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Low-dimensional lead-free metal halides, which feature strong quantum confinement effects, have
recently attracted great attention due to their excellent optical properties and favorable stability
under ambient conditions. Although controllable synthetic strategies, structural characterization and
linear optical properties of lead-free metal halides have been widely reported, relevant studies on
their nonlinear optical properties are still lacking, which hinders their applications in nonlinear
photonic devices. Herein, two types of millimeter-level high-crystallinity cesium copper halide single
crystals (SCs), ie., CszCuyls and CsCuals, with high photoluminescence (PL) quantum vyields, are
synthesized using an antisolvent vapor-assisted crystallization method. Their phonon energies are
comparatively studied by using Raman spectroscopy and temperature-dependent PL spectroscopy.
More importantly, comparison studies of the multiphoton absorption (MPA) properties of CszCusls and
CsCu,ls SCs are performed for the first time. Strong multiphoton excited PL emissions with
large anisotropy factors are observed in these two types of SCs. Through the measurement of
nonlinear transmittance, it is found that CsCu,ls SCs exhibit much larger MPA coefficients
compared with CszCu,ls SCs, which is attributed to the larger density of states in the former. This work
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broadens the applications of cesium copper halides in nonlinear optoelectronics and light polarization

rsc.li/materials-c related devices.

Introduction

All-inorganic cesium lead halide perovskites, including CsPbX;
(X = Cl, Br, and I), have attracted considerable attention due to
their extensive photonic and optoelectronic properties.™> Given
their high photoluminescence quantum yields (PLQYs), widely
tunable bandgaps and high absorption coefficients, CsPbX;
(X = Cl, Br, and I) materials have emerged as a class of
semiconductors for high-performance optoelectronics, such as
photovoltaics,>* light-emitting diodes (LEDs),>° photodetectors,”
and lasers.® Moreover, these materials have been demonstrated to
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exhibit strong multiphoton absorption (MPA).> However, their
inherent toxicity from the metal lead and poor material stability
are also worthy of attention. Fortunately, all-inorganic low-
dimensional cesium copper halides do not contain toxic lead
ions and exhibit unique photophysical properties due to their
stronger quantum confinement effect and higher stability,
which make them promising substitutes for traditional CsPbX;
(X = Cl, Br, and 1) in various optoelectronic applications.'®™*
Since Jun et al. first reported the synthesis of 0D Cs;Cu,l;
single crystals (SCs) with a high PLQY of 90% and air stability,®
low-dimensional cesium copper halides have emerged as
novel optoelectronic materials due to their strong self-trapped
excitons (STEs) and high PLQYs." Subsequently, a lot of
attention has been focused on the controllable synthetic stra-
tegies, structure characterization and linear optical properties
of cesium copper halides, and on their applications in optoe-
lectronics. For example, Cs;Cu,l; nanocrystals were used by
Wang et al. to manufacture high-efficiency deep-blue LEDs
with a halflifetime above 100 h.'* Fang’s group successfully
applied optically anisotropic 1D CsCu,l; nanowires to manu-
facture polarization-sensitive and flexible UV photodetectors.'*
However, there is a lack of research on the nonlinear optical
characteristics of cesium copper halides, including their MPA,
which has several merits including a greater penetration depth,
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less damage to the samples, and higher spatial resolution."®"°
The absence of relevant study hinders the further application of
cesium copper halides in nonlinear photonic devices.

In this work, two types of cesium copper iodine SCs, ie.,
CsCu,l; and Cs;Cu,ls, were synthesized and their MPA proper-
ties were investigated. It was found that both CsCu,l; and
Cs3;Cu,ls SCs exhibit efficient MPA. In addition, the yellow-
emitting CsCu,l; SCs show larger MPA coefficients than the
blue-emitting Cs;Cu,ls SCs, while the latter exhibits higher
multiphoton-excited PL anisotropy. Importantly, the MPA
coefficients and anisotropy of these SCs can be greatly modified
by adjusting the stoichiometric molar ratio of the precursors
during the synthesis stage.

Experimental section

Materials

Cesium iodide (CsI, 99.9%), copper(1) iodide (Cul, 99.5%),
dimethylformamide (DMF, 99.9%), dimethylsulfoxide (DMSO,
99.8%) and methanol (MeOH, AR) were purchased from Sigma
Aldrich. All reagents and solvents were used without further
purification.

Synthesis of SCs

Cs;Cu,ls SCs were grown using an antisolvent vapor-assisted
crystallization method.'® In detail, 3.897 g of CsI and 1.905 g of
Cul were dissolved in 5 mL of DMSO and stirred at 60 °C until a
clear solution was obtained. Then, methanol was dropwise
added to the obtained solution until a precipitate appeared.
The saturated solution was filtered using 0.45 pm PTFE filters
and then poured into a vial, which was sealed using parafilm
with small holes. This vial was placed inside a beaker filled
with MeOH and sealed using parafilm. After growth at 60 °C
for 24 hours, millimeter-sized high-quality Cs;Cu,Is SCs were
obtained. The synthesis of CsCu,I; SCs was similar to that of
Cs;Cu,ls SCs, but it was adjusted by changing the molar ratio
of CsI and Cul in the precursor solution. Specifically, 1.299 g of
CsI and 0.952 g of Cul were dissolved in a mixed solvent of 1 mL
of DMSO and 4 mL of DMF. The millimeter-sized high-quality
CsCu,l; SCs were finally obtained following the above method.

Sample characterization

XRD patterns were recorded using a MiniFlex600 X-ray diffract-
ometer equipped with Cu Ko radiation. Excitation and emission
spectra, absolute PLQYs and temperature-dependent PL spectra
were collected using an Edinburgh FLSP920 spectrophotometer
that is equipped with a calibrated integrating sphere and a
cryogenic fluorescence system. Lifetime was recorded with the
time-correlated single-photon counting technique using an
Edinburgh FLS920 lifetime system, in which the excitation
wavelength was set at 290 nm.

Measurements of two- and three-photon excited PL spectra

The fs pulses at the wavelengths of 600 and 800 nm, which were
output from TOPAS (1000 Hz, 100 fs, Spectra-Physics, Inc.),
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were adopted as the excitation source. A series of neutral
density filters was employed to control the incident energy of
the laser pulses. The laser beam was focused onto the cesium
copper iodide SCs via an Olympus BX43 fluorescence micro-
scope. The spot sizes of the fs pulses on the SCs were ~4 pm at
600 nm and ~6 pm at 800 nm, respectively. During measure-
ments, the multiphoton-excited PL signals can pass through a
dichroic mirror, but the excitation light will be filtered by the
dichroic mirror (Fig. S3, ESIt). After further filtration using an
achromatic low-pass filter (<750 nm), the PL signals are then
collected using a 20x objective lens with NA = 0.45 before
reaching the spectrometer (SpectraPro HRS-300).

Determination of MPA coefficients

The MPA coefficients of CszCu,l; and CsCu,l; SCs were
determined using our home-built micro-area nonlinear optical
characterization system. During the measurements, broadband
ultrafast variable attenuators (Newport VA-BB) were employed
to control the incident energy of the laser pulses. A video
microscope system (Olympus BX43) was constructed using a
confocal microscope and an imaging development camera. The
transmitted light passing through the cesium copper iodide
crystals was first collected using a 20x objective lens with
NA = 0.45 and was then detected using a silicon detector.

Results and discussion

Two types of millimeter-sized CsCu,l; and CszCu,ls SCs
with high-crystallinity were successfully synthesized using an
antisolvent vapor-assisted crystallization method, as shown
in Fig. 1a and Fig. S1 (ESIf). By changing the molar ratio of
cesium iodide (CsI) and copper(i) iodide (Cul) in the precursor
solution, Cs;Cu,ls; and CsCu,l; SCs with different optical
properties can be obtained. The crystal phase of these as-
grown samples was confirmed using powder X-ray diffraction
(XRD) analysis. The XRD patterns of Cs;Cu,I; and CsCu,I; SCs
coincide well with their standard XRD patterns, as depicted in
Fig. 1b and c. As shown by the schematic crystal structure
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Fig. 1 (a) Schematic procedures for the synthesis of cesium copper iodide

SCs. Powder XRD patterns of the as-prepared (b) CszCuyls and (c) CsCu,ls
SCs and the standard XRD patterns of these materials for comparison.
Crystal structures of (d) CssCuzls and (e) CsCusls SCs. Pink, purple, and
green spheres represent Cs, Cu, and |, respectively.
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(Fig. 1d), Cs3Cu,l; with a 0D electronic structure crystallizes
in the orthorhombic space group of Pnma featuring Cu'ly
tetrahedra and a Cu'l; triangle that are edge-connected to
form isolated [Cu,];]* units separated by the surrounding Cs*
ions.”® In contrast, 1D CsCu,l; crystallizes in the CmCm
space group of the orthorhombic crystal system, in which
Cu'l, tetrahedra share common edges thereby forming infinite
double chains of the composition of Cu,l; interspersed by
Cs' ions (Fig. 1e).

We first investigated the linear optical properties of these as-
prepared SCs at 80 and 300 K. Fig. 2a and b display the
emission and excitation spectra of Cs;Cu,l; and CsCu,l; SCs,
respectively. At 300 K, Cs;Cu,l5 SCs exhibit a strong emission
peak at 445 nm with a high PLQY up to 83% (Fig. S2, ESIt) and
a large full-width at half-maximum (FWHM) of ~ 85 nm, which
is well consistent with the previous literature.'® The broad band
PL emission with a large Stokes shift is the characteristic of STE
emission for copper-based halides.’” Compared with the emis-
sion spectrum at 80 K, the PL FWHM at 300 K broadens
significantly, which indicates that more phonons and excitons
are coupled at higher temperatures.>' In 0D Cs;Cu,ls, there is
only one possible way to form a Cu-Cu bond for trapping
excitons in a [Cu,I5]*~ cluster,”® which explains the absence
of multiple STEs in 0D Cs;Cu,l5 SCs. By contrast, for CsCu,l;
SCs at 300 K, there are two emitting peaks at 443 and 575 nm,
corresponding to the radiative recombination of two different
STEs. In addition, the latter exhibits a large FWHM of ~ 122 nm
and a PLQY of 18%. Due to the 1D structure of the CsCu,I; SCs,
there are multiple Cu neighbors near each Cu atom, which
allows the formation of Cu-Cu bonds in the excited state in
different ways, resulting in multiple STEs.>” Notably, for this
kind of SC, the short-wavelength PL peak is suppressed at low
temperature. Although previous literature explained the origin
for this in terms of a reduction of temperature activation,>
this needs to be further clarified with more evidence. The PL
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Fig. 2 Emission and excitation spectra of (a) CszCuals and (b) CsCu,lz SCs,
measured at 80 and 300 K. Time-resolved PL decay and fitting curves of (c)
CszCuyls and (d) CsCu,ls SCs, measured at 80 and 300 K.
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lifetimes of Cs;Cu,l; and CsCu,l; SCs were also characterized.
For the former, the PL decay curves at 80 and 300 K show no
obvious change, and the single exponential fitting results show
that their PL lifetimes probed at 445 nm are 1.21 and 1.48 ps,
respectively (Fig. 2c). However, the PL lifetime of CsCu,I; SCs
probed at 575 nm is greatly prolonged from 0.42 ps at 300 K
to 1.39 ps at 80 K (Fig. 2d), which is due to the thermally
assisted de-trapping route and the temperature-dependent
rapid non-radiative recombination.>* Through the above pro-
cess, the exciton-phonon coupling restores the twisted lattice
around the STE to its original state. Therefore, higher tempera-
tures accelerate de-trapping and facilitate relaxation via the
rapid non-radiative process, which well explains the shortening
of PL lifetime at higher temperatures.

Understanding the interaction between carrier and phonon
is a prerequisite for manufacturing nonlinear photonic devices,
and strong electron-phonon coupling is also crucial for the
formation of STEs.>® Although such characteristics of cesium
copper iodides have been reported,*?®?” the related compar-
ison study using Raman spectroscopy and a temperature-
dependent PL spectroscopy method has not been reported
yet. Fig. 3a and b show the temperature-dependent PL pseudo-
color map of Cs;Cu,Is and CsCu,l; SCs, respectively. With the
increase of temperature, CsCu,I; SCs exhibit a slight blue shift
of the PL peak position, while no significant change for
Cs;Cu,ls SCs is observed, indicating the better thermal color
purity of the latter. Fig. 3c and d show the PL FWHM of Cs;Cu,l;
and CsCu,]; SCs as a function of temperature. The relevant values
of the FWHM for Cs;Cu,l5 SCs are larger compared with CsCu,I;
SCs, which can be attributed to the stronger electron-phonon
coupling in 0D Cs;Cu,l;s than in 1D CsCu,l;. The FWHM thermal
broadening can be evaluated using the Huang-Rhys factor (S) and
the phonon frequency (A®phonon), Which can be described using
the following equation:*®

FWHM = 2.36V/Shtphonon coth!"“phonon 1)
2T
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Fig. 3 Pseudocolor map of the temperature-dependent PL spectra of (a)
Cs3Cusls and (b) CsCu,ls SCs. The fitting results of the FWHM of (c)
Cs3Cuzls and (d) CsCuzls SCs as a function of temperature from 80 to
310 K. Raman spectra of (e) CssCuyls and (f) CsCu,ls SCs. Stokes Raman
spectra (left) and anti-Stokes Raman spectra (right) are shown in the figure.
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The § factor and 7%wphonon Were calculated to be 40 and
19 meV for Cs;Cu,l; SCs, while the relevant values were
determined as 38 and 18 meV for CsCu,l; SCs, respectively.
Such high S factors indicate a strong exciton-phonon coupling
in the soft halide matrix, which promotes the formation of
STEs.>"?* Furthermore, we measured the Stokes and anti-
Stokes Raman spectra of these as-grown SCs to determine their
longitudinal optical (LO) phonon energies, as can be seen in
Fig. 3e and f. The Stokes Raman spectra are dominated by the
modes at 123 ecm ™" (Cs3Cu,l;) and 117 em ™' (CsCu,l;), which
are assigned to the vibration of I-Cu-1.>> The anti-Stokes
Raman peak indicates that the relaxation of excited electrons
under resonance conditions will produce LO phonons.?®
The anti-Stokes Raman modes at —128 cm ™' (Cs;Cu,l;) and
—124 em™ " (CsCu,l;) clearly exhibited their LO phonon modes.
According to the previous literature,” the phonon energy
(hwphonon) can be obtained from the Raman spectra according
to the following equations:

Ias . _Nio (2)
Is Nio+1
1
Nro ()

where I,s and Ig are the anti-Stokes and Stokes intensities in the
Raman spectra, respectively. Ni is the LO phonon occupation
number. 7 is the Planck constant, w; is the phonon frequency
of the LO mode, K3 is the Boltzmann constant and T is the
temperature in Kelvin. At 300 K, the phonon energies (fiwyo)
calculated for the LO phonon modes are 22.3 meV for Cs;Cu,Is
and 23.7 meV for CsCu,l;.
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Fig. 4 Two-photon excited PL spectra of (a) CssCuals and (b) CsCusls
excited by fs pulses at 600 nm. Three-photon excited PL spectra of (c)
CszCuszls and (d) CsCus,ls excited by fs pulses at 800 nm. Insets are plots of
PL intensity versus optical intensity and emission images under multi-
photon excitation.
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intensity parallel to the excitation polarization direction.

According to the excitation spectra of cesium copper iodide
SCs, it is expected that two- and three-photon absorption
(2PA and 3PA) may be achieved under fs pulse excitation at
the wavelengths of 600 and 800 nm, respectively. The
multiphoton-excited PL spectra were then measured in order
to confirm the occurrence of MPA processes. Whether excited at
600 or 800 nm, the PL spectra are indistinguishable from those
in the case of one-photon excitation, indicating that the same
emission states are involved in the cases of one-photon and
multiphoton excitation (Fig. 4). From the analysis of the
pumping fluence-dependent PL spectra (insets in Fig. 4a-d),
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Fig. 6 The experimental data of nonlinear transmittance at different
incident optical intensities and the corresponding theoretical fitted curves
of (a) Cs3Cusls and (b) CsCu,ls SCs excited using fs pulses at 600 nm and
(c) Cs3Cuals and (d) CsCu,ls SCs excited using fs pulses at 800 nm.
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Table 1 Photophysical parameters of CszCu,ls and CsCu,ls SCs measured at 300 K

Materials PL (nm) Tave (1S) Epo” (meV) Ero” (meV) Ropa 2PA (cm GW 1) Ripa 3PA (em® GW ?)
Cs;Cu,ls 445 1.21 22.3 19 0.77 5.1 x 102 0.63 4.7 x 107°
CsCu,l; 577 0.42 23.7 18 0.012 2.1 x 107" 0.11 2.7 x 1074

“ Measured using Raman spectroscopy. b Measured using temperature-dependent PL spectroscopy.

the square and cubic relationships indicate that 2PA and 3PA
occurred at 600 and 800 nm, respectively.

Anisotropic light-emitting materials tend to induce polariza-
tion of both the absorption and emission due to the unequal
electric field strength along the asymmetric structure or grain
dimensional difference.>® Therefore, we further explored the
MPA-induced PL emission anisotropy of Cs;Cu,Is and CsCu,l;
SCs, which was investigated by changing the rotation angle
of the analyzer plate placed on the collection channel of the
PL spectrometer. Generally, for an elongated structure, the
emission along the long axis will be higher than the emission
perpendicular to that axis when excited using linearly polarized
light. Such a difference is called emission anisotropy and can
be quantified by calculating the relevant Iax/Imin value, where
Imax and Iy, represent the emission intensity parallel and
perpendicular to the excitation polarization direction, respec-
tively. The multiphoton-excited PL emission anisotropy of the
Cs;Cu,ls and CsCu,l; SCs was then analyzed by rotating a
polarizer (Fig. S3, ESI). From the rotation angle dependent
multiphoton-excited PL intensity shown in Fig. 5, the resulting
values of I ./Imin in CszCu,ls SCs were calculated to be 10.8
(excited at 600 nm) and 6.2 (excited at 800 nm). For CsCu,l;
SCs, much smaller values of 1.03 (excited at 600 nm) and 1.4
(excited at 800 nm) were obtained. The anisotropy factor (R) is
defined as R = (Imax — Imin) (Tmax + 2Imin).>" It was found that
when excited at either 600 or 800 nm, the anisotropy factors of
the slender CsCu,l; crystals are much smaller compared with
Cs;Cu,lI;5 SCs. This difference is caused by the difference in the
internal structure asymmetry of the Cs;Cu,l; and CsCu,l; SCs
(Fig. sS4, ESIT).*?

Furthermore, the 2PA and 3PA coefficients of the Cs;Cu,ls
and CsCu,l; SCs were quantitatively determined using
our home-built micro-area nonlinear optical characterization
system (Fig. S5, ESIT). As shown in Fig. 6, the transmitted light
intensity of the SCs decreases with an increase in the incident
light intensity owing to the MPA mechanism. The 2PA coeffi-
cient () of the SCs can be obtained using the following
equation:**

L [In(1+ Lip)]

(o) = Iy  Dip

4

where I, is the transmitted light intensity, I, is the incident light
intensity, and [ is the thickness of the samples. By fitting
the experimental data, the best-fitted f values of Cs;Cu,ls
and CsCu,l; SCs were determined to be ~5.1 x 10~ and
~0.21 cm GW™ " (Fig. 6a and b), respectively. Notably, the 2PA
coefficient of CsCu,l; SCs is two orders of magnitude larger
than that of Cs;Cu,lI5 SCs, which may be ascribed to the larger

This journal is © The Royal Society of Chemistry 2020

density of states in the former.>»** In addition, it was found
that the 2PA coefficient of CsCu,I; SCs is comparable to that of
some lead-based perovskite materials, including CH;NH;PbBr;
SCs (~5.2 cm GW ™" at 1000 nm),*® but much larger compared
with that of C¢gH;CH,NH;PbBr; thin film (~8.6 x 107> cm GW ™!
at 800 nm).*” We proceeded to determine the 3PA coefficient (y) of
these SCs, and the corresponding experimental results are
presented in Fig. 6¢ and d, which can be theoretically fitted
using the following equation:*®

T (L) :ﬁz !

Iy \/1+ 29121

If the input light intensity is high enough, a 3PA saturation
effect may be observed, and eqn (5) will become:*°

(5)

T(ly) = % = : (6)

0 I 3
1+2y1021/ 1+ (1—") }

where I is the saturation intensity. In our case, it was found
that the experimental results for the Cs;Cu,l; SCs can be
well fitted using eqn (6). However, the theoretical fitting
using eqn (5) is more suitable for the CsCu,I; SCs, due to the
absence of the 3PA saturation effect. As a result, the y values for
Cs;Cu,ls and CsCu,l; SCs can be extracted as 4.7 x 10> and
2.7 x 107* em® GW ™2, respectively. In addition, the 3PA
saturable light intensity of Cs;Cu,l; SCs is 337 GW cm 2. It
was found the 3PA coefficients of CsCu,l; and Cs;Cu,l; SCs are
much smaller than those of CsPbBr; SCs (1.4x 10~ cm® GW 2
at 1200 nm),*® but comparable or larger than those of CH;NH;
PbBr; microcrystals (2.26 x 107> cm® GW > at 1240 nm).*'
Again, the y value of CsCu,l; SCs was larger than that of the
Cs3Cu,l;s SCs. Although the MPA coefficients of CsCu,l; and
Cs;Cu,l; SCs are not extremely large, their high stability and
non-toxic nature make them promising for various nonlinear

photonic applications. In order to facilitate comparison, the
photophysical parameters of Cs;Cu,ls and CsCu,l; SCs are
summarized in Table 1.

Conclusions

In summary, two types of all-inorganic lead-free cesium copper
iodine (CsCu,l5 and Cs;Cu,l;) SCs with high crystalline quality
and PLQYs were successfully synthesized using an antisolvent
vapor-assisted crystallization method, and their linear and
nonlinear photophysical properties were investigated. Compared
with CsCu,l; SCs, CszCu,ls SCs exhibit a larger multiphoton-
excited PL anisotropy but much lower MPA coefficients. This work
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suggests the promising applications of cesium copper iodine SCs
in nonlinear optoelectronics and light polarization related
devices.
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