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Mode-locking pulse generation based on lead-
free halide perovskite CsCu2I3 micro-rods with
high stability†

Haiqin Deng,‡a Xing Xu,‡b Fangqi Liu,‡c Qiang Yu,ad Bowang Shu, a Zixin Yang,a

Sicong Zhu, *c Qinglin Zhang, *b Jian Wu *a and Pu Zhoua

The industrialization and commercialization of optoelectronic devices require the exploration of novel

materials with high stability, nontoxicity, and large-scale manufacturing. The all-inorganic lead-free

halide perovskite nanomaterial CsCu2I3 has been widely reported in applications in light-emitting diodes

(LEDs), photodetectors (PDs), photovoltaics, and so on, due to its good environmental stability and

unique optoelectronic properties. However, research on ultrafast photonics has rarely been carried out so

far. Here, high quality CsCu2I3 micro-rods were fabricated via a solvent evaporation crystallization method.

The high thermodynamic stability and the broadband response of CsCu2I3-based optoelectronic devices

have been predicted by density functional theory (DFT), revealing their feasibility for exploitation in fiber

laser systems. The nonlinear characteristic of CsCu2I3 micro-rods was measured using a balanced twin-

detector system, with a modulation depth of 12.04%. Utilizing its remarkable nonlinear optical response and

intrinsic stability, a passively mode-locked erbium-doped fiber laser based on a CsCu2I3 saturable absorber

was achieved. Significantly, the fiber laser could operate stably for at least five months. These experimental

results demonstrate that CsCu2I3 micro-rods are ultra-stable, and can serve as a promising optical

modulation material to produce an ultrafast and long-stability pulse in fiber laser applications.

Introduction

Ultrafast fiber lasers have been proven to be indispensable
tools for various crucial applications, such as ultrafast spectro-
scopy, micromachining, next-generation communication, and
intelligent health.1–4 A saturable absorber (SA) is an important
optical component to trigger pulsed operation.5 Recently, the
application of SAs based on novel low-dimensional materials
for ultrafast pulse generation has been widely reported, such as
graphene,6–8 carbon nanotubes (CNTs),9–11 topological insula-
tors (TIs),12–15 transition metal dichalcogenides (TMDs),16–19

black phosphorus (BP),20 and so on.21–25 Most of them have

unique optical and electrical properties. For instance, graphene
possesses zero bandgap, leading to broadband absorption but
low modulation depth and weak absorption.26 BP is suitable for
near-infrared optoelectronic applications due to the layer-
dependent bandgap from 0.3 eV to 1.5 eV but has poor stability
for its oxidation when exposed to an ambient environment,
which will shorten the lifetime of optoelectronic devices.27,28 In
addition, to expand the diversity of ultrafast lasers and realize
the industrialization applications, we also need to explore new
2D materials with better nonlinear absorption characteristics,
facile fabrication, and high stability.

In the past few years, perovskites have also been incorporated
into fiber lasers as the SA to generate ultrashort pulses in fiber
laser systems, emerging as a promising candidate for novel
optoelectronic devices.29–32 As a representative of the perovskite
family, lead halide perovskite nanomaterials have attracted tre-
mendous attention for many appealing properties,33–36 such as
high carrier mobility,37 tunable bandgaps,38 high photolumines-
cence quantum yields, and long carrier diffusion length,39 which
sprung them into a plethora of optoelectronic applications
including LEDs,40,41 solar cells,42 PDs,43 nanolasers,44 and other
optoelectronic devices.45 However, the toxicity of lead-based
perovskites and instability against moisture, air, heat, and irra-
diation have caused significant concern to the ecological
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environment and human health, inhibiting the large-scale com-
mercial and scientific applications of lead halide perovskites.
Hence, considerable endeavors have been dedicated in recent
years to investigating a stable, non-toxic lead-free perovskite and
its light-emitting and photovoltaic applications.46 Recently, tern-
ary copper halide CsCu2I3, as a member of the perovskite family,
has been found to overcome the defects of lead halide perovskite
nanomaterials,47 due to the superior optoelectronic perfor-
mance including longer carrier diffusion lengths, lower trap
densities, non-toxicity and high thermal and moisture stability,
showing great potential for industrialization of optoelectronic
applications.48–52 Hence, the research on CsCu2I3 has recently
become a focus. Despite significant advances based on CsCu2I3

focused on LEDs, PDs, and solar cells,53–55 the exploration of
CsCu2I3 in ultrafast photonics is still rare.

Recently, perovskite-based SAs have been applied in Q-
switching and mode-locking fiber lasers.31,56–59 Li et al. found
that organic–inorganic halide perovskite CH3NH3PbI3 exhib-
ited a larger nonlinear absorption coefficient and a low satur-
able intensity, and demonstrated an ultrafast picosecond
pulsed fiber laser based on CH3NH3PbI3-SA.56 Similarly, the
SA has also been employed in the erbium-doped fiber (EDF)
laser cavity.57,58 Based on the metal halide perovskite CsPbBr3

quantum dots, Liu et al. obtained stable dissipative soliton
pulses in the EDF laser at 1.6 mm.59 These advances have
indicated that perovskite nanomaterials have been developed
as an effective SA for ultrafast photonics.

Moreover, the fabrication of CsCu2I3 micro-rods is a low cost,
simple process, and is environmentally friendly, which is more
favorable for practical applications. Compared with bulk materials
and large films, the morphology of micro-nano columns has unique
advantages in optical fiber coupling. Therefore, based on its excep-
tional properties, CsCu2I3 can be a good choice as a SA to improve
the stability of the fiber laser. Here, a CsCu2I3-based SA was
fabricated by a solvent evaporation crystallization method. The
CsCu2I3 micro-rods as an optoelectronic device are simulated by
DFT calculations, which elucidated their superior thermodynamic
stability and broadband response. Meanwhile, the CsCu2I3-based
nonlinear test showed a modulation depth of 12.04%. These results
demonstrate the feasibility of considering CsCu2I3 micro-rods as a
SA in fiber laser systems. A passively mode-locked fiber laser
operating at the communication band is successfully demon-
strated. It is worth noting that the fiber laser can operate
steadily for at least five months, indicating that the device
has ultra-high stability. This research will potentially open up a
new pathway for ultrafast photonic applications based on lead-
free halide perovskites and provide the possibility for industrial
and scientific applications.

Synthesis and characterization of
CsCu2I3 micro-rods
Synthesis of CsCu2I3 micro-rods

Preparation of CsCu2I3 precursor solution: the precursor
solution was prepared by dissolving 0.13 g CuI (99.9%, Aladdin)

and 0.19 g CsI (99.95%, Aladdin) in 1 mL N,N-dimethylform-
amide (DMF, 99.8%, Aladdin). After heating the mixed solution
to 50 1C and holding it for about 12 hours, the precursor
solution was filtered by a polytetrafluoroethylene (PTFE) filter
(0.22 mm) to get rid of the undissolved residuum.

Preparation of the CsCu2I3 micro-rods: at first, a silicon slice
was used as a substrate (as shown in Fig. S1, ESI†), which was
cleaned by the ultrasonic method with acetone, ethanol, and
deionized water, successively. A drop of CsCu2I3 precursor
solution (5 mL) was dropped onto the silicon substrate through
a pipette. Then, this substrate was placed on a heating table at
B50 1C. During the heating process, with the gradual evaporation
of the solvent, the solution gradually reached the supersaturated
state and the CsCu2I3 crystals precipitated. After 20–30 min, the
solvent evaporated completely and a large number of rod-like
structures appeared on the silicon substrate. As schematically
shown in Fig. S1 (ESI†), the crystal structure of CsCu2I3 is formed
with the one-dimensional in-line double chains of [Cu2I3]� along
the c axis in which the octahedron [CuI4]3� tetrahedral shared
common edges. These chain-like structures are surrounded and
isolated by Cs+ cations.

Characterization of CsCu2I3 micro-rods

The crystallinity of the samples was confirmed by the X-ray
diffraction (XRD) measurements (see Fig. 1(a)). The XRD pattern
shows the diffraction peaks of (110), (020), (220), (040), (330),
(060), (350), (242), and (080), which match well with the orthor-
hombic CsCu2I3 (space group Cmcm, JCPDS, No. 77-0069),
indicating that the sample was pure. Additionally, the relatively
narrow diffraction peaks also suggest the high crystallization
quality of the sample. X-Ray photoelectron spectroscopy (XPS)
measurements were performed to verify the elemental composi-
tion of the obtained sample. The presence of cesium, copper,
and iodine is clearly discernible in the survey XPS spectra (as
shown in Fig. 1(b)). The high-resolution XPS spectra of the three
elements are displayed in Fig. 1(c–e). There are two peaks at
724.8 and 738.8 eV corresponding to Cs 3d5/2 and Cs 3d3/2, and
the difference between the two peaks is also consistent with the
spin–orbit components (14 eV). From the XPS of Cu 2p, the two
spin–orbit peaks located at 932.8 and 952.7 eV without any
satellite peaks distinctly reveal the presence of Cu+ rather than
Cu2+ in CsCu2I3. For the I 3d spectrum, the two spin–orbit peaks
of I at 619.7 and 631.2 eV correspond to I 3d5/2 and I 3d3/2,
respectively, which agrees well with other iodide perovskites
previously reported. Fig. 1(f) shows the high magnification
scanning electron microscopic (SEM) image of CsCu2I3 micro-
rods, demonstrating a relatively smooth surface. Transmission
electron microscopy (TEM) was utilized to further investigate
the crystal structure of the CsCu2I3 micro-rods. Fig. 1(g) displays
a low-magnification TEM image of a fragment of CsCu2I3 micro-
rods transferred onto a copper grid. The corresponding selected
area electron diffraction (SAED) patterns in Fig. 1(h) depict an
unambiguous diffraction spot which indicates the single-
crystalline properties of the CsCu2I3 micro-rods. The diffraction
spots are confirmed as (200) and (021), which further verify the
orthorhombic structure of CsCu2I3 rods. The SEM image and
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energy-dispersive X-ray spectroscopy (EDS) test of the CsCu2I3

micro-rods are shown in Fig. S2 (ESI†). The Raman spectrum
of the CsCu2I3 micro-rods shows a characteristic peak at
B116 cm�1, which corresponds to the phonon mode of the
I–Cu–I vibration (shown in Fig. S3, ESI†). All these results above
demonstrate that the as-grown CsCu2I3 micro-rods prepared by
the solvent evaporation crystallization method are of good
quality.

Characteristic evaluation using DFT calculations

In the fiber laser system, as the light passes through the SA, the
process of saturating the material with absorbing photons
inevitably produces thermal effects. Therefore, the thermody-
namic stability of CsCu2I3 at 300–1500 K is first investigated as
shown in Fig. 2(a). It’s obvious that the average potential energy
of the system within 6 ps maintains �48 000 eV at 300 K-600 K,
and there is a dramatic decrease in potential energy at 700 K
and it levels off at �74 000 eV as the temperature increases.
Although the system’s potential energy is certainly affected by
the environmental temperature, the standard deviation of the
potential energy variation of CsCu2I3 within 6 ps at different
temperatures remained between 0 and 0.5, demonstrating the
stability of CsCu2I3 as a SA (for more details see Fig. S5, ESI†).

In the meantime, the performance of CsCu2I3 as an optoe-
lectronic device needs further assessment. The constructed
model of the CsCu2I3-based optoelectronic device is shown in
Fig. 2(b). The CsCu2I3 optoelectronic device model consists of
three parts, including the left electrode, the central area, and
the right electrode. An external bias is applied through the two
metal electrodes and the current is measured. When light is

irradiated on a material, photons excite the electrons in the
valence band to leap to the conduction band, forming a
photocurrent. The photocurrent in each direction under differ-
ent surface irradiation is studied as shown in Fig. 2(e). It can be
seen that there is a continuous absorption peak from the visible
to the ultraviolet band, indicating that CsCu2I3 as a photo-
voltaic material is capable of a broadband response. And to
explain the cause of this phenomenon, the electron leap
process behind it is analyzed. The electronic band structure
of CsCu2I3 indicates that the conduction band minimum (CBM)
and valence band maximum (VBM) are both located in the G
point as shown in Fig. 2(c) and Fig. S6 (ESI†), and the direct gap
promotes the effective electron leap. Furthermore, large photo-
currents are generated under photon excitation at around 4 eV
(red shaded zone) and 6 eV (blue shaded zone) in Fig. 2(e),
which can be interpreted in terms of electron transitions
between different electron orbitals as shown in Fig. 2(d). The
photocurrent peaks in the low energy region are derived from a
leap where the electronic states in the red-shaded zone are
excited to the ones in the grey-shaded zone. Whereas the
photocurrent peaks in the high energy region originate from
a transition where the electronic states in the blue-shaded
region are excited to the one in the grey-shaded region. The
electrons in the blue-shaded zone are significantly more than in
the red-shaded zone leading to a larger photocurrent in the
high-energy region. The excited electronic state at the valence
band is dominated by the d orbital of Cu and the p orbital of I,
while the electronic state occupied at the conduction band
originates from the d orbital of Cs. Due to the selection rule for
the electromagnetic transitions, electrons in the p orbitals are

Fig. 1 Characteristics of CsCu2I3 crystals. (a) XRD pattern. (b) Total XPS spectrum. (c–e) High-resolution XPS spectra of Cs, Cu, and I, respectively. (f)
High magnification SEM image. (g) TEM image. (h) Corresponding SEAD image.
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more likely to leap to the d orbitals thus enhancing the absorp-
tion of photons. On the other hand, in fiber laser systems, there
are more electronic states at the valence band of CsCu2I3 than at
the conduction band, which leads to rapid saturation of CsCu2I3

as the SA, favoring the output of the pulse.

Experimental setup and results
Nonlinear optical properties

Considering that the synthesis method of high-quality CsCu2I3

micro-rods mentioned above is efficient and simple, we apply it
to the SA device. As related to the previous method and the
schematic diagram (Fig. S1, ESI†), a drop of precursor solution
(0.5 mL was dropped onto the fiber end-facet through a pipette.
Then, the whole device was dried at 50 1C for 20 min, and
the CsCu2I3 micro-rods appeared on the fiber end-facet of
the optic patch cable (SMJ-1315-0.9-0.5m-FU/FU, insertion
loss o0.15 dB, return loss 450 dB). After that, the patch cable
with CsCu2I3 micro-rods was connected with a similarly clean
one by a terminated fiber adapter. Finally, the SA used in the
laser system was successfully prepared. To guarantee that all light
in the optical fiber passes through micro-rods, and adjust the
mode-locked state conveniently, the material prepared SA must
completely cover the core. Fig. S7 (ESI†) indicated that the core of
the fiber cable was covered by the CsCu2I3 micro-rods completely.

The nonlinear optical characteristics of the CsCu2I3 micro-
rods were investigated at 1550 nm (photon energy smaller than
the bandgap of CsCu2I3) by the balanced twin-detector technique,
and the experimental device is shown in Fig. S8(a) (ESI†), where

the laser source operated at 1550 nm with a repetition rate of 16.6
MHz and a pulse duration of 448 fs. The corresponding optical
transmittance curve of the CsCu2I3 micro-rods was acquired by
the following formula:

TðIÞ ¼ 1� DT � exp � I

Isat

� �
� Tns (1)

Here, T(I) refers to the transmittance regarding the input
intensity (I), DT represents the modulation depth, Isat represents
the non-saturable intensity, and Tns represents the non-saturable
loss. The experimental data is displayed in Fig. 3(a), showing that
as the incident intensity increases, the transmittance increases
gradually and then tends to be saturated, showing a typical
saturated absorption response. This might be associated with
the susceptibility of materials to lattice defects, leading to optical
transition, and band filling of intermediate or defective states.60,61

Hence, the electronic band structures of CsCu2I3 with Cs, Cu, and I
atomic defects are simulated by DFT (as shown in Fig. S9 and S10,
ESI†). It’s obvious that the VBM of CsCu2I3 shifts upwards and
crosses the Fermi energy level at high solubility defects, and the
electronic structure undergoes a transition from semiconductor to
metallic behavior. This also supports the application of CsCu2I3 as
SA cooperated into 1.5 mm fiber laser systems. According to
eqn (1), by fitting the experimental data in Fig. 3(a), the values of
modulation depth, saturated intensity, and non-saturable loss
were B 12.04%, B0.19 MW cm�2, and 84.31%, respectively.
Therefore, based on the experimental data, the maximum peak
power intensity passing through the CsCu2I3 SA was about
4.089 GW cm�2, and we did not find any optical damage on

Fig. 2 Thermodynamic stability and electronic band structure of CsCu2I3. (a) Average system potential energy and standard deviation of energy change
within 6 ps for CsCu2I3 at different temperatures. Right inset: The variation of the potential energy of the system at 1500 K. (b) CsCu2I3-based
optoelectronic device model. (c) 3D views of the CBM and VBM. (d) The density of states of CsCu2I3 and the contribution of different atomic electron
orbitals to the density of states. (e) Photocurrents in different directions (X, Y, and Z) for CsCu2I3 with different polarization light ((001), (010)).
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the CsCu2I3 SA, which indicates that the damage threshold
of CsCu2I3 for an ultrafast laser should be larger than
4.089 GW cm�2. Besides, we further investigated the nonlinear
optical properties of CsCu2I3 micro-rods at the wavelengths of
1060 nm and 1950 nm by the same method. The corresponding
results are shown in Fig. S8(b and c) (ESI†). The modulation
depth is about 7.58% at 1 mm and 7.07% at 2 mm, which
illustrates that the CsCu2I3 micro-rods have great potential for
ultrafast photonics.

Fiber laser configuration

The experimental setup of the femtosecond pulse EDF laser
based on the CsCu2I3-SA is shown in Fig. 3(b). The total length
of the cavity is about 12 m with 2.14 m of EDF as the gain
medium and 9.86 m of standard single-mode fiber (SMF). The
adopted pump source was a 976 nm laser diode (LD, maximum
output power of 830 mW), then coupled to the EDF via a 980/
1550 nm wavelength-division multiplexer (WDM). The polariza-
tion controller (PC) was placed between the EDF and the WDM,
which can be utilized to manipulate the polarization state in
the cavity. A polarization-insensitive isolator (PI-ISO) was
inserted after the EDF to ensure unidirectional propagation
in case of the backward light’s damage. The CsCu2I3-SA was
placed between the ISO and an optical coupler (OC). Besides,
the OC (a 20 : 80 ratio) was employed to extract the intra-cavity

energy with an 80% portion of laser passed through the CsCu2I3-SA
and a 20% portion of laser coupled out from the cavity to measure
the characteristics of the mode-locked fiber laser. The dispersion
coefficients of SMF and EDF are �22 ps2 km�1 and 28 ps2 km�1,
respectively, so the total dispersion is about �0.157 ps2.

Results and discussion

On the basis of the aforementioned experimental device, the
pulse experiment platform was established. First, the ultrashort
pulse was not produced without the CsCu2I3-SA, when adjusting
the LD pump power from 0 to 830 mW and PC in the whole
range. Hence, this clearly indicates that CsCu2I3-SA is the crucial
component for pulse generation, and the nonlinear polarization
rotation (NPR) effect in the resonator is not enough to generate
the ultrashort pulse, only the continuous-wave emission, regard-
less of the pump power and the PC orientation. When the
fabricated CsCu2I3-SA was inserted into the cavity, mode-locked
pulses were acquired when adjusting the pump power in the
range of 300–800 mW at an appropriate polarization state.
Fig. 3(c) displays the pulse trains under different pump powers,
and the adjacent pulse train interval is about 59.8 ns, corres-
ponding to the ring cavity length of 12 m, and a repetition rate
of B16.7 MHz. The optical spectrum in the range of 300 mW to
800 mW is shown in Fig. 3(d). We can see the spectrum is quite

Fig. 3 Characterization of a mode-locked laser based on the CsCu2I3-SA. (a) The nonlinear test and fitting results. (b) Configuration of the mode-locking
fiber laser. (c and d) Pulse trains and spectrum under different pump powers. (e) Single spectrum under a pump power of 700 mW. (f) Typical
autocorrelation trajectory of output pulse at a pump power of 830 mW. (g) Average output power versus pump power.
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stable at different pump powers. The corresponding spectrum in
stable mode-locking operation shows multistage Kelly sidebands,
indicating the pulse is a dispersion-managed soliton. A typical
spectrum (as shown in Fig. 3(e)) under a pump power of 700 mW,
displays a central wavelength at about 1561 nm and the 3 dB
bandwidth at about 5.83 nm. The autocorrelation trace in Fig. 3(f)
indicates that single soliton is generated inside the cavity, and
the FWHM is about 515 fs, in the case of the incident power set at
830 mW. Fig. 3(g) depicts the output power related to the incident
pump power increased monotonically and linearly, implying that
the mode-locking fiber laser was stable, and the continuous wave
and mode-locking operation are divided by a red dotted line.
Hence, according to the data mentioned above, the maximum
pulse energy was about 0.28 nJ.

Detailed characteristics of the output pulses are summarized
in Fig. 4 with respect to the pump power of 700 mW. The wide-
band radio frequency (RF) spectrum is shown in Fig. 4(a),
without spurious sidebands in the range of 0–500 MHz, which
further manifests the relatively high spectral purity of the mode-
locking fiber laser. Moreover, within 0–50 MHz, Fig. 4(b) reveals
that the SNR is B49 dB measured at 16.7 MHz with a resolution
bandwidth of 500 Hz. Fig. 4(c) displays the pump power-
dependent central wavelength (CW) and 3 dB bandwidth (Dl).
The central wavelength decreases slightly from 1562 nm to
1561 nm with the pump power increasing, indicating the CW
has a blue shift. Simultaneously, the 3 dB bandwidth increases
from 5.72 nm to 6.01 nm. Fig. 4(d) illustrates the repetition rate
is 16.7 MHz and the pulse train interval is 59.8 ns, indicating
there were almost no changes with different pump power.
Hence, the foregoing data demonstrates that the laser has good
performance.

The long-term operational performance of a fiber laser is
particularly significant for industrial and scientific applications.
Therefore, we have examined the stability of the CsCu2I3-based
mode-locked laser for over 164 days. Fig. 5 displays the general
stability test results under a pump power of 700 mW or 800 mW.
In the laboratory environment, the pulse laser could run steadily

for over five months. As shown in Fig. 5(a), the laser spectrum
was relatively stable, as the central wavelength varied slowly and
the 3 dB bandwidth fluctuated slightly around 5.8 nm, showing
a slow rise tendency over time. In Fig. 5(b), the repetition rate
has remained unchanged at 16.7 MHz for over five months. The
variation of output power and pulse train interval from the
average values (Fig. 5(c and d)) were less than 2.6%, and 0.33%,
respectively, which shows the laser was very stable within five
months. The stability of a SA in ambient air or moisture plays a
vital role in the long-life span fiber laser system. Here, the main
reasons for the improvement of stability are as follows. On the
one hand, according to the reported results,49,62 Roccanova and
Yang et al. have demonstrated the CsCu2I3 film exhibited good
ambient air stability for at least 60 days. Meanwhile, by DFT
calculation, we have evaluated the thermal stability at 300–
1500 K. Consequently, CsCu2I3 micro-rods possess good moist-
ure, thermal, and long-term stability. CsCu2I3-SA, on the other
hand, was encapsulated in two fiber optic patch cables, weak-
ening the interaction between CsCu2I3-SA and air or moisture,
and further enhancing its long-term stability. So far, as we
know, our pulse laser based on CsCu2I3-SA shows super stability
compared with related results previously reported.

Conclusion

In conclusion, we obtained lead-free perovskite CsCu2I3 micro-
rods by a solvent evaporation crystallization method. By first-
principles calculations, we have theoretically demonstrated
excellent thermal stability and elucidated the performance of
lead-free perovskite CsCu2I3 micro-rods as an optoelectronic
device. As a SA in the fiber laser system, the CsCu2I3 micro-rods
exhibited remarkable nonlinear optical properties with an
estimated modulation depth of 12.04%. Hence, a passively
mode-locked erbium-doped fiber laser operating at the com-
munication band was proposed with a FWHM of 515 fs at a

Fig. 4 Performance of the mode-locking laser based on the CsCu2I3-SA.
(a) Recorded RF with a wide span. (b) Narrowband RF Spectrum. (c) Central
wavelength and 3 dB bandwidth and (d) repetition rate and pulse train
interval as a function of pump power.

Fig. 5 The robust performance of the mode-locked laser based on
CsCu2I3-SA. The changes of (a) the central wavelength and 3 dB band-
width, (b) the repetition rate, (c) the output power, and (d) the pulse train
interval within 164 days under the same pump power.
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repetition rate of 16.7 MHz and a SNR of 49 dB. Then we
experimentally demonstrated that the fiber laser possessed
high stability, and can operate steadily for at least five months.
This research will potentially unlock the pathways for ultrafast
photonic and optoelectronic devices based on lead-free halide
perovskites.
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