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Abstract: Despite their excellent performance and versatil-

ity, the efficient integration of small lasers with other optical

devices has long been hindered by their broad emission

divergence. In this study, we introduce a novel approach

for emission engineering in microdisk lasers, significantly

enhancing their vertical emission output by directly inte-

grating specially designed reflective metalenses, referred to

as “meta-micromirrors”. A 5 μm-diameter microdisk laser

is precisely positioned at an 8 μm focal distance on a 30 ×
30 μm2 meta-micromirror featuring a numerical aperture

(NA) of 0.95, accomplished through micro-transfer print-

ing techniques. Our experiments demonstrated a notable

increase in the emission efficiency within an NA of 0.65.

Specifically, we observed a 2.68-fold increase in the average

emission from ten microdisk lasers. This integration not

only enhances the emission efficiency of small lasers but

also holds considerable implications for micro- and nano-

photonic integrations. The results of this integration open

*Corresponding author: Myung-Ki Kim, KU-KIST Graduate School of

Converging Science and Technology, Korea University, Seoul, 02841,

Republic of Korea; Center for Quantum Information, Korea Institute of Sci-

ence and Technology (KIST), Seoul, 02792, Republic of Korea; and Depart-

ment of Integrative Energy Engineering, Korea University, Seoul 02841,

Republic of Korea, E-mail: rokmk@korea.ac.kr. https://orcid.org/0000-

0002-8896-6912
AranYu, MoohyukKim, Byoung JunPark, HaeRin Jeong and Byeong

Uk You, KU-KIST Graduate School of Converging Science and Technology,

Korea University, Seoul, 02841, Republic of Korea

Da In Song, KU-KIST Graduate School of Converging Science and Technol-

ogy, Korea University, Seoul, 02841, Republic of Korea; and Mechatronics

Research Center, SAMSUNG Electronics, Hwaseong 18448, Republic of

Korea

Seung-Woo Jeon, Center for Quantum Information, Korea Institute of

Science and Technology (KIST), Seoul, 02792, Republic of Korea

Sang-Wook Han, Center for Quantum Information, Korea Institute of

Science and Technology (KIST), Seoul, 02792, Republic of Korea; and

Division of Nanoscience and Technology, KIST School, Korea University of

Science and Technology (UST), Seoul, 02792, Republic of Korea

up new possibilities in various fields, including photonic

integrated circuits, bio-sensing technologies, and the devel-

opment of quantum light sources.
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1 Introduction

In today’s rapidly evolving technological landscape, the

demand for smaller, more efficient, and versatile devices

has intensified. As a result, smaller lasers, such as micro-

and nano-lasers, have attracted considerable interest. These

lasers play vital roles across diverse sectors, including

optical communications [1]–[8], optical sensing [9]–[14],

defense and security [15], [16], and biomedical applications

[17], [18], owing to their compact sizes and superior perfor-

mance capabilities. Their integration into various techno-

logical domains not only enhances existing applications, but

also paves the way for novel innovations, profoundly shap-

ing the future trajectory of multiple fields. Nevertheless,

the small size of these lasers presents a critical drawback:

their wide emission angle. This characteristic causes laser

light to disperse over a broader area, severely impeding

seamless integration with other technologies [19]–[23]. This

wide emission angle complicates the coupling with external

optical devices, posing challenges in device design and fab-

rication. At times, it necessitates additional optical adjust-

ments or complex alignment procedures.

Recently, light manipulation using metastructures,

such as metamaterials and metasurfaces, has garnered

significant attention [24]–[28]. Metasurfaces, comprising

nanostructure arrays designed to manipulate electromag-

netic fields with a small thickness, offer precise control over

light properties, including phase, direction, amplitude, and

polarization [29]–[32]. Their thin, lightweight nature, and

versatility enable functionalities like high-refractive-index

materials [33]–[35], negative refraction [36]–[39], and high-

numerical-aperture (NA) metalenses [40]–[44]. In recent
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years, the integration of ultrasmall light sources, such as

diamond nitrogen-vacancy (NV) centers and quantum dots,

with low-loss, high-efficiency dielectric metasurfaces has

been actively studied [45]–[50]. However, the integration of

metasurfaces and small lasers remains a significant chal-

lenge because it requires precise alignment and effective

coupling within a limited small form factor.

In this study, we present a novel approach to enhance

the emission efficiency of microdisk lasers (which are small

lasers known for their wide emission angles) by directly

integrating them with reflective metalenses, named “meta-

micromirrors”. Employing micro-transfer printing tech-

niques, we positioned the 5 μm-diameter microdisk laser at
an 8 μm focal distance on a 30 × 30 μm2 meta-micromirror

featuring an NA of 0.95. Our experiments demonstrated a

notable increase in the emission efficiency within an NA

of 0.65, evidenced by a 2.68-fold increase in average emis-

sion observed from ten microdisk lasers. This integration

not only enhances the emission efficiency of small lasers,

but also has far-reaching implications for future micro-

and nano-photonic integrations, heralding new possibili-

ties in fields such as optical communications and biological

applications.

2 Device concept

Figure 1(a) presents a schematic diagram of the microdisk

laser integrated with a micromirror. This configuration

addresses the inherent challenge of whispering-galley-

mode microdisk lasers, which struggle with vertical laser-

beam collection because of their substantial emission

angles. This design introduced a reflectivemechanismat the

base that merged the laser beams emitted in two vertical

directions into a singular vertical trajectory. However, given

the inherently wide emission angle of a microdisk laser,

a unidirectional reflector alone is insufficient to optimize

the vertical emission efficiency. Therefore, it is essential

to design a lower reflector that not only reflects, but also

strategically redirects the beam’s emission path to enhance

its performance. To achieve this redirection, a highly spe-

cialized ultrathin reflective metalens with concave mirror

capabilities, called a meta-micromirror, is strategically posi-

tioned beneath the microdisk laser. This placement allowed

the steering of the high-angle laser beams emitted down-

ward to be redirected upward, as shown in Figure 1(b).

Here, an SU-8 spacing layer was employed to maintain the

gap between the meta-micromirror and the microdisk laser

precisely.

Optimizing the performance involves meticulously

adjusting the SU-8 layer thickness (Ts), size (S), and focal

length (f ) of the meta-micromirror structure, consider-

ing the laser’s radiation angle. The laser mode selec-

tion is dependent on the dimensions of the disc (diam-

eter = d, thickness = t), whereas the efficacy of the

meta-structure is adjusted through the structure’s thick-

ness (Tm) and the arrangement of the introduced nano-air

Figure 1: Microdisk laser integrated with meta-micromirror. (a) Schematic of microdisk laser integrated with meta-micromirror. The meta-micro-

mirror is formed by placing a SiN metasurface on top of a gold reflector, which is separated from the microdisk laser by an SU-8 spacer. (b) Beam path

of the microlaser in the presence of the meta-micromirror. Here, the thickness of the SU-8 layer (Ts) is adjusted to match to the focal length (f )

of the meta-micromirror. (c, d) Scanning electron microscopy (SEM) images of the microdisk laser and metasurface, transfer-printed on SU-8

and a gold reflector, respectively.
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holes. The microdisk laser is based on indium–gallium–

arsenide–phosphide (InGaAsP) with embedded quantum

wells to allow emission in the communication wavelength

spectrum. The meta-micromirror is designed on a silicon

nitride (SiN) base, offering a thickness of∼1 μm in the com-

munication wavelength with high efficiency. The microdisk

laser and meta-micromirror are, respectively, transfer-

printed onto an SU-8 layer and a gold (Au)-reflector, as

shown in Figure 1(c) and (d). This process facilitated the fab-

rication of a compact and highly efficient laser platform that

could be seamlessly integrated with a meta-micromirror.

3 Device design

Our design approach for the meta-micromirror prioritized

both thinness and high efficiency, aiming for seamless

integration with small laser systems. For the metastruc-

ture material, we chose SiN because of its high transmit-

tance in the communication wavelength range and well-

balanced refractive index. These attributes enable it to

induce full phase shifts in layers as thin as ∼1 μm, aligning
well with our design objectives. While silicon (Si) offers

higher refractive-index values, it leads to significant surface

reflections, diminishing the overall efficiency of the meta-

structure. In contrast, SiNs can be precisely nanofabricated

and are highly resistant to changes in temperature and

humidity. To achieve the desired phase modulation, nano-

sized air holes were introduced into the SiN layer. These air

holes, with dimensions significantly smaller than the opera-

tional wavelength, allowed us tomodify the effective refrac-

tive index of the material, thereby facilitating adjustable

phase variations. Although SiN rod structures could also be

viable for similar phase shifts, we found that a mesh-type

air-hole patternwasmore beneficial, especially for transfer-

printing processes.

Figure 2(a) illustrates the unit cell of a meta-

micromirror, commonly referred to as a meta-atom.

The SiN thickness (Tm) and unit cell size (L) were set

to the optimal values of 1100 and 700 nm, respectively

[see Supplementary Note 1]. Figure 2(b) showcases the

calculated phase delay in the reflected beams as the air

hole diameter (D) varies. The calculations were conducted

using a finite-difference time-domain (FDTD) simulation

provided by Lumerical Inc. This figure clearly demonstrated

the achievement of a 2π phase shift across D range from

35 to 665 nm, while consistently maintaining an average

reflectance of 97 %.

Based on the data in Figure 2(b), we constructed the

phase map of a concave meta-mirror using the following

equation:

Φ
(
x, y

)
= 2𝜋

𝜆∕nb

(√(
x2 + y2

)
+ f 2 − f

)
(1)

Here, 𝜆, nb, f represent the operating wavelength, the

refractive index of the background, and the focal length of

the meta-micromirror, respectively. Figure 2(c) depicts the

calculated phase map (Φ) of a meta-micromirror, featuring
a focal length (f ) of 8 μm, in conditions with an operating

wavelength (𝜆) of 1550 nm and a background of SU-8 with

nb of 1.61. Subsequently, we constructed the structure of the

meta-micromirror, as presented in Figure 2(d), by mapping

D according to the phase map shown in Figure 2(c). For

the actual fabrication process, the meta-micromirror was

designed as a square with each side (S) measuring 30 μm,
resulting in an NA (that is, NAmeta) of 0.95.

To evaluate the performance of the meta-micromirror,

we conducted FDTD simulations utilizing the structure

depicted in Figure 2(d). Figure 2(e) illustrates the distribu-

tion of the calculated electric field intensity (|E|2) on the

xz-plane, representing the scenario of a planewave incident

fromabove, propagating along the negative z-direction. This

figure distinctively showcases that the reflected beam is

focused ∼8 μm above the top of the meta-structure, closely

aligning with the targeted design value of 8.0 μm. With this

configuration, the full-width at half-maximum (FWHM) of

the focused beam was measured to be 1.02 μm, which is

about 0.65 times thewavelength, as illustrated in Figure 2(f).

Additionally, themeasured depth of focus (DoF)was 743 nm,

as shown in Figure 2(g). This figure also reveals the inter-

ference pattern within the SU-8 layer, which is attributed to

Fabry–Perot interference caused by reflections from both

the top and bottom surfaces of SU-8. The reflectance effi-

ciency of the beam concentrated near the focus was deter-

mined to be 60.3 %.

In the configuration shown in Figure 2(e), placing a

microdisk laser above the focused area of the SU-8 layer

implies that the laser beam travelling downward is effi-

ciently reflected within the operating range of the meta-

micromirror. Consequently, this redirection aligns the beam

towards a nearly vertical trajectory. In this context, the

FWHM in Figure 2(f) represents the alignment tolerance

of the microdisk laser, and the DoF in Figure 2(g) can be

interpreted as the permissible thickness variation of the

laser. Figure 2(h)–(j) display the far-field distribution and

logarithmic scale of |E|2 on the xz-plane under differ-

ent scenarios: placing a microdisk laser on an SU-8 layer

without any reflector, on an SU-8 layer equipped solely

with an Au-reflector, and on an SU-8 layer that includes

a meta-micromirror, respectively. In these simulations, the

microdisk laser has a diameter (d) of 5 μm and a thickness

(t) of 220 nm, emitting a beam with 𝜆 of 1556.23 nm with



2906 — A. Yu et al.: Emission engineering in microdisk lasers with meta-micromirrors

Figure 2: Design of meta-micromirror. (a) Schematic of unit cell of meta-micromirror. The unit cell with size L consists of a gold reflector, SiN of height

H, and an air hole with diameter D. (b) Calculated phase delay as D varies from 35 nm to 665 nm at a wavelength of 1550 nm, H = 1100 nm, and

L= 700 nm. (c) Phase map of a focal length of 8 μm in an external environment of SU-8 (refractive index= 1.61). (d) A map of D of meta-micromirrors

corresponding to a phase map with a focal length of 8 μm. The total area here is 30 × 30 μm2, where the numerical aperture (NA) is 0.95.

(e) Distribution of the calculated electric field intensity (|E|2) on the xz-plane, illustrating scenario of a planewave incident from above, travelling along

the negative z-direction. (f) |E|2 distribution along the x-direction. The full-width at half-maximum (FWHM) of the focused beam is measured to be

1.02 μm, which is about 0.65 times the wavelength. (g) |E|2 distribution along the z-direction. The depth of focus (DoF) was measured to be 743 nm.
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an azimuthal mode number of 24. As shown in Figure 2(h),

42 % of the total energy emitted from the microdisk laser

was projected upward into the air. Of the energy emitted

upwards, only 2.5 % was detected within NA = 0.65 (corre-

sponding emission angle <40.5◦). In the configuration pre-

sented in Figure 2(i), which employs only an Au-reflector,

the predominant portion of the upwardly reflected beam

is characterized by wider angles. This enhances the effi-

ciency of the beam entering within NA = 0.65, showcasing

a modest increase of 1.05 times in comparison with the

scenario depicted in Figure 2(h). However, in a structure

that integrates a meta-micromirror, as shown in Figure 2(j),

the upward-reflected beam is steered and emitted in the

vertical direction. This behavior is observable in the far-

field pattern and |E|2 profile. In this structure, the effi-

ciency of the beam emitted within an NA of 0.65 is cal-

culated to increase by 1.39 times compared with the sce-

nario in Figure 2(h). It is also confirmed that the enhance-

ment in efficiency is not attributed to scattering by the

meta-structure, but rather to the meticulously engineered

phase distribution, as detailed in Supplementary Note 2. In

addition, the change in enhancement due to shifts in res-

onance wavelength, or more specifically, the displacements

in disk diameter of±2 μm, does not significantly deteriorate
[Supplementary Note 3]. Notably, this efficiency enhance-

ment becomes more significant as the NA of the collecting

objective lens (NAobj) decreases. For example, the efficiency

enhancement increases by a factor of 4.2 when NAobj is

decreased to 0.5, peaking at a factor of 8.5 when NAobj is fur-

ther reduced to 0.39 [see Supplementary Note 4]. The sim-

ulations revealed that the integrating a meta-micromirror

substantially improved the unidirectional vertical emission

of the microdisk laser, achieved through an emission engi-

neering process.

4 Fabrication

To fabricate the microdisk laser integrated with a meta-

micromirror, as depicted in Figure 3, we created a SiN-

based metastructure, transferred it onto an Au-reflector

by transfer-printing, and carefully positioned the pre-

fabricated InGaAsP microdisk laser on top of the meta-

micromirror separated by the SU-8 spacer. Initially, to create

a transferable SiN metastructure, we deposited 1.1 μm-thick
SiN on a Si wafer, and then patterned the metastructure

using electron beam (e-beam) lithography, followed by dry

(h–j) Saturated far-field distributions and logarithmic scale of |E|2 on the xz-plane for scenarios where amicrodisk laser is placed on an SU-8 layer without
any reflector, on an SU-8 layer equipped solely with a gold reflector, and on an SU-8 layer that includes a meta-micromirror. In these simulations, the

microdisk laser has a diameter (d) of 5 μm and a thickness (t) of 220 nm, and emits a beam with 𝜆 of 1556.23 nm with an azimuthal mode number of 24.

etching with reactive ion etching (RIE) process to form

the SiN-based metastructure layer. This was followed by

potassium hydroxide (KOH) wet-etching to create a trans-

ferable freestanding SiN metastructure layer [see Supple-

mentary Note 5]. Afterwards, as shown in Figure 3(a–c), the

free-standing metastructure was transfer-printed onto an

Au-reflector. For this, a 20 × 20 μm2 polydimethylsiloxane

(PDMS) stamp was used to peel off the metastructure from

the SiN thin film, and it was printed onto the Au-reflector

while observing with an optical microscope. As shown in

Figure 3(g), tether structures, optimized to dimensions of

2 μm in length and 500 nm in width, were introduced at the

edges of the SiN metastructure. The structures were sepa-

rated from the SiN film by applying mechanical pressure

employing a PDMS stamp. To ensure secure attachment of

the SiN metastructure to the Au-reflector, the Au-surface

underwent preparatory treatment involving a 50-W oxygen

gas (O2) plasma exposure for 10 min. Subsequently, as seen

in Figure 3(d), SU-8 was spin-coated at 2000 rpm for 30 s, fol-

lowed by post-baking at 95 ◦C for 6 min, to form an ∼8 μm-
thick spacer over the meta-micromirror. Following this, the

coated SU-8 was treated again with 50 W of O2 plasma for

10 min for effective printing using the InGaAsP laser.

Independently of the SiNmetastructure fabrication, we

manufacturedmicrodisk lasers on InGaAsP/InPwafers with

a diameter of 5 μm and a thickness of 220 nm [see Sup-

plementary Note 6]. After patterning with e-beam lithog-

raphy, we employed chemically-assisted ion-beam etching

(CAIBE) for dry etching, followed by wet etching with

hydrochloric acid (HCl) to separate the InGaAsP microdisk

lasers from the InP substrate. The microdisks, which were

designed without tethers, had freedom of movement. To

facilitate transfer-printing, we strategically patterned the

edges such that they were exceptionally thin. This design

choice allowed the microdisks to remain delicately but

securely attached near the edges, enabling effective trans-

fer while preserving their structural integrity, as illustrated

in Figure 3(h). Subsequently, as depicted in Figure 3(e) and

(f), we used a PDMS stamp to transfer-print the InGaAsP

microdisk lasers onto the fabricated SU-8 layers. In this pro-

cess, alignment precision is critical, necessitating accurate

alignment between the center of the meta-micromirror and

the microdisk laser. To accomplish this, we employed high-

precision nanostageswith a high-resolutionmicroscope sys-

tem, achieving a minimal alignment deviation of below

500 nm, which is smaller than the size of the individual

unit cells. For a comparative analysis of the performance
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Figure 3: Fabrication process. (a–c) Transfer printing process of free-standing metastructure onto gold reflector. For transfer printing, a 20 × 20 μm2

polydimethylsiloxane (PDMS) stamp was used to peel the metastructure from the SiN thin film and print it onto the gold reflector while observing it

under a optical microscope. (d) SU-8 spin-coating process to form an 8 μm-thick spacer on top of the meta-micromirror. (e–f) Alignment transfer-
printing process of InGaAsP microdisk laser onto SU-8/meta-micromirror using PDMS stamp. (g) SEM image of free-standing SiN metasurface with

four tethers. (h) SEM image of InGaAsP microdisk laser after released from the wafer.

of microdisk lasers integrated with meta-micromirrors, we

prepared two sets of microdisk laser samples: ten samples

integrated with meta-micromirrors and another three sam-

ples paired exclusively with Au-reflectors. This approach

enabled us to directly compare the performance outcomes

of the microdisk lasers in the context of their integration

with either meta-micromirrors or AU-reflectors.

5 Measurement

Before validating the performance of the microdisk laser

integrated with the meta-micromirror, we evaluated its

effectiveness using a reflective imaging setup. As detailed in

Supplementary Note 7, we found that the fabricated meta-

micromirror effectively focused the beam∼8 μm above the

top surface of the meta-structure, i.e., on the upper surface

of the SU-8 layer, matching our initial design specification.

After printing the microdisk laser onto the verified meta-

micromirror, we tested its laser performance using the pho-

toluminescent setup shown in Figure 4(a). In this arrange-

ment, we employed a 976 nmwavelength laser as the pump-

ing source. To ensure the stable operation of the microdisk

laser, we applied pulsed pumping (repetition rate = 1 MHz,

pulse width = 50 ns). To maintain experimental consis-

tency, we kept the pumping conditions uniform across all

samples, as depicted in Figure 1(b) [Supplementary Note 8].

The image and intensity of the emitted laser output beam
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Figure 4: Characterization of microdisk laser emission. (a) Photoluminescent setup with a 976-nm pump laser. The images and intensities of the laser

output beams are detected using an infrared charge-coupled device (IR CCD), following the removal of the pumping beam through a dichroic mirror

and a long-pass filter. The laser spectrum is analyzed using a spectrometer. Here, a ×50 IR objective lens with a NAobj of 0.65 is used to collect the laser
emission. (b) Photograph of the sample containing both the meta-micromirror and the microdisk laser. (c) Microscope image of two configurations,

one with a microdisk laser mounted on a meta-micromirror and the other with a microdisk laser positioned on a gold reflector. (d) IR CCD image and

emission spectrum of a microdisk laser printed on a gold reflector without meta-structure, compared to results from the same laser mounted on

PDMS. The green dotted circle provides a guideline for comparing sizes. (e) IR CCD image and emission spectrum of a microdisk laser printed

on a meta-micromirror, compared to results from the same laser mounted on PDMS.
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were detected using an infrared charge-coupled device (IR

CCD) following the removal of the pumping beam through

a dichroic mirror and a long-pass filter. The laser spectra

were analyzed using a spectrometer. For this setup, a×50 IR
objective lens with an NAobj of 0.65 was utilized to col-

lect the emitted microdisk laser beam. Figure 4(b) show-

cases a photograph of the sample containing both the

meta-micromirror and microdisk laser after all the fabri-

cation processes were completed. The microscope image in

Figure 4(c) illustrates two configurations prepared for com-

parison: one featuring the microdisk laser mounted on the

meta-micromirror, and the other with the microdisk laser

positioned on an Au-reflector.

Before printing the microdisk lasers when they were

positioned solely on the PDMS stamp, we measured the

intensities, images, and spectra of the microdisk laser emis-

sions for comparison, as shown in Figure 4(d) and (e). This

was performed prior to measuring the emission charac-

teristics of the same laser on both an Au-reflector and a

meta-micromirror. The refractive index of PDMS (nPMDS =
1.40) differs by ∼0.21 from that of SU-8 (nSU-8 = 1.61), and

this variancewas found to be negligible in the context of the

beam emission conditions. Consequently, a laser on PDMS

was employed as a reference standard for each set of mea-

surements. Note that, in the transfer printing process utiliz-

ing PDMS stamps, only negligible amounts of PDMS residue

are left on the laser [Supplementary Note 9]. Figure 4(d)

presents the IRCCD images and emission spectrum results

for a microdisk laser printed on an Au-reflector without a

metastructure, compared with the results from the same

laser mounted on PDMS. For the structure placed on PDMS,

the laser wavelength was measured at 1566.25 nm, and its

threshold peak power wasmeasured at 674 μW [see Supple-

mentary Note 10]. On the other hand, the same laser posi-

tioned on the Au-reflector underwent a redshift to a wave-

length of 1569.21 nm, which was attributed to the relatively

higher refractive index of the SU-8 spacer compared to that

of PDMS. The threshold power for this laser was measured

at 772 μW. The total power enhancement collected from

the laser on the Au-reflector in comparison with that on

PDMS was observed to be ∼1.04 times, exhibiting a very

slight change. Furthermore, the emission images reveal a

slightly increased size relative to the reference images, indi-

cating a slight expansion in the directional range of the

beam, which was not previously detected. In the case of

the microdisk laser located on the meta-micromirror, as

depicted in Figure 4(e), the total power collected exhibited

a substantial increase of ∼2.87 times compared with the

reference. The IR CCD image of the emitted beam was

notably larger than the reference image. Despite the pre-

diction of a 1.39-fold increase with an NAobj of 0.65, as

highlighted in Figure 2(j), the actual experimental results

demonstrated further enhancement. This discrepancy can

primarily be attributed to a slight reduction in the effec-

tive NA, as discussed in Figure S4(b). This decrease is

mainly caused by an 8 μm thick spacer placed between

the microdisk laser and the meta-micromirror. This setup

results in distortions as the laser-emitted beam is reflected

by the meta-micromirror and then recaptured by the

objective lens. Additionally, the experimental setup’s vari-

ous optical components might cause partial loss of highly

diverged emitted beams, further decreasing the effective

collectionNA. Reverse analysis of the 2.87-fold enhancement

noted in Supplementary Note 4 suggests that the effective

NAobj in our experiment was ∼0.56. The emission wave-

lengths of themicrodisk laser placed on PDMS and themeta-

micromirror were observed to be 1573.29 and 1575.5 nm,

respectively, similar to the wavelength difference revealed

in Figure 4(d), with the threshold powers measured at 1093

and 953 μW, respectively.
To enhance the accuracy of the performance validation,

we assessed ten prepared samples by comparing them with

the reference results and quantified the emission enhance-

ment, as summarized in Figure 5(a), and the laser wave-

lengths and threshold powers are summarized in Supple-

mentary Note 11. Additionally, the emission enhancement

factors of the other three samples, which were mounted on

Au-reflectors without metastructures, are overlaid in this

graph corresponding to samples 2, 6, and 10, where the

result in Figure 4(a) corresponds to sample 2. This figure

clearly demonstrates that each sample equipped with the

meta-micromirror exhibited a distinct emission enhance-

ment, with the values ranging from a maximum of 3.18

to a minimum of 2.12. Variations in enhancement factors

may result from a range of factors, includingmanufacturing

process variations, alignment issues, measurement inaccu-

racies, and inconsistencies in the printing process. The aver-

age enhancement factor for these ten samples was 2.68. This

significant enhancement is visually confirmed in Figure 5(b)

by the IR CCD images, which distinctly demonstrate that

all samples display considerably expanded emission images

compared to their references [Supplementary Note 12]. For

the three samples placed on the Au-reflector, the average

enhancement factor was measured to be 1.04, reinforcing

the conclusion that significant emission enhancement is not

achievable in the structure with only an Au-reflector.
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Figure 5: Statistical measurements with 10 samples. (a) Emission enhancement factors of 10 microdisk lasers integrated with meta-micromirrors (red

stars) and enhancement factors of 3 microdisk lasers integrated with only gold reflectors (blue stars). (b) Microscopy images, IR CCD images (captured

at a peak pump power of 1722 μW) of microdisk laser emission on PDMS, and IRCCD images of the same lasers integrated with meta-micromirrors,
for the 10 samples in (a). The scale bars in the optical microscope image and IR CCD image represent 30 μm and 10 μm, respectively.

6 Conclusions

In this study,wedemonstrated the emission engineering of a

small laser to substantially enhance the collection efficiency

through the integration of a high-NA meta-micromirror

with a microdisk laser. This integration not only boosts the

emission efficiency of microdisk lasers, but also facilitates

meticulous control over their emission angles, establishing

a formidable platform for advanced emission engineering.

Our approach, utilizing reflectivemeta-micromirrors, is pri-

marily focused on engineering downward emissions, which

resulted in a remarkable 2.68-fold increase in the upward

vertical emission from the microdisk laser. However, the

potential of this platform may extend beyond its initial

accomplishments. By amalgamating these reflective meta-

micromirrors with transmissive metamaterials aimed at

upward emission, we can surpass the current collection effi-

ciency boundaries, thereby creating amore potent platform

for emission control. Additionally, this integration has the

potential to exploit a variety of metasurface applications,

including orbital angular momentum manipulation, polar-

ization control, beam steering, and holography, thereby

providing comprehensive control over laser emissions. We

are confident that our findings will contribute significantly

to the advancement of small-laser technologies, paving the

way for advanced applications in diverse areas such as

photonic integrated circuits, biosensing technologies, the

Internet of things (IoT), and the development of quantum

light sources.
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