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Three-dimensional direct lithography of stable
perovskite nanocrystals in glass
Ke Sun1†, Dezhi Tan2*†, Xinyuan Fang3,4†, Xintao Xia1, Dajun Lin3,4, Juan Song5, Yonghong Lin6,
Zhaojun Liu6, Min Gu3,4, Yuanzheng Yue7, Jianrong Qiu1,8*

Material composition engineering and device fabrication of perovskite nanocrystals (PNCs) in
solution can introduce organic contamination and entail several synthetic, processing, and
stabilization steps. We report three-dimensional (3D) direct lithography of PNCs with
tunable composition and bandgap in glass. The halide ion distribution was controlled at the
nanoscale with ultrafast laser–induced liquid nanophase separation. The PNCs exhibit notable
stability against ultraviolet irradiation, organic solution, and high temperatures (up to 250°C).
Printed 3D structures in glass were used for optical storage, micro–light emitting diodes,
and holographic displays. The proposed mechanisms of both PNC formation and composition
tunability were verified.

C
ompositional tuning of the optical prop-
erties of perovskites (1, 2) is usually per-
formed in solution to creatematerials for
high-performancedeviceswith long-term
stability (3–5), such as mixed chloride-

bromide and bromide-iodide perovskites for
spectrally stable and high-efficiency blue and
red light-emitting diodes (LEDs), respectively
(5, 6). Despite recent advances in optoelec-
trical performance, low structural stability
has been an obstacle for practical perovskite
devices (6), and numerous strategies such as
surface passivation or device encapsulation
have been developed (7). In these approaches,
stabilization requires additional processing
steps at the thin film or device level and is
not integral to tuning the nanocrystal (NC)
properties.

The postsynthetic incorporation of NCs into
glass has led to advanced photonic function-
alities (8, 9). However, the three-dimensional
(3D) tailoring of the chemical composition
and the bandgap of NCs inside glass, and, in
turn, the tuning of the functionalities of NC-
based photonic devices, is challenging. Re-
cently, an ultrafast laser has been used to
fabricate 3D functional structures in transpar-
ent solids (10–13), but the internal compo-
sition tunability of functional structures is
rather limited.
We report a different strategy for engineer-

ing the local chemistry of NCs. Specifically,
ultrafast-laser pulses inject energy within an
ultrashort amount of time, which leads to
strong thermal accumulation and thereby
increases the local pressure and temperature

above the liquidus of the studied glass system
to induce localized liquid nanophase separa-
tion (14–16), so that 3D direct lithography of
composition-tunable perovskite NCs (PNCs)
inside glass is realized (Fig. 1A). The mech-
anism of the composition tuning of PNCs
through liquid nanophase separation was
clarified. In addition, our approach enabled
the PNCs to be well protected against high-
power ultraviolet (UV) light irradiation, or-
ganic solution, or temperatures up to 250°C.
We used oxide glasses containing cesium,

lead, and halide elements as our medium
for direct lithography of PNCs. As a typical
oxide glass, borophosphate glass with the
molar composition of 40B2O3-15P2O5-10Al2O3-
10ZnO-5Na2O-5K2O-7Cs2O-3PbX2-5NaX (where
X is Cl, Br, or I) was prepared using a melt-
quenching method. The high mobility of ce-
sium, lead, andhalide ions promotes perovskite
nanophase separation from the glass matrix
and the subsequent formation of composition-
ally tunable PNCs (4, 5, 16). We achieved the

RESEARCH

Sun et al., Science 375, 307–310 (2022) 21 January 2022 1 of 4

Fig. 1. Direct lithography of
composition-tunable PNCs in
glass. (A) Schematic illustration
of direct lithography of colored
PNCs and patterns. (B) PL spectra
of CsPb(Br1−xIx)3 PNCs written in
one piece of glass. SPA to SPG
represent the samples of
CsPb(Br1−xIx)3 written with differ-
ent laser parameters that are
shown in table S1. a.u., arbitrary
units. (C) Optical images (top)
and PL mappings (bottom) of
CsPb(Br1−xIx)3 NCs. The scale bar
is 10 mm, and the excitation
wavelength is 405 nm.
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desired ultrafast-laser direct lithography pro-
cess by optimizing the pulse duration, repetition
rate, and pulse energy (table S1). The photo-
luminescence (PL) of the as-prepared PNCs
was tuned across the wavelength range from
520 to 690 nm (Fig. 1B). The light emissions at
520 and 690 nmwere attributed to the exciton
recombination in CsPbBr3 and CsPbI3 NCs, re-
spectively, and the emissions between these
two wavelengths originated from the mixed
halide CsPb(Br1−xIx)3 NCs (1, 2), where xwas
determined using Vegard’s law (fig. S1). The
presence of PNCs was confirmed by both the
transmission electron microscopy images (fig.
S2) and Raman spectra (fig. S3), and the mean
size of the PNCs was determined to be between
1 and 4 nm.
We realized control over the dynamical pro-

cess of liquid nanophase separation by adjust-
ing the ultrafast-laser irradiation time (ti)
(Fig. 2A). Here, the halide ion migration rate
depends on the complexation between Pb2+

and halide ions and the radius and weight of
ions (17, 18). In comparison with I−, a greater

complexation between Pb2+ and Br−, lighter
ionic weight, and smaller radius allowed for
faster diffusion of Br− and easier formation of
Br-rich liquid perovskite through nanophase
separation. Continuous irradiation allowed
more I− ions to diffuse into the liquid perov-
skite region from the liquid-glass domains and
enabled tuning of the emission of the final
PNCs (Fig. 2B and supplementary text S2) from
green to red by extending ti.
To validate our approach, CsPb(Cl1−xBrx)3

NCs were generated in glass, and the emission
was tuned across awidewavelength range from
450 to 514 nm (fig. S4) by controlling the laser
parameters (table S3). Furthermore, we suc-
ceeded in engineering the composition and
bandgap of PNCs in the Cl−-Br−-I− codoped
glass. Thus, the full-color printing of PNCs
(fig. S5) with PL tuned in a range from 480 to
700 nm was achieved (Fig. 2C) and reflected
the transformation of CsPb(Cl1−xBrx)3 into
CsPbI3, thus confirming the PNC composition
engineering. The PL of PNCs written in both
Cl−-Br− (fig. S6) doped glasses and Cl−-Br−-I−

(fig. S7) doped glasses (fig. S7) were contin-
uously modulated by changing ti, and, spe-
cifically, the main PL peak shifted to longer
wavelengths with an increase in ti. Regulation
of the halide ion distribution in PNCs in glass
was not possible through a conventional ho-
mogeneous heat treatment (fig. S8).
Phase separation occurs in glass-forming

systems if a chemical potential gradient exists.
Based on our experimental findings, here we
propose the mechanism of PNC formation
through nanophase separation by taking Br−-I−

doped glass as an example (Fig. 2A). First, for-
mation of immiscible phases resulted in liquid
phase separation at the nanoscale level. Thus,
separation of the Br-rich halide phase from the
glass matrix phase occurred at temperatures
above the liquidus temperature of the glass
composition (19). Second, continuous ultrafast-
laser irradiation not only increased the size
of the liquid perovskite domains (fig. S9) but
also induced the site exchange of I to Br owing
to the chemical potential gradient (Fig. 2A)
(20). As the laser irradiation proceeded, I−
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Fig. 2. Dynamical control over
the halide ion migration and
full-color printing of PNCs.
(A) Schematic of ultrafast
laser–induced liquid nanophase
separation and formation of
CsPb(Br1−xIx)3 NCs in the Br−-I−

doped glass. (B) PL mappings and
PL spectra of CsPb(Br1−xIx)3 NCs
as a function of ti. The ultrafast-
laser repetition rate is 125 kHz,
the pulse duration is 885 fs, and
the pulse energy is 400 nJ.
(C) PL mappings and PL spectra
of PNCs written in the
Cl−-Br−-I− codoped glass. Sa to Si
represent the PNC samples writ-
ten in the Cl−-Br−-I− codoped
glass with different laser parame-
ters that are shown in table S2.
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ions gradually diffused from the surrounding
liquid to the relatively ordered liquid perovskite
domains, finally leading to the formation of
I−-containing liquid perovskite nanodomains.
The nanophase separation lowered the energy
barrier for formation of the domains with a
preordered perovskite-like structure (21).
Third, the preordered liquid perovskite do-
mains became more ordered and created the
crystallization nuclei that subsequently grew
into PNCs through diffusion and reaction in
a confined manner during the cooling pro-
cess (22).
During ultrafast-laser direct lithography, the

temperature of the laser-impacted domains
increased rapidly with the number of pulses
and remained stable at themaximum after sev-
eral tens of pulses (typically less than 100 pulses
that correspond to a ti of 1 ms for a 100-kHz
ultrafast laser). A quenching process occurred
after shutting off the ultrafast-laser irradiation
(23). The ultrafast laser–induced temperature
(>1000°C; fig. S10) in the modified area is
above the liquidus of the glass composition
(fig. S11). Thus, the dependence of the emis-
sion wavelength of PNCs on ti verified the
occurrence of liquid nanophase separation.
Themean size of CsPb(Br1−xIx)3 NCs increased
from 1.9 to 3.6 nm with an increase in ti from
350 to 1200ms (fig. S9), which provided a clear
signature of the continuous localized liquid
nanophase separation.
The distinct evolution of PNCs (Fig. 2B and

figs. S12 to S14) with adjusted ultrafast-laser
parameters could be related to the differences
in temperature (fig. S10), pressure, and irradi-
ance of the ultrafast laser. For example, the
phase diagram depended on the pressure, and
the liquid phase separation could be facilitated
by increasing the pressure up to a gigapascal
level (14–16, 24, 25). These features account,
in part, for why ultrafast-laser heating could
drive liquid nanophase separation, whereas
the normal heat treatment could not.
The instability of PNCs can occur through

chemical- and thermal-induced decomposition
as well as light-induced phase segregation
(7, 17, 26). We investigated the stability of
PNCs against UV irradiation, heat treatment,
or solvent (ethanol) exposure. All of the PNCs
that emitted green, yellow, orange, and red
PL were stable, and no change in PL intensity
was observed after UV irradiation for 12 hours
(Fig. 3A). Furthermore, there was also no PL
peak shift when CsPb(Br1−xIx)3 NCs were ir-
radiated by UV light with the power density
(IUV) of 2 W/cm2 (Fig. 3B) and even 32 W/cm2

(figs. S15 and S16), implying an absence of
phase segregation. As a reference, UV light
with an IUV of 0.1 W/cm2 can induce substan-
tial phase segregation in mixed-halide perov-
skites (4, 5, 17).
The PNCs remained stable when dispersed

in ethanol without a change in the PL quan-

tum yield after 6 months (Fig. 3C). The PL in-
tensity and position of PNCs also remained
as the initial characteristics after they were
heat-treated at 85°C for 960 hours (Fig. 3D
and fig. S17) and even after heat treatment
at 250°C for 2 hours under atmospheric con-
ditions (fig. S18). The high stability of PNCs
originates from the effective protection of
the glass matrix that prevents the as-written
PNCs from being attacked by molecules in
the surrounding environment at various tem-
peratures (supplementary text S5) (7). Further-
more, the factors, such as nanoconfinement,
ultrafast laser–induced residual strain, high
surface-to-volume ratio, high cohesive energy,
and limited carrier diffusion length given the
small size of PNCs could lead to strong sup-
pression of the ion diffusion and UV light–
induced phase segregation (10, 17, 27, 28).
Writing composition-tunable PNCs allows

for applications in multidimensional informa-
tion encoding and anticounterfeiting (Fig. 1A
and fig. S19). For example, green, yellow, and

red logos of Zhejiang University were di-
rectly written in glass (Fig. 4, A to C). Figure 4,
D and E, shows the colorful patterns that are
produced with CsPb(Br1−xIx)3 NCs and CsPb
(Cl1−xBrx)3 NCs, respectively, in the correspond-
ing glasses. We also demonstrated full-color
printing of PNCs in the Cl−-Br−-I− codoped
glass (Fig. 4F) and 3Dmicrohelix PNCpatterns
(Fig. 4G).
Micrometer-scale LEDs (m-LEDs) for high-

resolution display have been fabricated with
wet chemistry–derived NCs (29, 30). For stan-
dard NC-based devices, dots with different
emission wavelengths were printed or trans-
ferred on substrates, and the NC preparation
and device manufacturing were complicated
(29). Thus, the cost of device fabrication is high,
the stability of NCs can be low, and NC pat-
terning is difficult. These drawbacks severely
limit thewide applications ofNC-baseddevices.
In addition, although considerable efforts were
made to exploit glasses as light-emittingmate-
rials and devices (10, 31, 32), it has not been
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Fig. 3. Stability of CsPb(Br1−xIx)3 NCs. (A) PL intensity of CsPb(Br1−xIx)3 NCs illuminated for 12 hours
by UV laser with an IUV of 2 W/cm2. (B) PL spectra of SPD NCs before and after irradiation. (C) PL quantum
yields (QYs) of CsPb(Br1−xIx)3 NCs dispersed in ethanol after 6 months. Error bars represent standard
deviation. (D) PL spectra of SPD NCs after heat treatment at 85°C for 960 hours.
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possible to endow a single glass chipwithwide-
ly and continuously tunable colors or to print
NC-based devices such as m-LEDs and displays
inside solids (5, 29).
The PNC-based glass can be used as the

key component of photonic devices, not just
as a transparent protection layer or substrate
(33). We demonstrated one-step 3D print-
ing of colored PNC patterns with a dot size
<10 mm (fig. S20) that can be used for build-
ing micrometer-sized devices. Combining com-
mercially available UV or blue LED arrays, this
technology could apply to the fabrication of
m-LEDs (fig. S21), high-resolution displays, and
evenwhite LEDs (figs. S22 and S23) (2, 29, 34).
Moreover, the PNC arrays were used as a holo-
graphic display device. Through the switching
of holograms, the dynamic holographic dis-
play based on such a PNC-based device was
achieved (Fig. 4H, fig. S24, and movie S1).
Three holographic images (letters “Z,” “J,” and
“U”)were further reconstructed simultaneously
in multiple planes along the light propagation

direction, indicating that the excitation of spe-
cific PNC patterns enabled realization of a 3D
holographic display (fig. S25).
Because liquid nanophase separation only

occurs at a local position inside glass, the 3D
direct lithography represents a completely
dry fabrication technique that advances the
fabrication of structures and devices with high
throughput and high scalability. It excludes
contamination with organic components (re-
agents and solvents) duringmaterial synthesis
and device processing. Furthermore, the high-
temperature stability indicates that the PNC
glass-based devices can be applied for long-
term applications (35). The present study dem-
onstrates that the composition and bandgap of
PNCs could be tailored over the entire tunable
range in one single solid chip.
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Fig. 4. Direct lithography of PNC patterns and devices. (A to C) Zhejiang University logos based on
CsPb(Br1−xIx)3 NCs with varied compositions in one piece of glass. (D to F) Typical PL images of the multicolor
patterns produced with CsPb(Br1−xIx)3 NCs in the Br

−-I− doped glass (D), CsPb(Cl1−xBrx)3 NCs in the Cl
−-Br− doped

glass (E), and CsPb(Cl1−x−yBrxIy)3 NCs in the Cl
−-Br−-I− codoped glass (F). The colorful patterns were produced by

adjusting the parameters during writing. (G) 3D microhelix CsPb(Br1−xIx)3 NC arrays. The patterns were excited
by UV light. (H) Demonstration of a dynamic holographic display. The letters at the top left represent the images
shown at different times (t = 3, 6, 9, 24, 27, and 33 s, respectively) in the demonstration of a dynamic holographic
display. The excitation wavelength is 532 nm. Scale bars in (A) to (F) are 100 mm.
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Perovskite nanocrystals under glass
Perovskite nanocrystals (PNCs) such as cesium lead triiodide (CsPbI

3

) can display bright photoemission with narrow
linewidths for display applications, but their long-term stability requires passivation and encapsulation steps after
synthesis in solution. Sun et al. created three-dimensional arrays of PNCs in doped metal oxide glasses using ultrafast
laser pulses that caused local melting and subsequent crystallization. They tuned the bandgap of PNCs and their
photoluminescence between 480- and 700-nanometer wavelengths by transforming the composition from CsPb(Cl

1-

x

Br
x

)
3

 to CsPbI
3

. These encapsulated PNCs exhibited long-term stability after prolonged heating or organic solvent and
ultraviolet light exposure. —PDS
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