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Laser displays, benefiting from the characteristic

merits of lasers, have led to the revolution of

next-generation display technologies owing to their

superior color expression. However, the acquisition

of pixelated laser arrays as self-emissive panels for

flat-panel laser displays remains challenging. Liquid

crystal (LC) materials with excellent processability

and optoelectronic properties offer considerable

potential for the construction of highly ordered

multicolor laser arrays. Here, we demonstrate

flat-panel laser displays on LC microlaser pixel

arrays through a microtemplate-assisted inkjet

printing method. Individual organic red-green-blue

(RGB) microlaser pixel arrays were obtained by

doping dyes into LCs with photonic band edges to

obtain single-mode RGB lasing, leading to a much

broader color gamut, compared with the standard

RGB color space. Then we acquired periodically

patterned RGB pixel matrices by positioning LC

microlasers precisely into highly ordered arrays,

according to the well-organized geometry of the

microtemplates. Subsequently, we demonstrated

full-color flat-panel laser displays using the LC

microlaser pixel matrices as self-emissive panels.

These results provide valuable enlightenment for the

construction of next-generation flat-panel laser dis-

play devices.

Keywords: laser display, liquid crystal laser, laser ar-

ray, full-color laser, single-mode laser, wide color
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Introduction
Laser displays take advantage of high monochromaticity

and brightness of laser emissions. They have emerged

as revolutionary technologies in the display industries

owing to their high saturation, high contrast ratio, and

extensive achievable color gamut.1–3 The requirement for

laser displays in portable devices calls for appropriate

self-emissive display panels. To this end, the develop-

ment of pixelated structures is required, where each
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microunit could realize laser emission and a collection of

these lasers are well-arranged into periodic red-green-

blue (RGB) arrays.4–7 However, a universal fabrication

technique for constructing such highly ordered emissive

geometries is lacking and desires an urgent need.8–10

Photolithography has been successfully applied in

silicon-based photonics to produce patterned micro/

nano-laser arrays.11,12 In contrast, the acquisition of multi-

color emissive units on a single chip remains challenging

due to poor material compatibility.13,14 Organic materials

with excellent compatibility15–17 permit their fabrication

into multicolor lasers;18–24 nevertheless, it is still difficult to

pattern organic microlasers precisely into a pixelated

RGB matrix on an identical substrate for the implemen-

tation of laser display panels.

Liquid crystals (LCs) have outstanding processability;

thus, they have been exploited extensively for mass

production of pixelated panels within flat-panel display

fields, where the LCs in each pixel serve as passive

polarization components to modulate the transmission

of light.25,26 Apart from these passive applications, LCs

could also be utilized to achieve self-emissive lasers27,28

for high-brightness and high-saturation displays in cases

where they have been doped with luminescent dyes to

generate self-assembled photonic crystal superstruc-

tures, acting as natural optical cavities.29 More impor-

tantly, LC optical cavities could produce single-mode

laser emissions inherently, owing to the periodically

modulated refractive index.30–32 The primary wave-

lengths of RGB single-mode LC lasers are located at

the outer border of the chromaticity diagram to define

the most extensive possible color gamut for vivid dis-

plays.1 Therefore, it seems that LCs would be promising

candidates for the fabrication of pixelated laser display

panels based on the fusion of LC systems capable of

lasing with mature panel production techniques. How-

ever, the realization of such panels has been impeded by

the difficulties in fabricating miniaturized individual LC

lasers and patterning them into periodic RGB pixel

matrices.33,34

Herein, we proposed a strategy of

microtemplate-assisted inkjet printing to construct

full-color laser display panels composed of pixelated LC

microlaser arrays. The polymeric microtemplates guided

the positioning of LC microlasers precisely to give rise to

ordered pixel arrays according to their well-organized

geometry.We fabricated the RGB LC lasers by incorporat-

ing corresponding dyes into the respective LCs with dis-

tinct photonic band edges. Individual RGB display pixels

consisting of adjacent three LC microlasers enabled tun-

able lasing across the full visible spectrum. Using the pre-

pared LC microlaser pixel matrices as display panels, we

achieved full-color laser displays. These results offer a

robust approach to construct periodic microlaser pixel

arrays and provide valuable insight into the development

of next-generation flat-panel laser displays.

Experimental Method
Substrate preparation

The substrates, including indium tin oxide (ITO), glass,

silicon, and magnesium fluoride (MgF2), were cleaned in

oxygen plasma for 5min to produce hydrophilic surfaces,

beneficial for the subsequent coating of polymeric films.

MgF2 wafers were selected as the substrates for the

construction of display panels because of their low re-

flective index (1.38), able to reduce optical loss from the

substrates, and lower the threshold of laser emissions.

Fabrication of polymeric microtemplates

We prepared polymeric microtemplates by etching poly-

meric films via electron beam lithography (EBL). The

polymeric films were obtained by spin-coating a poly

(methyl methacrylate) solution (20 wt %, in chloroben-

zene) on the pretreated substrates at 1000 rpm for 1 min

and baked on a heating stage at 180 °C for 5 min to

eliminate the solvent. Then we carried out electron beam

exposures by using an e-beam writer (ELPHY Quantum;

Raith GmbH, Germany) at 30 kV with a beam current of

120 pA a beam-spot size of 3.0 nm, and a patterning dose

of 0.5 mC/cm2. Finally, the sample was immersed in the

mixed solution of isopropyl alcohol and methyl isobutyl

ketone (3∶1) for 30 s. The microtemplates on the glass

substrates, ITO, MgF2, and silicon wafers were all

obtained through the processes mentioned above. No-

tably, the microtemplates on the glass substrate were

prepared with the assistance of a conductive adhesive,

which was precoated on the polymeric film to eliminate

charge effect during the EBL process.

Fabrication of LC microlasers

The LC-filled microunits were prepared by printing inks

into the polymeric microtemplates through a GIXTM

MicroplotterTM II from SonoPlot Inc. (Middleton,WI, USA).

The cholesteric LC inks (LC 1, LC 2, and LC 3) were

prepared by dissolving 27 (9 wt %), 12 (4 wt %), and 5 mg

(1.7 wt %) of the chiral dopant (S811) in the LC (I32-010E-

425) solutions (300 mg), respectively. The ink solutions

were imbibed into a hollow glass needle through capillary

effect and sprayed into prefabricated microtemplates,

assisted by ultrasonic vibration. By adjusting the ultra-

sonic vibration strength, an ink solution, perfectly filled

microunits were acquired.

Fabrication of pixelated LC microlaser arrays

We prepared microunit laser arrays by printing emissive

inks selectively into microtemplates at specific positions

on the substrates. Then RGB emissive inks were obtained

by dissolving 4.5 mg each of DCM, C30, and o-MSB in
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300 mg of LC solution (1.5 wt %). The three emissive inks

were periodically deposited into the microtemplates by

column to produce pixelated LC microlaser RGB arrays.

The hollow glass needlewaswashed initially with dichlor-

omethane to avoid ink contamination before the printing

process.

Characterization of individual LC microlasers

The morphology of the polymeric microtemplates was

examined by a step profiler (Bruker DektakXT; Beijing,

China) and a contour graph (Bruker ContourGT-K1). The

transmission and fluorescence spectraweremeasured by

a UV–visible spectrometer (Perkin-Elmer Lambda 35;

Shanghai, China) and a fluorescent spectrometer (Hitachi

F-7000; Tokyo, Japan), respectively. We acquired

bright-field and fluorescence microscopy images using

an inverted fluorescence microscope (Nikon Ti-U; Beij-

ing, China) by exciting the samples with halogen and

mercury lamps, respectively. We carried out optically

pumped lasing measurements for the individual pixels

on a custom microphotoluminescence system. The exci-

tation pulses (400 nm) were generated from the second

harmonic of the fundamental output of a regenerative

amplifier (Spectra Physics, 800 nm, 150 fs, 1 kHz), seeded

with a mode-locked Ti:sapphire laser (Mai Tai, Spectra

Physics, 800 nm, 150 fs, 80 MHz). We focused the exci-

tation laser down to a 20 μm diameter spot through an

objective lens (Nikon CFLU Plan, ×20, N.A. = 0.5) after

filtering with a 720 nm short-pass filter. A neutral density

filter was used to alter the power of the laser. After

removing the excitation beam with a 420 nm

long-pass filter, the emissions from the individual micro-

units were collected with the aid of the objective lens and

analyzed by optical emission spectrometry (PDA 7000;

Shimadzu Co. Ltd., Shanghai, China). A far-field photo-

graph of the display panel was taken under the irradiation

of a 400 nm laser with a built-in digital camera of a

cellphone.

Results and Discussion
Fabrication of RGB LC microlaser pixel arrays

We prepared LC microlaser arrays by selectively printing

cholesteric LC ink solutions into polymeric microtem-

plates at specific positions, according to the predesigned

digital patterns. As schematically illustrated in Figure 1a

and b, polymeric microtemplates were first fabricated by

etching a flat film of photoresist polymethylmethacrylate

with EBL, which was pre-spin-coated on an MgF2 sub-

strate. Then LC ink solutions were imbibed with a hollow

glass needle through capillary effect and deposited into

these microtemplates, assisted by ultrasonic vibration

(Figure 1c–f). The as-fabricated microtemplates posses-

sing columnar morphology (Supporting Information

Figure S1) confined the deposited ink solutions tightly.

The amount of deposited ink solutions was controlled

precisely by adjusting the ultrasonic vibration strength to

produce an ink solution that filled the microunits perfect-

ly (Supporting Information Figure S2). The shape and

size of the microunits were modulated rationally by

EBLElectron resist

Ultrasonic vibrations
Imbibing

(a)

(i)(h)(g)

(l)(k)(j)

(c)

(d) (f)(e)

(b)

Figure 1 | The fabrication of LC microlaser arrays. (a and b) Schematic illustration for the processing of polymeric

microtemplates by EBL. (c–f) Schematic illustration of the microtemplate-assisted inkjet printing. (g–l) Bright-field

and (j–l) PL images of printed pixel arrays. PL images were obtained under irradiation of UV light (330–380 nm). Scale

bars are 50 μm.
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varying the corresponding structure parameters of the

microtemplates (Supporting Information Figures S3

and S4). According to the well-organized geometry of

the microtemplates, the fabricated microunits could be

patterned into highly ordered arrays with dense packing

density (Supporting Information Figure S5). Moreover,

this microtemplate-assisted array fabrication method

was suitable for most organic ink solutions (Supporting

Information Figure S6) on a variety of substrates

(Supporting Information Figure S7).

In the as-fabricated microunits, multidomain LC super-

structureswereobtainedby introducing the chiral dopant

into the LC host (Supporting Information Figure S8),

which served as photonic crystal cavities to support

laser oscillations at photonic band edges (Supporting

Information Figure S9). The lasing wavelength could be

altered over a wide range by doping various dyes into the

LC inks with distinct band edges. Three laser dyes, 1,4-bis

(2-methylstyryl)benzene (o-MSB), 7-(diethylamino)-3-(1-

methyl-2-benzimidazolyl)coumarin (C30), and 4-(dicya-

nomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-

pyran (DCM), whose photoluminescence (PL) emissions

localized in the blue, green, and red wavebands, respec-

tively (Supporting Information Figure S10), were doped

separately into the LC ink solutions. We performed print-

ing of DCM-, C30-, and o-MSB-doped ink solutions se-

quentially into the microtemplates by column produced

pixelated RGB microunit arrays (Figure 1g–i). The

as-fabricated microunit arrays could extend to a large

area (Supporting Information Figure S11), which was nec-

essary for practical image display applications. Every

three adjacent microunits along the row direction of the

arrays functionedasan individualdisplaypixel comprising

RGB subpixels. Under UV light irradiation, these micro-

scale pixels with uniform geometric shapes and indepen-

dent forms emitted bright RGB fluorescence (Figure 1j–l),

demonstrating the feasibility of the idea that these fabri-

catedmicrounit arrays could serve as full-color panels for

self-emissive laser displays.

Single-mode lasing from individual pixels

RGB lasing from the fabricated microunits was achieved

with LC superstructures serving as photonic crystal cavi-

ties and embedded laser dyes providing optical gains, as

depicted in Figure 2a. When the microunits were excited

separately with a focused pulsed laser beam (400 nm,

∼150 fs, and 1 kHz) in a custom microphotoluminescence

system (Supporting Information Figure S12), we obtained

modulated PL spectra at relatively low pump energy

(<2.5 μJ cm−2) with more intense emissions at the band

edges than those inside the bandgaps of the LCs

(Supporting Information Figure S13). Such unique

modulation of PL emissions could be ascribed to the

distribution of the density of optical states35 and is bene-

ficial for the generation of low-threshold lasing at

long-wavelength band edges of LCs.36 With increasing

pump fluence, the PL intensities of the RGB emissive

microunits at ∼644, ∼531, and ∼462 nm were amplified

dramatically, respectively (Figure 2b–d). The lasing

actions were confirmed after plotting the corresponding

PL intensity as a function of the pump fluence and ob-

serving an exhibition of characteristic clear knee behav-

ior at their respective thresholds of ∼12.5, ∼31.8, and

∼17.2 μJ cm−2 (Supporting Information Figure S14). We

obtained single-mode lasing emissions from the RGB

microunits due to the spatially modulated refractive in-

dex in LC superstructures. We envisioned that the wave-

lengths of such RGB single-mode microlasers would be

located at the outer border of the chromaticity diagram,

which should define the most extensive possible color

gamut for vivid displays.1 We found that the full-width at

half-maximum of the lasing modes were as narrow as

0.3–0.7 nm, affording ultrahigh spectral purity for

high-saturation displays. Moreover, the lasing character-

istics of these microunits were well maintained upon

modulating their structural parameters, including thick-

ness (Supporting Information Figure S15), edge length

(Supporting Information Figure S16), and shape

(Supporting Information Figure S17).

Full-color lasing in the pixel arrays

Themulticolor lasing behavior of themicrounits provided

an opportunity to construct full-color emissive panels for

laser displays by adding color. In this work, we evaluated
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Figure 2 | Single-mode lasing of an individual RGB pixel.

(a) Sketch of individual RGB LC microlasers. (b–d) PL

spectra of the red- (b), green- (c), and blue-emissive

(d) micropixels under different pump fluences. Insets:

Corresponding PL images. Scale bars are 20 μm.
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the color expression based on the PL spectra of several

subpixel combinations by selectively pumping different

combinations in an individual RGB pixel. By so doing, we

demonstrated monochromatic RGB lasing, simultaneous

two-color lasing (R +G, G +B, R +B), and finally tri-color

lasing (R +G+B) (Figure 3a). The chromaticity for these

lasing spectra was calculated and plotted on the CIE1931

color diagram (Figure 3b). In this diagram, the chroma-

ticity of the tri-color lasing (R +G+B) locates closely to

the position of the CIE standard white illuminant D6537.

The chromaticity of the primary RGB colors defined a

triangle region, inside of which all colors could be

obtained through mixing RGB colors in proper propor-

tions, according to Grassmann’s law.37 After converting

to a perceptually uniform color space, the triangle region

covers obtained 196.6% perceptible colors, compared

with the standard RGB space (Supporting Information

Figure S18 and Tables S1 and S2), which suggested the

existence of a broad color gamut. These results demon-

strated the advantage of the LC microlaser arrays in

realizing vivid displays with outstanding color fidelity.

In order to examine the far-field color rendering, which

is a key feature of practical laser displays,2,38 we prepared

a range of LC microlaser arrays with the same pattern

“LCLD” (acronym of “Liquid Crystal Laser Displays”).

Thenwe took their far-field real-color photographs under

laser irradiation. As depicted in Figure 3c, not only red,

green, and blue “LCLD” patterns comprised the printed

monochromatic microunits but also yellow, cyan, and

magenta patterns composed of R +G, G +B, and R +B

emissive microunits, respectively, were obtained in the

far-field and were captured readily by the naked eyes.

Furthermore, a rendered white-emissive pattern was ac-

quired when the RGB microlaser array was exploited.

These results demonstrated an experimental proof of

concept for the construction of an LC microlaser array

composed of full-color laser display panels.

Flat-panel laser displays with the pixelated
panels

We carried out practical laser displays through selective

pixels excitation at different positions39 in the pixelated

RGB arrays, since any given image was composed of a

matrix of pixels. Various patterns and images were con-

verted into their corresponding digital masks. Subse-

quently, the integral excitation was performed by

manipulating a digital micromirror device with masks to

reflect selectively, the excitation beam to light up specific

pixels for picture displays (Figure 4a). Illustration in

Figure 4b–d presents a 3 × 9 pixel array displaying

red-, green-, and blue-emissive “L” characters by simul-

taneously exciting the microunits at specific positions

matching the digital masks with distinct “L” patterns.

Accordingly, large-scale image displays on the RGB

microlaser pixel matrixes were generated by employing

further large-sized digital masks with desired patterns.

As an example, an image of the red-emissive dragon was

presented on a centimeter-scale panel (1.2 cm in diagonal

size, 123 × 144 micropixels, Figure 4e), validating the ap-

plicability of the fabricated microunit matrices as laser

display panels for large-scale image displays. Moreover,

programming the digital masks into more complicated

pictures led to the display of colorful images; the image

of a full-color facial makeup (Figure 4f) under precise

excitation (Figure 4g) demonstrated a method of realiz-

ing colorful image displays. These results verified the

notion that LC microlaser arrays could well be applied

to serve as self-emissive, full-color panels for flat-panel

laser displays.

Conclusion
We have demonstrated full-color laser display panels

with RGB LC microlaser arrays fabricated through a

microtemplate-assisted inkjet printing method. LC

microlasers were well-positioned into a pixelated matrix,

according to the geometry of the microtemplates, where

every three adjacent RGB microlasers served as an
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Figure 3 | Full-color lasing combinations from RGB sub-

pixels. (a) Lasing spectra of different combinations of

RGB subpixels. Insets: Corresponding PL images and

CIE1931 coordinates calculated from respective spectra.

Scale bars are 20 μm. (b) Chromaticity distribution of the

lasing peaks on the CIE1931 color diagram. The peaks

were extracted from seven spectra in (a). (c) Far-field

photograph of the “LCLD” patterns composed of differ-

ent RGB pixel arrays. The photograph was captured by a

built-in digital camera in a cell phone. Scale bar is 150 μm.
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individual pixel. Laser emissions from display pixels were

modulated to cover the full visible spectrum, which

exhibited excellent color rendering features. Using

large-scale LC microlaser pixel matrixes as display

panels, we achieved full-color laser displays. These

results are an inspiration for the construction of periodic

multicolor laser arrays and open new avenues for creat-

ing high-performance flat-panel laser display and lighting

devices.
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