presented a quantum eﬂiciency (EQE) are as high as 22.1 mA/W, 1.2 X

novel MAPbBCI; single crystal UV photodetector with a large 10" Jones, and 10.3% under a light density of 0.305 mW/cm?,
responsivity of 46.9 mA/W and rapid response (7,se/ Tyecay = 24

ms/62 ms)."" Fang’s group reported a UV photodetector
consisting of CsPbCl; microplatelets that exhibited remarkable
optoelectronic properties in terms of responsivity (0.45 A/W) Received: June 13, 2020
and detectivity (10" Jones)."” However, Pb-based perovskites Accepted: July 6, 2020
usually suffer from environmental unfriendliness and intrinsic Published: July 6, 2020
instability, which restrict their practical applications.

In the present work, we successfully synthesized a high-
quality one-dimensional (1D) lead-free perovskite CsCu,l;

respectively. These results suggest that the 1D perovskite
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W ACS Publications 6880 J. Phys. Chem. Lett. 2020, 11, 6880-6886


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhengzheng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingyu+Pi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin-Bao+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhongtao+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miao+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaosheng+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c01832&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01832?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01832?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01832?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01832?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01832?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/11/16?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/16?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/16?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/16?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01832?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

CsCu,l; would be a promising candidate for future DUV
optoelectronic applications.

Figure 1a,b shows the crystal structure of CsCu,l;, which has
a 1D ribbonlike structure and belongs to the orthorhombic
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Figure 1. (a) Crystal structure of CsCu,l;. (b) CsCu,l; structure
viewed along the c axis. (c) Calculated band structures and (d) partial
DOS of CsCu,l; projected onto different orbitals of the I and Cu
atoms.

space group Cmcm with unit cell dimensions of a = 10.51 A, b
=13.154A,c=6.07 A, a = f=y =90° and V = 838.6 A>. The
edge-sharing [Cu,];]™ anionic ribbon is spatially surrounded
and isolated by Cs* atoms."”~"” In order to gain insight into its
electronic properties, we performed density functional theory
(DFT)-based first-principles calculations focusing on the band
structure and density of states (DOS). As shown in Figure
1c,d, CsCu,l; has a direct band gap of 1.9 eV at the I point.
The conduction band minimum (CBM) of CsCu,l; is mainly
composed of Cu 4s and I Sp orbitals, while the valence band
maximum (VBM) mainly involves hybrid orbitals of Cu 3d and
I Sp. We notice little contribution of the Cs* ion to either the
CBM or VBM because of the small number of s orbitals.
Meanwhile, we find that the valence band edge contributed by
Cu 4s and I Sp orbitals is relatively flat, while the Cu 3d- and I
Sp-dominated conduction band edge is quite dispersive,
indicating different effective masses for electrons and holes.
The CsCu,l; film was synthesized using an antisolvent-
assisted crystallization method.”*™** The crystal structure of
the CsCu,l; film was confirmed by X-ray diffraction (XRD)
analysis (Figure 2a). The strong diffraction peaks at 11.2°,
22.1° and 26.7, assigned to the (110), (220), and (221)
planes, confirmed that the obtained CsCu,l; film had the
orthorhombic CsCu,I; crystal structure in space group Cmcm
(JCPDS no. 77-0069),"**** and did not contain impurities.
Figure 2b shows the scanning electron microscopy (SEM)
image of the CsCu,l; film on a quartz substrate. A large
number of pine-leaf-shaped microrods (MRs) were obtained.
The length of the MRs varied from several to tens of
micrometers (Figure S1). From the high-resolution trans-
mission electron microscopy (HRTEM) images and the
selected-area electron diffraction (SAED) pattern (Figure
2c), it can be observed the lattice spacing was 0.34 nm,
corresponding to the (221) plane of the orthorhombic
CsCu,]; structure. Energy-dispersive spectroscopy (EDS)
analysis (Figure 2d) showed the average contents of Cs, Cu,
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Figure 2. (a) XRD pattern and (b) SEM image of the CsCu,]; film.
(c) HRTEM image of CsCu,l; crystals. The inset is the
corresponding fast Fourier transform. (d) EDS spectrum and (e)
elemental mapping images of CsCu,l;.

and I to be 16.32%, 32.91%, and 50.77%, respectively, in
agreement with the CsCu,l; stoichiometry. Figure 2e shows
the TEM and elemental mapping images of the CsCu,l;, which
indicate that Cs, Cu, and I were uniformly distributed
throughout the MRs. Furthermore, X-ray photoelectron
spectroscopy (XPS) was applied to study the chemical nature
of CsCu,l; (Figure S2). The cesium core-level spectrum shows
a 3d doublet with an excellent fitting at the binding energies of
7239 eV (3ds;,) and 7379 eV (3ds5,), consistent with
Cs*.>>*>?° The copper core-level spectrum shows the Cu 2ps),
peak at 931.9 eV and the 2p, /, peak at 951.8 eV, corresponding
to Cu®.”’~*" The iodine core-level spectrum has a 3d doublet
with binding energies of 619 eV (3ds,,) and 630.3 eV (3d;),),
corresponding to I"."” These results indicate that the CsCu,],
film possesses high crystallinity.

We further investigated the photophysical properties of the
CsCu,l; film. As shown in the insets of Figure 3a, the CsCu,];
film is colorless under sunlight and displays bright yellow
emission under 254 nm irradiation. The photoluminescence
excitation (PLE) and PL spectra of the CsCu,l; film are
presented in Figure 3a. The PL peak is located at 580 nm with
a full width at half-maximum (fwhm) of 117 nm, and the PLE
peak is at 320 nm. A sharp absorption peak at around 320 nm
indicates that the PLE peak is attributed to the excitonic
absorption of CsCu,l;, making it attractive for DUV
photodetection.'”'**° Meanwhile, the large Stokes shift of
260 nm and broad-band emission signify that the PL emission
cannot be ascribed simply to a direct band emission but rather
is due to exciton self-trapping from distortion of the
lattice.””*'™** The PLQY of the CsCu,l; film was measured
to be ~12.3% under 320 nm excitation (Figure 3b), which is
comparable to those of the reported low-dimensional lead-free
perovskites.** > Figure 3c shows the time-resolved PL decay
spectrum of CsCu,l; film upon 320 nm excitation at room
temperature, and the average lifetime is about 86.068 ns on the
basis of a fit to a biexponential function. The exciton self-
trapping in the 1D perovskite can therefore be depicted as
shown in Figure 3d. Upon photoexcitation, the Cu(I) 3d"
electron configuration changes to Cu(II) 3d’, contributing to

https://dx.doi.org/10.1021/acs.jpclett.0c01832
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Figure 3. (a) Light absorption (gray), PLE (red), and PL (blue)
spectra of the CsCu,l; film. Insets present the (left) bright-field and
(right) fluorescence photographs. (b) PLQY and (c) time-resolved
PL decay and fitting curves for the CsCu,l; film. (d) Schematic
diagram of free and self-trapped excitons.

Jahn—Teller distortion and the formation of self-trapped

excitons, which is similar to the case for the previously
. ) L 23,27,37

reported low-dimensional perovskite.

The stability of perovskites is one important factor for
fabricating photoelectric devices. Therefore, the moisture,
thermal, and long-term stabilities of the CsCu,l; film were
tested by tracking the PL intensity variation (Figure 4). The
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Figure 4. Stability of the CsCu,l; film. (a, b) PL spectra of the
CsCu,]; film (a) under 75% RH environment at room temperature
and (b) under a constant temperature at 70 °C. (c) XRD patterns and
(d) PL spectra of films stored for several months in an atmospheric
environment.

moisture and thermal stability tests were carried by storing the
CsCuyl, film under 75% relative humidity (RH) and a constant
temperature at 70 °C, respectively, as shown in Figure 4a,b.
Remarkably, the PL intensities of the CsCu,l; film
demonstrate ignorable changes after being kept for 600 min
under the 75% RH or 70 °C conditions. In addition, the
CsCu,]; film was stored for several months under an ambient
atmosphere to test the long-term stability. As shown in Figure
4¢,d, no obvious changes were observed in the XRD results
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and the PL intensities of CsCu,l; film, indicating that the
material composition remained intact over the course of
several months. All of these results indicate that the CsCu,l;
perovskite has excellent stability.

In order to elucidate the photoluminescence mechanisms of
the CsCu,l; films, the temperature-dependent PL spectra of
CsCu,]; film were measured. As shown in Figure Sa, only one
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Figure 5. (a) Temperature-dependent PL spectra and (b) integrated
PL intensities of the CsCu,]; film. (c) Time-resolved PL decay curves
and (d) average lifetimes of the CsCu,l; film at various temperature.

emission peak can be observed, indicating that no structural
phase transition occurs in the investigated temperature region.
The position of the PL peak of the CsCu,l; film slightly red-
shifts with decreasing temperature following Varshni’s model.**
As expected, the PL intensity decreases with increasing
temperature as a result of thermal quenching (Figure Sb).
Furthermore, the temperature-dependent PL intensity could
be described by eq 1:"7*

Iy

_ B
1+A exp( kBT> (1)

where I(T) and I, are the integrated PL intensities at
temperature T and 0 K, respectively, E, is the exciton binding
energy, and kg is the Boltzmann constant. From the fitting, we
obtained an exciton binding energy of ~105 meV, which is
much larger than those for 3D Pb-based perovskites (several
tens of meV),*"** originating from the 1D nature of CsCu,1;.
Additionally, the temperature-dependent PL fwhm (Figure S3)
obviously broadens with increasing temperature as a result of
the electron—phonon coupling arising from lattice vibra-
tions.'”**** The PL intensity increases and the fwhm narrows
as temperature decreases, suggesting that the broad emission
does not originate from multiple radiative mechanisms.*

To further investigate the recombination dynamics of the
CsCu,l; film, the temperature-dependent time-resolved PL
was measured (Figure Sc). The results of the fit to a
biexponential function are presented in Table S1. Distinctly,
the average lifetime decreases as the temperature increases
(Figure Sd), which is the same trend as for the change in PL
intensity. It could be speculated that thermal expansion and
the interaction between excitons and phonons affect the PL
lifetime as a function of temperature. As the temperature

I(T) =

https://dx.doi.org/10.1021/acs.jpclett.0c01832
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Figure 6. (a) Diagram and (b) SEM image of the CsCu,l; film device. (c) I-V characteristics of the CsCu,]; film photodetector in the dark and

under illumination at various wavelengths.
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Figure 7. (a) [-V and (b) I—t characteristics of the CsCu,]; film device under 265 nm illumination at different light densities. (c—f) Lighe/Iaut 1atio,

R, D*, and EQE, respectively, as functions of the light density.

increases, the lattice vibrations become active and result in
energy transfer to the lattice, lowering the radiative
recombination.*®

The CsCu,l; film was directly grown on a gold interdigital
electrode using an antisolvent-assisted crystallization method.
The diagram and SEM image of the CsCu,l; film photo-
detector are portrayed in Figure 6a,b. Figure 6c shows the
current—voltage (I—V) curves of the device in the dark and
under illumination at different wavelengths (265, 365, and 405
nm) at a constant light density (5.63 mW/cm?). The
photocurrent decreases with an increase in the incident light
wavelength and is almost zero under 405 nm irradiation, which
implies blind photoresponsivity. The dark current is about 0.3
UA, and the current under 265 nm illumination is as high as 6.7
KA at a bias voltage of 3 V. A high Ijgn./Ig, ratio of ~22 can be
achieved at 265 nm, and the Ijg/Ig,q ratio under 365 nm
illumination was calculated to be 4.3. In contrast, the device is
almost insensitive to 405 nm illumination, which is associated
with intrinsic absorption property of CsCu,l;.

In order to reveal the photoresponse of the CsCu,l; film
device, we further studied the I-V curves under 265 nm
illumination at different light densities ranging from 0.305 to
5.63 mW/cm? (Figure 7a). The typical symmetrical behavior
of the I-V curves demonstrates good Ohmic contact between
the CsCu,I; film and the Au electrode.””** Apparently, the
photocurrent increased gradually from 2.3 to 6.7 uA with
increasing light density at a bias voltage of 3 V, which is
attributed to excitation of larger numbers of electron—hole
pairs at higher light densities. In addition, the time-dependent
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photoresponse was also studied under 265 nm illumination at
different light densities (Figure 7b). The Igy/ I ratio of the
CsCu,l; film device gradually increases with increasing light
density, reaching a maximum value of 22 when the light
density is increased to 5.63 mW/cm® (Figure 7c). To
quantitatively assess the device performance of the CsCu,l;

film photodetector, several critical parameters were estimated
as follows:*>* =

 Dighe = Laan

PigneS (2)
1/2
. — RS
(zelclark)l/2 (3)
EQE = Rhe
eﬂ'light 4)

where Iy, is the photocurrent, Iy, is the dark current, Py, is
the incident light density, S is the effective incident area (0.3
cm?), e is the proton charge, & is the Planck constant, c is the
speed of light, and Ay, is the wavelength of the incident light.
With the above equations, values of R, D¥, and EQE for the
CsCu,l; film device were estimated at different light densities
(Figure 7d—f), and the maximum values of 22.1 mA/W, 1.2 X
10" Jones, and 10.3% were achieved at a low light density of
0.305 mW/cm?, respectively. Nonetheless, all three parameters
decrease gradually with increasing light density, which can be
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attributed to the intensified photocurrent recombination loss
in the device at high light densities."*>?

Besides the light density, the photoresponse of the CsCu,I;
film device was also found to strongly depend upon the bias
voltage. Figure S4a shows the I—t curves of the CsCu,l; film
device under a series of applied bias voltages under the same
illumination conditions (light density of 5.63 mW/cm” and
wavelength of 265 nm). It is noteworthy that the photocurrent
gradually increases with rising bias voltage, which is under-
standable because the larger bias voltage can enhance the drift
velocity and separation efficiency of photoexcited electron—
hole pairs and therefore suppress the photogenerated carrier
recombination.’”** We then quantitatively evaluated the
photoresponse of device by calculating R and D*. As plotted
in Figure S4b, these two parameters increase substantially with
rising bias voltage, reaching the maximum values of 6.5 mA/W
and 1.1 X 10" Jones, respectively, at a bias voltage of 3 V. This
is reasonable because a high bias voltage can cause an
increased probability of exciton separation and acceleration
and an enhanced electric field, which will facilitate the
photogeneration of more carriers, leading to a higher
photocurrent. Significantly, these values are comparable to
the values for previously reported photodetectors.””

In conclusion, we successfully prepared a new nontoxic 1D
CsCu,l; perovskite film via an antisolvent-assisted crystal-
lization method. Benefiting from the 1D crystal structure,
strong exciton binding energy (~105 meV), and high crystal
quality, the CsCu,l; film shows excellent stability and a high
PLQY of 12.3%. Furthermore, a DUV photodetector based on
the CsCu,I; film was successfully fabricated for the first time
and was nearly blind to 405 nm visible light but showed
apparent sensitivity to 265 and 365 nm illumination. The
device exhibited prominent parameters with excellent
reproducibility, and a high Ijg/Igq ratio of 22 under 265
nm illumination. The R, D*, and EQE values are as high as
22.1 mA/W, 1.2 X 10" Jones, and 10.3% under a light density
of 0.305 mW/cm? These results corroborate that the CsCu, 1
film DUV photodetector possesses great prospects for use in
next-generation optoelectronic devices.
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