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Ultrafast Laser Printing Green–Red Dual-Phase Perovskite
Quantum Dots in Glass

Han Xiao, Ronghua Chen, Zhehong Zhou, Bing Lin,* Tao Pang, Jidong Lin,
Ruidan Zhang,* Ping Huang, An Xie, and Daqin Chen*

Flexible regulation of local chemistry and band gap of perovskite quantum
dots (PeQDs) is crucial for exploring their new functionalities and device
applications. In this work, a strategy based on the combination of
femtosecond (fs) laser-irradiation and thermal treatment to effectively
manipulate chemical composition and emitting wavelength of PeQDs in
amorphous glass, is reported. The engineering of ultrafast laser-induced
thermal effect enables to induce in situ nucleation/growth of dual-phase
PeQDs within an individual glass matrix. By elevating heat-treatment (HT)
temperature, I− ions are driven to surmount the diffusion barrier into the
PeQDs lattice, leading to a tunable emission wavelength ranging from 613 to
647 nm. Besides, it is verified that the temperature-dependent diffusion rate
of I− ions plays a pivotal role in affecting luminescent efficiency and color of
the dual-phase glass. Finally, fs laser direct writing of multi-color patterns is
presented, which provides a flexible method to develop new
encryption/decryption technology for information security and
anti-counterfeiting.

1. Introduction

Perovskite quantum dots are considered as extremely promis-
ing materials for the fabrication of high-performance optoelec-
tronic devices because of their exceptional physical and chem-
ical properties including high photoluminescence quantum ef-
ficiency (PLQY, up to 90%), narrow full width at half maxi-
mum (FWHM) and tunable emissions.[1–3] As a consequence,
PeQDs show broad application prospect in the fields of light-
emitting diodes (LEDs),[4–6] photodetectors,[7,8] solar cells,[9,10]
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lasers[11–14] and so on. The tuning of op-
tical band gap and PL wavelength of Pe-
QDs can be achieved by controlling the
sizes and halogens.[15,16] For example, in-
troducing different Cl or I precursors
to CsPbBr3 PeQDs facilitates rapid an-
ion exchange, allowing regulation of the
emitting color across full spectrum of vis-
ible light.[1,17] Although PeQDs have ex-
cellent optical properties, low structural
stability has been always a major obsta-
cle to the advancement of practical per-
ovskite devices. The inherent ionic crys-
tal feature and substantial surface en-
ergymake PeQDs susceptible to degrada-
tion when exposed to light, oxygen, water,
and elevated temperature,[18–22] inevitably
leading to a reduction in luminescent
efficiency. Encapsulation of PeQDs is
one of the potential strategies for ad-
dressing stability issue.[23,24] Despite var-
ious suitable materials, such as porous

materials,[25] metal–organic frameworks (MOFs),[26] and
core/shell,[27] have been utilized to isolate PeQDs from ex-
ternal environment to a certain extent, these materials manifest
instability under extreme conditions and require extra process-
ing steps. On this basis, robust inorganic glass has been regarded
as an ideal host for PeQDs owing to its high transmittance, good
physicochemical stability, low expansion coefficient and easy
machining.[28–34] Nevertheless, high structure rigidity of solid
glass network makes it difficult to regulate the halogen ions and
PL performance of PeQDs within glass.[35]
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Figure 1. a,b) Microscopic optical images of laser-irradiated dots by using different pulse energies and exposure times taken under natural light and
365 nm UV light. Scale bar: 50 μm. c) Integrated PL intensity mapping with emitting wavelength of 514 and 613 nm recorded from (b). Optical images
taken under daylight (left) and 365 nm UV light (right) for laser-written PeQDs lines d) under different displacement speeds and e) under different pulse
energies. Scale bar: 50 μm. f) PL intensity mapping corresponding to (d, e).

Recently, fs laser direct writing has been shown to be an
effective way to induce crystallization of PeQDs within glass
matrix. Ultrafast laser serves as effective localized heat sources
for controlling element redistribution and designing chemical
compositions, which is crucial for optoelectronic devices such as
displays and optical data storage. For example, 3D direct lithog-
raphy of composition-tunable PeQDs patterns in the Cl−-Br−-I−

tri-doped glass and engineering the local chemistry in the B-site
Cd/Pb mix-cation system to achieve pure blue emissive PeQDs
have been reported previously.[36,37] However, the above method
needs continuous adjustment of fs laser irradiation conditions
to modulate the proportion of halogen ions and alter the band
gap of the perovskite structure, and it is hard to control anion ex-
change to produce dual-phase PeQDs within an individual glass
matrix.
Herein, we report on regulation of I− ionic diffusion to engi-

neer the composition and bandgap in glass through a combina-
tion of fs laser irradiation and heat-treatment processes. Simul-
taneous printing of green&red PeQDs in the Br&I mixed glass
is achieved by employing laser-induced nanophase separation
and ion exchange. The emitting wavelength is tuned from 613 to
647 nm by elevating HT temperature, which can promote more
I− ions to move into liquid perovskite area from glass melt. In
addition, we also find that halogen vacancies caused by low dif-
fusion rate of I− ions at low HT treatment temperatures are the
primary reason for PL quenching of pure I glass. The green&red
emissive PeQDs protected by the glass matrix show excellent op-
tical performance and robustness. Patterning of color-tunable Pe-

QDs holds potential applications in three-dimensional displays,
optical data storage, and information security.

2. Results and Discussion

Borosilicate precursor glasses (PGs) containing Cs/Pb/Br/I ele-
ments (Table S1, Supporting Information) are designed and pre-
pared. HT serves as a conventional approach for in situ nucle-
ation/growth of PeQDs within the glass matrix. As shown in
Figure S1 (Supporting Information), X-ray diffraction (XRD) pat-
terns of these glass samples after HT at 500 °C show only amor-
phous halo, indicating that the crystallization of CsPb(Br/I)3 Pe-
QDs cannot be achieved in the present glasses via direct thermal
treatment. Therefore, a 1030 nm fs laser with a repetition fre-
quency of 10 kHz and a pulse duration of 300 fs is used to in-
duce the growth of PeQDs. The energy absorption of fs laser in
the focal region is achieved through nonlinear processes, such
as multi-photon ionization,[38] tunnel effect[39] and avalanche
ionization.[40] During the nonlinear absorption and energy trans-
fer process, once the energy deposition exceeds a certain thresh-
old, the chemical bonds within the atomic groups of glass net-
work are disrupted, contributing to the atom rearrangement and
the formation of crystal nucleus.[41,42] Absorption spectra (Figure
S2, Supporting Information) and Raman spectra (Figure S3, Sup-
porting Information) of precursor glass without/with fs laser ir-
radiation are recorded. Evidently, the sample irradiated by fs laser
has distinct exciton absorption peaks and several crystalline Ra-
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Figure 2. a) XRD patterns, b) absorption and PL spectra, c) PL decay curves by monitoring green emission and red one, d–f) fs-TA spectra, g,h) TEM
and HRTEM images of the Br&I glass. Scale bar in (g): 20 nm. Scale bar in (h): 5 nm, i) Raman spectra for the pure Br glass, pure I glass and Br&I glass.

man signals, confirming the feasibility of the laser-induced in
situ nucleation/growth of PeQDs.
As shown in Figure 1a, taking the Br&I glass with Br/I ratio of

1.5:1.5 as a typical sample, a regularly shaped dot can be observed
around the laser focal spot via an optical microscope. With in-
crease of laser pulse energy and extension of exposure duration,
the size of the dot progressively enlarges. Under the excitation

of 365 nm UV light, apparent green and orange–red colors can
be captured, and the luminescence is well confined within laser-
irradiated dots (Figure 1b). This confirms the successful growth
of green-red dual-phase PeQDs in glass. As shown in Figure 1c,
the formation of dual-phase PeQDs in the laser-irradiated region
is clearly captured by the integrated PL intensity. It seems that Pe-
QDs in glass is affected by laser pulse energy and exposure time.
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Scheme 1. Schematic of ultrafast laser-induced liquid nanophase separation and I-to-Br ion exchange in the Br&I glass.

When the laser irradiation time is less than 1s, luminescence can-
not be detected. Increasing the pulse energy or extending the ex-
posure time can yield more PeQDs and enhance the emission in-
tensity. In addition, the line of PeQDs is written by changing the
displacement speed of the sample platform (Figure 1d,e). As the
stage movement speed increases, the width of the line becomes
narrower and the PL intensity decreases accordingly (Figure 1f).
This trend is also observed in laser-induced PeQDs for the pure
Br glass and the pure I glass (Figures S4 and S5, Supporting In-
formation). Herein, the optimal laser parameters with a pulse en-
ergy of 200 μJ, repetition frequency of 10 kHz, average power of
500 mW and moving speed of 0.4 mm s−1 are adopted in the fol-
lowing section (Figure S5, Supporting Information).
The laser-induced dual-phase precipitation in the glass is in-

vestigated by XRD patterns and PL spectra (Figure 2a,b). The
pure Br glass shows diffraction peaks at 21.6° and 30.6° corre-
sponding to the (110) and (200) planes of cubic CsPbBr3 with
typical green emission, while the pure I glass exhibits a peak
at 28.9° assigned to (200) plane of cubic CsPbI3 with red emis-
sion. Impressively, for the Br&I glass, diffraction peak at 21.6°

assigned to CsPbBr3 and the one at 29.7° ascribed to CsPb(Br/I)3
are simultaneously detected. This is confirmed by its PL behav-
ior, where both 514 nm green emission and 613 nm red emis-
sion are recorded fromPL spectrum of the Br&I glass (Figure 2b).
In addition, the corresponding decay of the fluorescence signals
can be fitted by a tri-exponential function and the lifetimes of the
three components are summarized in Table S2 (Supporting In-
formation). The PL decay of CsPb(Br/I)3 (35.97 ns) is observed
to be longer than that of CsPbBr3 (28.89 ns) (Figure 2c). It sug-
gests that there is a strong dependence of Kane energy on the
halide anion, which may arise from the contribution of mixed
s-p orbital in the lowest energy valence band.[43,44] The typical

femtosecond transient absorption (fs-TA) spectra of samples ex-
cited by 450 nm are shown in Figure 2d-f and Figure S6 (Support-
ing Information). Within the probed time window, fs-TA spectra
are dominated by a ground-state bleach (GSB) and a photon in-
duced absorption (PIA). The former can be attributed to carrier
state-filling, and the latter is assigned to bandgap renormaliza-
tion of carriers.[45,46] It is evident that a distinct GSB signal for
the pure Br glass and pure I glass and two GSB signals at 508 nm
and 607 nm for the Br&I glass, which aligns well with their ex-
citon absorption behaviors (Figure 2b). The presence of two in-
dependent PeQDs in glass is also confirmed by transmission
electron microscopy (TEM). Figure 2g clearly presents spherical-
like PeQDs dispersed in the glass matrix. High-resolution TEM
(HRTEM) images taken in the laser writing region show crystal
phases with interplanar distances of 2.65 and 2.12 Å, being con-
sistent with CsPbBr3 (210) and CsPb(Br/I)3 (220) crystal planes
(Figure 2h; Figure S7a,b, Supporting Information). The average
sizes are evaluated to be 3.77 and 5.80 nm, respectively (Figure
S7c,d, Supporting Information). In addition, Raman spectrum
for the Br glass manifest peaks at 72 and 122 cm−1 representing
the vibration of the [PbBr6]

4− octahedron and the motion of Cs+

in CsPbBr3 (Figure 2i, bottom).[47] The presence of one peak at
96 cm−1 for the pure I glass is assigned to symmetric tensile vi-
bration mode of Pb─I bond in CsPbI3 (Figure 2i, top).

[48] And
the splitting of Raman signals at 94–123 cm−1 for the Br&I glass
(Figure 2i,middle) evidences the occurrence of halogen exchange
between Br and I, resulting in the formation of CsPb(Br/I)3 Pe-
QDs in addition to CsPbBr3 ones in the glass matrix.
The dynamical process of constructing two different PeQDs

in the Br&I glass system after fs laser irradiation is proposed
(Scheme 1). Ultrafast laser can inject energy at a faster time than
the lattice thermal diffusion near the focal point at a depth of
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Figure 3. a–c) PL spectra of the laser-irradiated pure Br glass, Br&I glass and pure I glass treated with different HT temperatures. High-resolution XPS
spectra of d) Cs, e) Pb, and f) I for the pure I glass, and Raman spectra of g) the pure Br glass and h) the pure I glass via a combination of fs laser
irradiation and HT.

0.2 mm from the glass surface, which leads to intense heat accu-
mulation and elevates the local pressure and temperature above
the liquidus of the studied glass to facilitate nanophase separa-
tion. In comparison to I−, Br− has a stronger complexation affin-
ity to Pb2+, lighter ionic weight, smaller radius and faster ion
migration rate, allowing for the separation of Br-rich liquid per-
ovskite phase from the glass. Under continuous laser irradiation,
the ion exchange of I− to Br− driven by the chemical potential
gradient occurs, causing I− ions diffusing from the surrounding
liquid glass into Br-dominant liquid perovskite domains. Finally,
these liquid perovskite domains become ordered and crystallize
into dual-phase CsPbBr3 and CsPb(Br/I)3 PeQDs during cooling.

To further explore the halogen regulation in PeQDs, subse-
quent HT with various temperatures (200–550 °C) were exerted
on the laser-written pure Br glass, Br&I glass and pure I glass
(Figure 3a-c). For the pure Br glass, besides gradual enhancement
of PL, only slight red-shift of 2 nm is observed for PL of CsPbBr3
PeQDs within temperature range of 200–550 °C (Figure 3a). The
decay lifetime remains ≈30 ns (Figure S8a, Supporting Informa-
tion). For the Br&I glass, similar PL enhancement is found for
the dual-phase CsPbBr3 and CsPb(Br/I)3 PeQDs, but obvious PL
red-shift from 613 nm (200 °C) to 647 nm (550 °C) is evident
for the CsPb(Br/I)3 PeQDs (Figure 3b), indicating incorporation
of more I− ions into the CsPb(Br/I)3 lattice with elevation of HT
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Scheme 2. Schematic of HT temperature-dependent diffusion of Br− ions and I− ions from glass matrix to perovskite crystalline phase in the Br&I glass.

temperature.More interestingly, for the pure I glass, PL of CsPbI3
PeQDswill be quenched (Figure 3c) and the corresponding decay
lifetime will be significantly elongated from 120 ns to ≈2000 ns
(Figure S8b, Supporting Information) after HT at a low tempera-
ture (200–450 °C); Further elevatingHT temperature up to 550 °C
will remarkably shorten decay lifetimes to 153 ns and enhance PL
intensity by approximately three times.
Herein, taking the pure I glass as a typical sample, X-ray photo-

electron spectroscopy (XPS), temperature-dependent PL spectra
and Raman spectra are recorded to analyze microstructure evolu-
tion of laser-printing PeQDs in glass via HT. As for the Pb 4f and
Cs 3d XPS profiles, the binding energy shift of the sample upon
200 °C low-temperature HT is lower than that of the initial fs
laser irradiate one (Figure 3d,e). FollowingHT at 550 °C, both two
peaks shift to a higher binding energy and the I 3d peak shows a
reversed change (Figure 3d-f), which is attributed to the stronger
binding between Pb and halogen in Pb-I octahedron of PeQDs.
For laser-written CsPbI3 PeQDs, the I/Pb ratio of the sample
treated at 200 °C HT decreases clearly from 3.01 to 2.97 (Table
S3, Supporting Information), indicating the existence of halogen
vacancies (i.e., defect states) on the surface and leading to obvi-
ous elongation of PL decay lifetime. However, the ratio of I/Pb
increases to 3.07 via high-temperature HT at 550 °C, suggesting
that the surface of CsPbI3 PeQDs has anion-rich composition and
substantial surface defects are passivated, thereby promoting PL
intensity of CsPbI3 PeQDs and significantly shortening PL de-
cay lifetime. Based on temperature-dependent PL spectra for the
pure Br samples (Figure S9, Supporting Information), it is eval-
uated that the exciton binding energy of CsPbBr3 PeQDs gradu-
ally enhances with elevation of HT temperature. On the contrary,
the exciton binding energy of the pure I glass decreases upon

low-temperature HT (Figure S10, Supporting Information), im-
peding the radiative recombination of excitons. The presence
of numerous defects as non-radiative recombination centers in-
hibits the luminescence of the sample. After high-temperature
HT, the sample demonstrates an increased exciton binding en-
ergy (Figure S10, Supporting Information), which is reflected in
a reduced defect density and an improvement in the efficiency
of radiative recombination. Taking into account the data given by
Raman tests (Figure 3g,h), it is evident that the diffusion of I−

ions in glass matrix is limited and insufficient to supply the nec-
essary halogen elements for the growth of CsPbI3 at a relatively
lowHT temperature in comparison to that of CsPbBr3, leading to
the weakened Pb-I symmetric tensile vibration signal. The crystal
quality of PeQDs will be significantly improved by elevating HT
temperature because of the promotion of I− diffusions and the
repairment of surface defects.
Here, we proposed a possible mechanism to illustrate HT

temperature-dependent growth of dual-phase PeQDs in glass
(Scheme 2). Due to its lower diffusion barrier compared to I−

ions, Br− ions can diffuse from the glass matrix to the lattice at a
lower HT temperature, resulting in the preferential formation of
Br-rich perovskite phase. For the pure I glass, the high potential
barrier for I diffusion will lead to the occurrence of defect states.
In this scenario, the main route between photo-excited electrons
and trap states is non-irradiation recombination, which is the es-
sential reason for the PL quenching of CsPbI3 PeQDs. Elevating
HT temperature facilitates the migration of I− across the poten-
tial barrier within the glass matrix, and the defect states will be
reduced or even eliminated, which is conducive to exciton recom-
bination and enhance PL. Therefore, it is understandable that for
the Br&I glass, the quality of CsPbBr3 PeQDs is better than that
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Figure 4. a) Schematic of fs laser-printed Br&I glass based QR code for multi-dimensional data storage. b) Demonstration of fs laser-printed Br&I glass
based patterns for the information three-level encryption.

of CsPb(Br/I)3 ones afterHT at low temperature, which results in
higher green PL intensity than red one (Figure 3b and Scheme 2).
ElevatingHT temperature not only improves the diffusion rate of
Br− ions to increase the size of the perovskite phases but also pro-
motes the diffusion of I− ions and improve the quality of mixed
halide CsPb(Br/I)3 PeQDs, which be beneficial for the enhanced
red emission relative to green one (Figure 3b and Scheme 2).
The heat accumulation effect induced by fs laser enables local-

ized nanophase separation and ion exchange in glass, regulating
the chemical composition and PL of PeQDs. Based on the flexi-
bility of laser processing, quick response code (QR code) can be
designed formulti-dimensional data storage. The fs laser-printed
Br&I glass based QR code show no significant differences in day-
light, but displayed distinct colors when exposed to UV light irra-
diation. The original code exhibits green–red dual colors under
UV light irradiation and changes into red one after fs laser rewrit-
ing (Figure 4a). As depicted in Figure S11 (Supporting Informa-
tion), the PL of CsPb(Br/I)3 PeQDs exhibits a shift from the initial
613 to 655 nm after the second laser irradiation, accompanied by
a significant enhancement in red emission. This color modifica-
tion is ascribed to the augmented diffusion of I− ions induced by
laser rewriting, resulting in the formation of a substantial quan-

tity of CsPb(Br/I)3 PeQDs via ion exchange. Notably, the PeQDs
embedded in glass matrix have superior PL stability (Figure S12,
Supporting Information) compared to those synthesized by alter-
native solution methods.[49,50] This characteristic renders them
highly suitable for secure encryption and decryption of key in-
formation. Furthermore, three-level encryption of the password
can be realized by using the corresponding wavelength filter. The
letter “E” pattern is directly printed onto the glass using an ultra-
fast laser (Figure 4b-II), which can only be decoded when illumi-
nated by aUV lamp (Figure 4b-III). Subsequently, certain specific
segments of the code can be modified by repeatedly writing with
the same power laser (Figure 4b-IV), employing UV illumination
with a 645 nm filter to achieve the letter “F” pattern (Figure 4b-V;
Figure S11, Supporting Information).

3. Conclusion

In summary, we demonstrate that the diffusion of I− ions into
PeQDs can be tailored by employing fs laser irradiation com-
bined with heat-treatment. Ultrafast laser-induced phase separa-
tion and ion exchange is successfully achieved to generate dual-
phase CsPbBr3 and CsPb(Br/I)3 PeQDs in the Br&I glass. The
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emission wavelength of CsPb(Br/I)3 PeQDs can be re-modulated
by appropriately extending the temperature of thermal treatment
and promoting the diffusion of more I− ions from glass ma-
trix into PeQDs. Furthermore, we have also observed that the
ability of I− ionic diffusion in glass influenced by HT temper-
ature has a discernible impact on the optical properties of Pe-
QDs. Importantly, the PL tunability of PeQDs embedded in glass
show superior optical performance and robustness, which has
been demonstrated to be applicable for the information encryp-
tion/decryption.

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