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ARTICLE INFO ABSTRACT

Keywords: Hybrid halide perovskites are proposed for next-generation photovoltaics and lighting technologies due to their
Perovskite remarkable optoelectronic properties. In this study, we demonstrate printed perovskite nanowires (NWs) for
Nanowire lasing and wide-gamut phosphor using a combination of inkjet printing and nanoporous anodic aluminum oxide
E?;:;gmg (AAO). The random lasing behaviors of the resulting perovskite NWs are analyzed and discussed. Moreover, by
Stability varying the composition of Cl”, Br™, and I" anions, we demonstrate tunable emission wavelengths of the

perovskite NWs from 439 to 760 nm, with a large red-green-blue color space that extends to 117% of the color
standard defined by the National Television Systems Committee (NTSC). Furthermore, we demonstrate passiv-
ation of the perovskite NWs against moisture due to their compact spatial confinement within the AAO template
combined with a poly(methyl methacrylate) sealing process, resulting in highly stable emission intensity that
degrades only 19% after continuous 250 h of 30 mW/cm? UV excitation and degrades 30% after three months
when stored in air at 50% humidity. This inkjet printing fabrication strategy involving AAO-confined perovskite
NWs enables highly stable, large-area direct patterning and mass production of perovskite NWs, which is
promising for modern lighting applications.

1. Introduction

Organic-inorganic halide perovskites (MAPbX3, MA = CH3NH{; X =
Cl7, Br™ or 1), possessing the same crystal structure as mineral CaTiOs3,
have incredible potential for optoelectronic applications due to their
superior light-absorption, long charge carrier diffusion lengths, high
carrier mobility, slow rates of non-radiative charge recombination, and
intense photoluminescence (PL) [1-6]. In recent years, perovskite op-
toelectronics have advanced by leaps and bounds for both light har-
vesting (solar cells and photodetectors) [7-10] and light emitting

devices (light emitting diodes (LEDs) and lasers) [11-14] using various
perovskite structures and designs. Among nanostructured perovskites,
one-dimensional perovskite nanowires (NWs) have demonstrated great
potential for lighting applications compared to bulk perovskites as a
result of their small size, one-dimensionally confined excitons, and
efficient photon coupling, as well as serving as excellent waveguides and
natural cavities [15-20]. For example, Zhu et al. have reported a
surface-initiated solution grown perovskite NW laser with an extremely
high lasing quality factor (Q) of 3600, which shows the potential of this
material for advanced lighting devices [12]. Although tremendous
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success has been demonstrated using perovskite NWs in nanophotonics,
it remains challenging to pattern, align, and transfer these materials for
large-scale lighting applications.

The poor stability of perovskites is another crucial obstacle for
commercial applications [21,22]. Due to their ionic nature, halide pe-
rovskites are sensitive to highly polar compounds (e.g., moisture and
oxygen) and readily degrade in air [23]. As a result, a variety of stra-
tegies have been proposed to enhance the stability of perovskite devices,
such as the substitution of MA and Pb with other cations [24,25], the
addition of diffusion blocking layers [26] and ion migration-retarding
additives [27], as well as Ruddlesden-Popper phase [28] and Dio-
n-Jacobson phase [29] engineering. In 2017, Grancini et al. reported a
perovskite solar cell that displayed stable performance for over a year,
which was made possible by interface engineering [30]. However, the
operational lifetimes of most perovskite-based LEDs, lasers, and other
lighting devices are still less than 100 h due to the large amounts of heat
and energy that are generated during light emission [31-34]. Recently,
nanostructure-template confined growth has been demonstrated as an
effective method of improving the long-term stability of perovskites by
(i) providing protection against moisture via the surrounding
nanostructural-template and (ii) restricting the expansion of the
perovskite, which is required in the phase transition of the material
when exposed to moisture and oxygen, thus mitigating the degradation
reaction [35,36]. Using this technique, several groups have reported
perovskite devices that remain stable for months, even while stored in
atmosphere [36-38].

In this study, we introduce an inkjet printing method to fabricate and
pattern perovskite NW arrays within nanoporous anodic aluminum
oxide (AAO), which acts as a nanostructured template to confine the
perovskite growth into the NW shape (Fig. 1) while simultaneously
improving the material’s stability. Printing is a high quality, simple,
inexpensive, and rapid fabrication process that can enable the mass
production of microelectronic devices. With this strategy, we demon-
strate printed perovskite NWs that feature random lasing capability at a
threshold pump fluence of 140 mJ cm™2 and a Q factor of 150. Addi-
tionally, by varying the composition of the halide anions (C1”, Br~, and
[7), we can tune the PL of the perovskite NWs from 439 to 760 nm, with
the resulting red-green-blue (RGB) CIE coordinates covering a larger
color space (117%) than the standard defined by the National Television
Systems Committee (NTSC). We also grind the AAO-confined perovskite
NWs into powders to demonstrate the material for phosphor applica-
tions. To verify the stability of this printed material, we show that the
passivation effect provided by the compact spatial confinement of the
AAO combined with a poly(methyl methacrylate) (PMMA) sealing
process results in a high operational lifetime of 250 h (19% degradation)
under 30 mW/cm? UV illumination and a long-term stability of over 3
months (30% degradation) under indoor lighting in air with 50% hu-
midity. Furthermore, this large-scale fabrication method using inkjet
printing allows flexible patterning of the perovskite NWs, avoiding the
need for additional transfer processes. The strategy described herein
provides a new way to mass-produce high-quality perovskite NWs for
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wide color gamut and large-scale lighting applications.
2. Results and discussion
2.1. Fabrication and characterization of printed perovskite NWs

We first synthesized CHsNH3PbBrs perovskite NWs using an inkjet
printing process shown in Fig. 1 (see Experimental Section for details).
First, the perovskite inks were prepared by dissolving the perovskite
precursors in dimethylformamide (DMF). Then, we inkjet-printed these
perovskite solutions on a nanoporous AAO substrate. During the print-
ing process, vacuum pumping was applied to the back side of the AAO
substrate to guide the perovskite inks into the nanopores, confining the
perovskite growth into NW shapes templated by the AAO pores. Finally,
the sample was annealed at 90 °C on a hotplate for 2 h to remove the
DMF solvent and improve the crystalline quality of the perovskite.

This fabrication method incorporating inkjet printing and nanopore-
confined growth enables flexible patterning with precise alignment for
large-scale lighting applications. The drop size of our inkjet printer is
~60 pm while the contact angle between perovskite inks and AAO is
49.7° (Fig. S1). Under this circumstance, the printing resolution is
limited to ~100 pm. Fig. 2a demonstrates PL images of the printed pe-
rovskites within the template under UV illumination, demonstrating the
different patterns that can be achieved on the AAO substrate by inkjet
printing. Other fabrication methods, such as chemical vapor deposition
and capillary growth, are also compatible with AAO but lack the capa-
bility to design flexible patterns [39-41]. Using inkjet printing, the
realization of patterning opens a variety of possibilities of using perov-
skite NW arrays as phosphors, sensors, photonic crystals, nanolasers,
and biosensors with controlled density, location, feature size, and dis-
tribution according to the desired device requirements.

Fig. S2a shows a top-view scanning electron microscopy (SEM)
image of the border between the printed and unprinted regions of the
AAOQ substrate, in which the surface morphologies clearly show the
CH3NH3PbBr3 perovskite material covering the surface of the printed
AAO. Fig. S2b displays high-resolution top-view SEM images revealing
the empty nanopores of the unprinted AAO region, while the printed
nanopores are filled with perovskite. We conducted cross-sectional SEM
characterization to verify the presence of the perovskite NWs in the AAO
nanopores (Fig. 2b). The thickness of the AAO substrate was 50 pm. Our
results showed that the effective diffusion depth of the perovskite inks
was about 5-10 pm, with most of the perovskite NWs distributed in the
upper region of the AAO substrate. The cross-sectional PL mapping in
Fig. 2c reveals intense PL in the upper region of the substrate with a
thickness of around 5-10 pm, which is in good agreement with the SEM
measured distribution of the perovskite NWs in the AAO nanopores.
Fig. S3a also shows a high-resolution cross-sectional SEM image, which
clearly indicates the presence of perovskite NWs within the AAO
nanopores. The lengths of the perovskite NWs vary from a few pm to 10
pm and the diameters range from dozens of nm to 200 nm. Generally,
perovskite NWs with short diameter should exhibit better fluorescence
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Fig. 1. Schematic of the fabrication process for printing perovskite NWs in the nanoporous AAO for lighting applications.
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Fig. 2. Characterization of the printed CH3NH3PbBr; perovskite NWs tem-
plated in AAO nanopores. (a) Optical images of the printed perovskite NWs
with different patterns under UV illumination. The scale bars are 5 mm. (b)
Cross-sectional SEM image of the perovskite NWs in the AAO nanopores. (c)
Cross-sectional PL mapping of the perovskite NWs. (d) SEM/EDS line scan
analysis along the line profile of Fig. 2b. (e) EDS spectrum of the perovskite
NWs in the AAO nanostructure. (f) XRD pattern of the perovskite NWs. (g) The
PL (excitation wavelength = 473 nm) and absorption spectra of the perov-
skite NWs.

performance due to strong quantum confinement. We note that the di-
ameters of studied perovskite NWs are larger than the Bohr radius [42],
however, these structures do feature center-of-mass confinement, which
can still provide a good quantum effect in the NW structure [43,44]. It is
worth noting that the commercial AAO has a narrow pore entrance layer
at the top with a diameter of about 20 nm (Figs. S2b and S3b). Therefore,
the diameters of the porous entrance and perovskite NWs are distinct.

The compositions of the perovskite NWs and AAO were confirmed by
energy dispersive spectroscopy (EDS) line scan analysis, as shown in
Fig. 2d, in which the perovskite NWs reveal Pb signals while the AAO
template features Al content (the EDS spectrum is shown in Fig. 2e). We
then characterized the CH3sNH3PbBrs NWs by X-ray diffraction (XRD),
ultraviolet-visible (UV-Vis), and PL spectroscopies. The XRD spectrum
in Fig. 2f shows sharp and strong peaks that agree with previous reports
of CH3NH3PbBr3 perovskite [45], illustrating the high purity of the NWs.
Furthermore, the UV-Vis optical absorption spectrum is shown in
Fig. 2g, which reveals a band edge cut-off that corresponds to the ma-
terial’s PL peak emission of 536 nm (energy equal to a bandgap of 2.31
eV).

2.2. Lasing behavior of perovskite NWs

We studied the lasing behavior of the CH3NH3PbBrg NWs at a tem-
perature of 4.5 K. A regeneratively amplified femtosecond Ti:sapphire
laser was used to optically pump the sample using 84-fs, 400-nm pulses
at a repetition rate of 1 kHz. Fig. 3a shows the emission spectra of the
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CH3NH3PbBr3 NWs at different optical pump fluences. When the NWs is
pumped with low fluence of 5 mJ cm™2, below the lasing threshold, a
broad spontaneous emission spectrum can be obtained with a full width
at half maximum (FWHM) of 11 nm. As the pump fluence increases
above the lasing threshold, for example, at 1.3 J cm ™2, a sharp stimu-
lated lasing emerges with a narrow FWHM of 3.5 nm [46]. Fig. 3b il-
lustrates the integrated emission intensity and FWHM as a function of
the pump fluence, which follows the typical S-shape lasing curve. The
S-curve indicates the integrated emission transitions from the SE mode
to stimulated lasing [47] as the excitation fluence rises above the lasing
threshold of 140 mJ cm™2. At the same time, the FWHM plot shows a
sudden drop at the lasing threshold and becomes constant at around 3.5
nm in the stimulated lasing mode. Because there is a narrow pore
entrance layer of AAO with a thickness of ~200 nm at the top of
perovskite NWs, as shown in the cross-sectional SEM image in Figs. S3b
and a high lasing threshold of 140 mJ cm™2 is needed to effectively
excite the perovskite NWs below the AAO narrow entrance layer. Using
AAO without narrow entrance layer would significantly reduce the
threshold, which can be achieved by lithography fabrication of highly
ordered AAO [48]. The decrease of exciton lifetime is an important
feature for lasing [10]. Fig. 3c illustrates the time-resolved PL decay for
SE and lasing of the perovskite NWs. The apparent SE lifetime (tsg) was
obtained as ~4 ns, while the lasing lifetime (Tasing) reduced to <100 ps
dramatically, thus verifying the occurrence of lasing. To emphasize the
difference between SE and lasing, the normalized spectra of the two
emission modes are shown in Fig. 3d, which confirms the much sharper
peak emission of the lasing mode.

For traditional Fabry-Perot, whispering gallery mode, and photonic
crystal lasers, a structured cavity is required to emit coherent lasing light
[49,50]. However, the varied dimensions of the perovskite NWs within
the highly disordered AAO nanopores (Figs. S2b and S3) suggest that
traditional lasing modes are unlikely to occur due to the lack of a
well-defined cavity. We speculate that the lasing behaviors we observed
in the perovskite NWs are caused by mirrorless random lasing because
the nanostructures are highly disordered. Furthermore, several groups
have reported random lasing based on similar randomly-distributed
nanopores [49,51]. Random lasing was generated by strong multiple
light scattering in random gain perovskite NW media without the need
for a high-quality cavity [52]. In our study, since the spot size of the
pumping laser is 1 pm in diameter, we can only obtain the lasing signals
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Fig. 3. SE and lasing characterization of the printed CH3NH3PbBr; perovskite
NWs. (a) Emission spectra of the NWs at different optical pump fluences,
ranging from 5 mJ cm 2 to 1.3 J cm 2. (b) Integrated emission intensity and
FWHM as a function of the pump fluence of the printed CH3NH3PbBr3 perov-
skite NWs. (c) Time-resolved PL decay for SE and lasing of the NWs. (d) SE and
lasing spectra of the printed CH3NH3PbBr; perovskite NWs.
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from many NWs. It should be noted that in the green wavelength around
536 nm, the transmittance of AAO is larger than 75% (Fig. S4), which
means the green emission can easily penetrate through thin AAO wall
and interact with neighboring perovskite NWs, resulting in random
scattering cavity. The lasing Q factor (defined as A/FWHM) of the
CH3NH3PbBrs NWs was around 150, which is comparable with other
perovskite based random lasing studies as shown in Table S1 [53-58].
Because the dimensions of the printed perovskite NWs vary with the
nonuniform nanopore diameters of the AAO substrate, the light scat-
tering in the individual NWs can vary from each other. Moreover, since
the lasing signals were obtained from many NWs, a slightly wide FWHM
of 3.5 nm was observed, which leads to a low lasing Q factor. Therefore,
using an AAO substrate with more uniform nanopore sizes may help
improve the Q factor of the perovskite NW laser.

2.3. Printed perovskite NWs for wide color gamut phosphors

Another important advantage of our AAO structural design is that the
PL of the perovskite can be significantly amplified by the nanoporous
confinement. To understand the effect of the substrate, we ran a control
experiment in which the perovskite inks were printed on either AAO or a
flat Al,O3 substrate, which possesses the same composition as the AAO
but without the porous nanostructures. We found that the perovskite
with AAO substrate can emit bright green light under UV illumination,
while the emission of perovskite with flat Al,O3 substrate was too weak
to be observed under the same UV condition (Fig. S5a). The PL spectra of
two samples were also obtained as shown in Fig. S5b. For the AAO
specimen, we observed strong PL with an emission intensity an order of
magnitude larger than the sample printed on the flat Al,O3 substrate,
demonstrating the superiority of the nanoporous design. This result can
be attributed to the better NW crystal growth and center-of-mass
confinement in the nanoporous AAO, which increases the radiative
carrier recombination and leads to the significantly amplified PL emis-
sion. The quantum yield of perovskite NWs within the AAO were ob-
tained to be 30%, which is comparable with perovskite NWs and
nanorods in other reports as shown in Table S2 [59-63].

Due to the intense PL emission, a suitable application for these
perovskite NWs is as phosphors, which are substances that exhibit strong
PL and are commonly used in sensors, fluorescent lights, white LEDs,
and display technology. To meet the demand for colorful phosphors, we
demonstrate that the PL properties of the NWs can be tuned by varying
the anion elemental composition of the perovskite. Fig. 4a shows the
composition-dependent PL spectra of the CH3NH3PbX3 NWs with peak
wavelengths tuned from 439 nm to 736 nm. The CH3NH3PbBrs NWs
emit bright green light with a wavelength of 536 nm under UV illumi-
nation. When Cl™ ions are added to the perovskite inks, the printed
CH3NH3Pb(Cl; «Bry)3 NWs demonstrated blue-shifted PL as the con-
centration of Cl1~ was increased. In contrast, we observed red-shifted PL
when I ions were introduced. Additionally, it is found that the
CH3NH;3PbBryl3 4 possesses a much broader emission peak at 646 nm,
indicating that the phase segregation may occur between Br~ and I ions
[64]. The corresponding optical images of the CHsNH3PbX3 NWs with
different composition of the halide anions are shown in Fig. 4b, which
illustrates eight different colors of emission under UV excitation.

RGB perovskite NWs are the most vital materials for the application
in wide color gamut phosphors. Fig. 4c displays the CIE coordinates of
red CH3NH3PbI3 (0.67, 0.31), green CH3NH3PbBr3 (0.14, 0.76), and
blue CH3NH3PbCl3 (0.16, 0.04) perovskite NWs measured using a
spectrometer. A comparison of RGB peak position and the FWHM with
perovskite NWs in other reports is also shown in Table S3 [65-69]. To
further analyze the RGB colors, we used the NTSC system, which is a key
parameter for determining the color space of phosphors. Using the
equation NTSC (%) = (RxGy + RyBx + GxBy — RyBy — GxRy —
ByGy) + 0.3164, we calculated the RGB color gamut area of our
perovskite NWs to be approximately 117% of the NTSC. The large NTSC
value demonstrated here confirms the ability of the inkjet-printed
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Fig. 4. Color-tunable PL of the perovskite NWs. (a) Composition-dependent PL
emission spectra of perovskite NWs. The composition of 8 different perovskite
NWs is shown in the Experimental Section. (b) The optical images of the
perovskite NWs with 8 different colors under UV illumination. The scale bars
are 3 mm. (c) CIE diagram showing the RGB coordinates of the perovskite NWs
(sample number 1, 6, and 8 in Fig. 4b). (d) Photographs of the perovskite NW
phosphor powders under ambient light and UV illumination.

perovskite NWs to serve in wide color gamut applications, such as
display screens, fluorescent lights, and white light sources. Additionally,
because of its nanoporous structure and material nature, the AAO sub-
strate is brittle and thus easy to grind into powder. Fig. 4d shows photos
of a CH3NH3PbBr3 perovskite NW powder sample under ambient light
and UV illumination, in which the bright green light emission under UV
excitation confirms the material’s capability to be utilized as a phosphor
powder. It would be convenient to coat such perovskite NW phosphor
powders on objects with different shapes and curvilinear surfaces, thus
enabling extensive phosphor lighting applications.

2.4. Stability of printed perovskite NWs

Stability is a particularly important characteristic of moisture-
sensitive perovskites. Herein, we performed a stability test using four
kinds of samples: (i) inkjet-printed CH3NH3PbBr3 perovskite on a flat
Al,O3 substrate; (ii) inkjet-printed CH3sNH3PbBr3 perovskite on a flat
Al;O3 substrate with PMMA sealing; (iii) inkjet-printed AAO-confined
perovskite NWs; and (iv) inkjet-printed AAO-confined perovskite NWs
with PMMA sealing (see Experimental Section). Fig. 5a shows the
excitation durability test, in which the peak PL intensities of the samples
were measured under continuous 30 mW/cm? UV irradiation for up to
250 h in air with 50% average humidity. We can see that the perovskite
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Fig. 5. Stability tests of perovskite-Al;O3, PMMA-sealed perovskite-Al;O3,
perovskite-AAO, and PMMA-sealed perovskite-AAO. (a) Time-dependent PL
intensity as the perovskite samples were exposed to continuous 30 mW/cm? UV
excitation in air (50% humidity). (b) Time-dependent PL intensity of the
perovskite samples under room lighting and 50% humidity in air.



C.-H. Lin et al.

NWs in the AAO substrate feature much lower deterioration than the
perovskite on the flat AloO3 substrate after this period of time, demon-
strating the remarkable stability of the nanoporous AAO confinement
design. Moreover, the operational durability can be further improved
using PMMA sealing, and the printed perovskite NWs demonstrates only
19% deterioration after 250 h of continuous UV irradiation. Similar
results were observed in the long-term stability test when the samples
were stored under room lighting in air with 50% average humidity
(Fig. 5b). The peak PL intensity of the perovskite on the flat Al;O3
substrate with PMMA sealing decreased by 50% after 25 days, whereas
the perovskite NWs in AAO deteriorated by 50% after 60 days, and the
PMMA-sealed perovskite NWs retained 70% of its PL intensity after 100
days. The stability of PMMA-sealed perovskite NWs were also tested
under high humidity and temperature as shown in Fig. S6. The perov-
skite NWs retained 90% and 74% PL intensity after 1 month under 50%
and 80% humidity, respectively. In addition, the perovskite NWs can
alive for 4 days long under continuous heating at 100 °C.

The improved stability of the perovskite NWs can be attributed to the
strong nanoporous confinement of the AAO [70]. The compact spatial
confinement by the inert AAO provides a natural barrier against the
moisture and oxygen in air. Moreover, previous research has reported
that the hydrated perovskite phases CH3NH3PbX3eHoO and
(CH3NH3)4PbXce2H,0 are formed in the initial degradation step [71,
72]. These phase transitions involve the expansion of the perovskite
crystal [36,73]. However, for perovskite NWs in the AAO nanopores, the
expansion is prohibited due to the spatial confinement, which results in
the suppression of the perovskite phase transition and thus improved
stability. In addition to the nanoporous confinement, because the
long-chain PMMA possesses low polarity and is chemically orthogonal to
the perovskites [19], the use of PMMA sealing can further enhance the
passivation to moisture.

3. Conclusion

In summary, we have fabricated perovskite NWs using inkjet printing
and an AAO confinement strategy. The realization of a variety of NW
patterns, featuring PL properties and center-of-mass amplified lumi-
nance, demonstrates the ability of this technique to fabricate complex
electronic device designs with controlled density, location, diameter,
and distribution of perovskite NWs. The perovskite NWs feature random
lasing capability, with a lasing threshold of 140 mJ cm™2 and a Q factor
of 150. Furthermore, wide-gamut emissions (439-760 nm) were ach-
ieved by varying the composition of the C17, Br™, and I" anions in the
perovskite, resulting in a large RGB color space of 117% of the NTSC
standard. Additionally, we demonstrated phosphor powders made from
the perovskite NWs, which can be readily adapted to different surfaces,
thus enabling extensive wide color gamut phosphor applications.
Because the AAO nanoporous confinement can suppress the perovskite
phase transitions by restricting the expansion during the phase changes,
we were able to demonstrate improved moisture stability in combina-
tion with PMMA sealing for a long lifetime of 250 h with just 19% PL
degradation under 30 mW/cm? UV illumination along with a remark-
able long-term stability of 100 days in air (50% humidity) with only 30%
PL degradation. The scalable patterning and excellent alignment of this
inkjet printing and AAO spatial confinement technique enabled us to
synthesize perovskite NWs with valuable optical properties and high
operational durability and long-term stability, suggesting a bright future
of these low-cost fabricated materials in next-generation
optoelectronics.

4. Experimental Section
4.1. Fabrication of printed perovskite NWs

To prepare the perovskite inks, an equimolar amount of PbBr, (99%,
Sigma) and CH3NH3Br (98% Sigma) powders were dissolved in DMF
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solution with a molar concentration of 0.5 M each. The mixed solution
was stirred on a hotplate at 90 °C for 24 h to make the perovskite inks.
Finally, the inks were filtered through a 0.25 pm filter for printing
purposes. A Fuyjifilm Dimatix inkjet printer (DMP-2831) was used to
print the perovskite inks on the AAO substrate (Whatman, pore size 0.02
pm). During the printing process, a vacuum pump was employed on the
bottom of the AAO substrate to guide the perovskite inks into the
nanopores. Then, the sample was annealed at 90 °C for 2 h to obtain the
perovskite NWs in the AAO nanopores.

4.2. Perovskite NW characterization

Top view and cross-sectional SEM images of the perovskite NW
samples were taken using a Magellan™ XHR SEM with an accelerating
voltage of 5 kV. 5-nm-thick Ir was coated on the sample to avoid
charging effects during SEM examination. The phase purity of the
perovskite NWs were surveyed by XRD using a Bruker D8 Advance
diffractometer equipped with a Cu Ka X-ray tube. The contact angle
between perovskite inks and AAO was measured using a DSA100 drop
shape analyzer (KRUSS GmbH). A Shimadzu UV 3600 spectrophotom-
eter was used to investigate the optical absorption spectrum of the
perovskite NWs. The PL spectra of the perovskite NWs were obtained
through a fluorescence microscope system (NTEGRA Spectra, NT-MDT)
with a 473-nm laser. The time-resolved photoluminescence measure-
ment was carried out using a fluorescent spectrophotometer (HORIBA,
Nanolog model), applying an excitation wavelength of 372 nm. The
quantum yield of perovskite NWs was examined using a Jobin Yvon-
Spex fluorolog-3 spectrometer. To study the chromatics of the
CHgNngblg, CH3NH3PbBI'3, and CH3NH3PbC13 perovskite NWs, a GL-
spectis spectrometer (GL Optic) was utilized to measure their RGB CIE
coordinates. A UV box (UV2020-2, TOPBIO CO.) was used as the UV
light source (30 mW/cm?) in this study. Except for the experiments of
the wide color gamut study in Fig. 4, all the data was obtained based on
the CH3NH3PbBr3 perovskite.

4.3. Lasing characterization

The lasing measurements were taken on a closed-cycle cryogenic
system (Attodry 800, Attocube) at a temperature of 4.5 K equipped with
a scanning confocal microscope and a spectrometer (Andor) consisting
of a monochromator and a thermo-electric cooled CCD camera. A
regeneratively amplified femtosecond Ti:sapphire laser (TOPAS,
Spectra-Physics), providing 84-fs, 400-nm pulses at a repetition rate of 1
kHz, was used to optically pump the sample. A 100x objective lens (0.82
NA; Attocube) was used to focus the pulsed laser to a small spot of 1 pm
in diameter. To filter out the excitation laser signal, a 420 nm long pass
filter was placed before the spectrometer.

4.4. Growth of different perovskite NWs for wide color gamut applications

The wide color gamut behavior of the perovskite NWs was achieved
by varying the composition of CI~, Br™, and I" anions. We prepared 8
different perovskite inks and followed the same fabrication process
described in 4.1 Fabrication of printed perovskite NWs to grow these
perovskite NW samples. The composition of halide anions for the
different inks is listed as follows: (1) 100% CI; (2) 60% Cl + 40% Br; (3)
50% Cl + 50% Br; (4) 40% Cl + 60% Br; (5) 20% Cl + 80% Br; (6) 100%
Br; (7) 10% I + 90% Br; and (8) 100% I.

4.5. PMMA sealing

The printed AAO substrate was first fixed on glass. 950 PMMA (A4)
was spin-coated on the perovskite sample at 1500 rpm for 30 s, followed
by baking at 90 °C for 2 h. Then, this PMMA coating process was
repeated again to ensure the sealing of the perovskite NWs.
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