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ABSTRACT

Combining semiconductor quantum dots (QDs) with dielectric metasurfaces offers a promising platform for enhancing and con-
trolling light emission properties. Highly enhanced directional and polarized emission is experimentally demonstrated from
dielectric metasurfaces integrated with colloidal QDs. Specifically, emission enhancements from InP/ZnS QD- and CdSe/ZnS
QD-integrated metasurfaces are directly compared. It is found that low absorption losses in the emitter layer can drastically
increase the maximum achievable enhancement when different QDs are coated on the same metasurface. In particular, the lower
intrinsic losses of the InP/ZnS QD layer enable dramatically enhanced vertical emission with narrow angular divergence, achiev-
ing a 140-fold enhancement in experiment. Our detailed experimental and theoretical investigations indicate the critical role of
the emitter layer in the design of the emitter-integrated metasurface. Strong agreement between simulation and experiment con-
firms the critical-coupling behavior in maximized emission enhancement. Our study provides general guidelines for the devel-
opment of directional light sources. Compact light sources with high directionality and controlled polarization hold strong

potential for applications in displays, optical communications, sensing, and imaging.

1 | Introduction

Directional light sources are highly desirable in applications that
require high radiance, controlled angular spectra, efficient wave-
guide coupling, or long-range light propagation [1-6]. They have
become essential components in advanced displays, optical com-
munications, optical sensing, and imaging systems. For example,
directional light sources can be particularly advantageous for
near-eye display technologies such as augmented reality (AR),
which often rely on coupling light into waveguides or optical
combiners with narrow angular acceptance windows [7-9].
Directional emission with small divergence angles improves cou-
pling efficiency into these waveguide components without the
need for bulky external optics. In addition, strong emission
enhancement in the target direction is critical for AR, where

computer-generated imagery must be overlaid onto bright natu-
ral scenes.

In this regard, integrating light emitters with dielectric meta-
surfaces offers a promising platform for enhancing and control-
ling emission properties. Dielectric metasurfaces are ultrathin,
artificially engineered films composed of periodic arrays of
high-refractive-index dielectric nanostructures [10, 11]. In recent
years, they have emerged as highly versatile platforms in nano-
photonics [4, 12-18]. Because they typically employ low-loss
dielectric materials, dielectric metasurfaces can support high-
quality (high-Q) optical resonances [19-22]. When emitters
are integrated with such resonant structures, their emission
can be significantly enhanced. Beyond simple intensity enhance-
ment, direct control of the emission fields provides fine control
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over emission characteristics such as directionality and polariza-
tion, making dielectric metasurfaces excellent candidates for
compact and highly functional light sources [23-28].

While previous studies have demonstrated that integrating emit-
ters with metasurfaces can enhance light emission and allow
control over emission characteristics, most research has predom-
inantly focused on optimizing the structural design of the dielec-
tric metasurface alone—tuning parameters such as thickness,
diameter, periodicity, and material composition [29-34]. In con-
trast, there has been relatively little experimental investigation
into how the material properties of the emitter layer affect the
overall emission performance. In the emitter-integrated dielectric
metasurfaces, the emitter layer plays an important role in deter-
mining the achievable emission enhancement. Therefore, the
emitter layer must be carefully considered during the design pro-
cess to fully optimize emission behavior. Understanding the role
of the emitter layer is thus not only scientifically important but
also practically beneficial, enabling the development of opti-
mized directional light sources.

In general, the emission characteristics of emitter-integrated
dielectric metasurfaces can be analyzed using the reciprocity
principle. According to the Lorentz reciprocity theorem, the
far-field emission power of embedded light emitters can be
obtained by integrating the electric-field intensity inside the
emitting medium under external illumination [26, 35]. This
approach is equivalent to the conventional dipole ensemble sim-
ulation, in which the far-field emission power from an ensemble
of randomly positioned and oriented dipolar emitters is deter-
mined by integrating the total field enhancement at the dipole
locations under incident light. However, the reciprocity-based
calculations based on field enhancement simulations simplify
emission calculations and are more straightforward to optimize.

According to temporal coupled-mode theory (TCMT), the field
enhancement factor I in a resonant optical mode is given by
I ~ Q*(QraqVer), Where Vo is the effective mode volume
[36]. Here, the total Q factor is Q = wo/[2(Vrad + 7ur)], Where
wy is the resonant frequency, and y,,q and y,, are the radiative
and nonradiative damping rates, respectively. The radiative Q
factor is defined as Q.q = wy/(2¥:aq)- Then, the field enhance-
ment reaches a maximum under the critical coupling condition
Qrad = Qnr as can be derived from the condition dI/dQ,,q =0.
Because emission enhancement from the emitter-integrated
metasurface (or periodic structures in general) can be calculated
by integrating the field intensity in the emitter layer under inci-
dent light, the emission enhancement should also reach a maxi-
mum at the critical coupling condition. A similar argument has
also been made in terms of spectral density of states (SDOS)
p(k, w) [37], where the same critical coupling condition (or
Q-matching condition) was derived for the maximum enhance-
ment of emission. Here, the wavevector k indicates a specific
emission direction. Note that this is different from the local den-
sity of states (LDOS) p(r, @) calculations, where the total emission
of one dipole source is calculated into all directions.

The reciprocity analysis indicates that absorption losses in the
emitter layer play a critical role because they determine the criti-
cal-coupling condition required for maximizing emission enhance-
ment. Under critical coupling (Qnq = Qn), the maximum
achievable field enhancement is fundamentally limited by the non-
radiative losses: Ijax o 1/, (thus, .y o Qny). Nonradiative losses

arise from material absorption at the emission wavelength, as well
as from parasitic effects such as random scattering due to surface
roughness and lateral energy leakage due to the finite size of the
patterned region. Therefore, if other conditions (such as surface
roughness and pattern size) remain the same, reducing the intrinsic
absorption losses of the emitter layer can further increase the max-
imum achievable enhancement.

Here, we experimentally demonstrate that low absorption losses
in the emitter layer can drastically increase the maximum achiev-
able enhancement when different semiconductor quantum dots
(QDs) are coated on the same dielectric metasurface. In our pre-
vious work, CdSe/ZnS QDs were used to investigate the effect of
critical coupling on emission enhancement [36]. However, due to
the nonnegligible absorption losses (i.e., x =Im[7]) in the QD
layer, the observed enhancement was limited to approximately
a 20-30-fold increase. In this study, we demonstrate highly direc-
tional emission with narrow angular divergence from QD-
integrated dielectric metasurfaces. Particularly, we directly com-
pare the emission characteristics in the visible region when InP/
ZnS QDs and CdSe/ZnS QDs are coated on the same dielectric
(TiO,) metasurfaces. Through detailed simulations and experi-
ments, we systematically investigate the role of the emitter layer
in determining emission enhancement. While the absorption
enhancement at the excitation laser wavelength remained unch-
anged, emission enhancement was maximized via critical cou-
pling at the QD emission wavelength. We show that the lower
intrinsic losses of the InP/ZnS QD layer enable dramatically
improved emission performance, experimentally achieving
extremely high enhancement (140-fold) in the vertical direction.
Our experimental observations are consistent with critical-
coupling behavior at the emission wavelength and exhibit excel-
lent agreement with simulations.

Unlike most prior studies that focus primarily on metasurface
geometry, our approach highlights how the emitter’s intrinsic
properties directly influence emission enhancement. Through
detailed simulations and experiments, we develop a deeper
understanding of emitter-integrated metasurfaces. These find-
ings offer valuable insights into nanoscale emission engineering
by enabling the co-design of the emitter and metasurface, and
they contribute to the development of high-performance direc-
tional light sources.

2 | Results and Discussion

Figure 1a,b illustrate the schematic of the TiO,-based dielectric
metasurface, which consists of periodically arranged nanodisks
fabricated on a quartz substrate. The metasurface has a period-
icity of p =380 nm, a TiO, disk diameter of D, =150 nm, and a
height of h =112 nm. A QD layer is coated around the TiO, nano-
disks. The disk size variation AD is defined as AD = Dy-D.

InP/ZnS QDs and CdSe/ZnS QDs exhibit different absorption
losses at their emission wavelengths. Figure 1c,d show their refrac-
tive indices measured using ellipsometry (Elipso Technology, Elli-
SE-UaMB8). For the ellipsometry measurement, InP/ZnS QD and
CdSe/ZnS QD layers were coated separately on bare quartz sub-
strates. The corresponding QD photoluminescence (PL) spectra
on bare substrates are provided in Figure S1 for reference. Both
QD types exhibit PL in the visible region (around 550 nm). A nota-
ble distinction appears in the imaginary part of the refractive index
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FIGURE1 | Sampleschematic and the optical characteristics of the quantum dot (QD) layer. (a) Schematic illustration of the dielectric metasurface

integrated with InP/ZnS and CdSe/ZnS QDs. The metasurface structure consists of a periodic array of TiO, nanodisks on a quartz substrate. (b)

Tllustrative diagram of the dielectric metasurface unit cell geometry, showing the disk diameter (D, = 150 nm), periodicity (P = 380 nm), and disk height
(h=112 nm). The disk size variation AD is defined as AD = D, - D. (c) Refractive index (1, blue) and extinction coefficient (k, red) of (c) InP/ZnS QDs

and (d) CdSe/ZnS QDs obtained from spectroscopic ellipsometry.

(k= Iml[7]): InP/ZnS QDs display extremely small absorption losses
within the QD emission band, whereas CdSe/ZnS QDs retain a
nonnegligible imaginary component (x ~ 0.0133 at 550 nm), indi-
cating larger absorption losses in the emission band. As we will
show later, this difference in « results in a pronounced contrast
in emission enhancement when both QD types are spin-coated
onto the same dielectric metasurface.

For the metasurface measurements, the TiO, disk arrays were fab-
ricated using TiO, film deposition, electron-beam lithography, and
reactive-ion etching (see the Experimental Section). Figure S2a
shows the measured refractive index of the TiO, film.
Figure S2b presents a scanning electron microscopy image of
the fabricated TiO, disk array, and the corresponding height profile
measured using atomic force microscopy further confirms the uni-
formity of the fabricated structures (Figure S2c). For the QD PL
measurement, the fabricated TiO, metasurfaces were coa-
ted with InP/ZnS QDs and CdSe/ZnS QDs, respectively. The thick-
ness of the QD layer (approximately 10 nm) was determined from
ellipsometry measurements. Figure S3 displays an optical micros-
copy image of the QD-coated metasurface sample, which shows
that arrays of patterns with varying AD values were fabricated
on the same substrate.

We introduce the disk size variation to break the lattice symmetry
along the x-direction, as shown in Figure 2a. This perturbation
reduces the size of half of the disks and doubles the unit-cell size.
Consequently, this period-doubling perturbation reduces the size of
the first Brillouin zone by half. The inset in Figure 2b depicts the
associated Brillouin-zone folding in momentum space. This sym-
metry breaking allows guided modes—which originally lie below

the light line and are thus prevented from radiating into free space
—to be folded into the continuum [38, 39]. Particularly, the band-
edge modes located at the boundary of the first Brillouin zone (X)
are folded back to the I'" point, enabling them to be excited by nor-
mally incident free-space light. This can also induce a strong elec-
tromagnetic field enhancement under normal incidence.

Figure 2b shows the band diagram for the InP/ZnS QD-
integrated metasurface, obtained using the guided-mode expan-
sion method [36]. The band diagram clearly shows that band
folding induces a high-Q guided mode resonance (GMR) at
the I" point. Note that the band diagram is plotted on an energy
scale along the y-axis. The air and substrate light lines in the
unperturbed metasurface are also shown for reference. When
the perturbation is set to AD=10nm, Q,,q reaches approxi-
mately 450 at the I" point. We note that, along the I'-X direction
(i-e., k, direction), Q.,q decreases rapidly as it deviates from the I’
point. We also conducted reflectance spectra simulations with
varying disk sizes (AD = 0-20 nm) to illustrate how they evolve
under relevant parameters (Figures S4 and S5). The simulated
reflectance spectra clearly indicate that the optical mode we used
is a y-polarized mode.

PL enhancement arises from both excitation (or absorption)
enhancement and emission enhancement. The TiO, dielectric
metasurface does not support optical resonances at our laser exci-
tation wavelength (450 nm), and thus the absorption remains
essentially unchanged for different perturbations AD (Figure
S6). Therefore, in our QD-integrated metasurfaces, the observed
PL enhancement with nonzero perturbation AD primarily results
from emission enhancement by the optical mode at the QD
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FIGURE 2 | Band structure and reciprocity-based calculation for the
InP/ZnS QD-integrated metasurfaces. (a) Schematic of the period-dou-
bling perturbation along the x-direction, where the TiO, metasurface
is integrated with an additional 10nm quantum dot layer. (b)
Photonic band structure calculated using the guided-mode expansion
(GME) method for AD=10nm (assuming a lossless QD layer). The
odd mode with respect to the xz mirror plane is shown. The air and sub-
strate light lines of the unperturbed structure are shown for comparison.
The inset shows the associated Brillouin zone folding. (c) Simulated field
enhancement spectra along the k, direction for AD =10 nm, showing
strong polarization-dependent enhancement. The spectra are plotted
as a function of normalized in-plane wavevector (k,/k, = sind, where
0 is the incidence angle) and wavelength. The measured refractive indices
of TiO, and QD layers were used in the simulations, including the absorp-
tion losses of the QD layer. (d) Simulated electric field intensity (|E/Eo|*)
profile under y-polarized and x-polarized incidence (measured on the x-y
plane in the middle of the TiO, disk).

emission wavelengths. In this case, based on Lorentz reciprocity,
the emission enhancement can be evaluated by integrating
the field intensity within the light-emitting QD layer under
plane-wave illumination. The integrated electric-field intensity in
the QD layer is normalized to the unperturbed case (AD =0) to
enable direct comparison between simulation and PL measur-
ements.

Figure 2c presents the reciprocity-based calculation results for the
InP/ZnS QD-integrated TiO, metasurface. The field-enhancement
spectra were calculated along the k, direction (i.e., as a function of
k. and ). As expected, only the y-polarized incidence exhibits pro-
nounced enhancement features, since the excited GMR mode is y-
polarized. Notably, strong field enhancement (and correspondingly
strong emission enhancement via reciprocity) appears only near

the T" point because Q,q decreases rapidly away from I'. The elec-
tric field intensity profile is also simulated and shown in Figure 2d,
where the field profile is measured on the x-y plane in the middle
of the TiO, disk. The field profile clearly indicates that the field
intensity is strongly enhanced between the TiO, disks where the
emitters are located.

The period-doubled metasurface supports GMR modes along the
k, direction as well, owing to band folding from the guided modes
along the X-M direction (Figure S7a). The corresponding band
structure along I'-Y is presented in Figure S7b for the InP/
ZnS QD-coated metasurface. We find that the bands along the
I'-X and I'-Y directions exhibit different curvatures and slopes.
We further observe that along the I'-Y direction, Q,.q decreases
more slowly as the mode moves away from the I" point. Figure S8
shows the reciprocity calculations along the I'-Y direction (i.e.,
the k, direction). The enhancement along the k, direction persists
over a broader portion of the mode dispersion. Significant
enhancement appears only for y-polarized incidence again.

To directly evaluate the effect of critical coupling, we also per-
formed reciprocity calculations under normal-incidence illumi-
nation (i.e., at the I" point). The period-doubling perturbation
provides a general pathway to approach critical coupling: Q;aq
gradually decreases as the perturbation increases, while Q,
dominated by absorption in the QD layer, remains approximately
constant. Figure 3a,b compares the field enhancement under
normal incidence for InP/ZnS QDs and CdSe/ZnS QDs,
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y-polarized incidence x-polarized incidence
150 150
- —AD 20nm
5 —AD 15nm
IS AD 10nm
3 —AD 5nm
j
®©
<
c
(]
kel
Q
[T
0 0
550 560 570 580 550 560 570 580
Wavelength (nm) Wavelength (nm)
(b) CdSe/znS QD
150 150
—AD 40nm
< —AD 30nm
g AD 20nm
(7] —AD 10nm
Q
c
[
<
c
(]
o)
Q0
w JO\/X
0 0
550 560 570 580 550 560 570 580
Wavelength (nm) Wavelength (nm)
FIGURE 3 | Field enhancement calculation in the normal direction

for InP/ZnS and CdSe/ZnS QD-integrated metasurfaces. (a) Simulated
field enhancement spectra of the InP/ZnS QD layer for metasurfaces with
varying disk diameters (AD = 5-20 nm). (b) Simulated field enhancement
spectra of the CdSe/ZnS QD layer for metasurfaces with varying disk
diameters (AD =10-40 nm). The left and right panels show responses
under y- and x-polarized incident light, respectively. The measured refrac-
tive indices of TiO, and QD layers were used in the simulations, including
the absorption losses of the QD layer.
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respectively, with varying disk diameters. The left panels corre-
spond to y-polarized excitation, and the right panels correspond
to x-polarized excitation. Both the InP/ZnS QD-integrated meta-
surface (top row) and the CdSe/ZnS QD-integrated metasurface
(bottom row) exhibit strong polarization dependence, with pro-
nounced enhancement observed only for y-polarized illumina-
tion. In both cases, the emission enhancement increases with
AD, reaches a maximum, and then decreases as AD is further
increased—consistent with the behavior expected from critical
coupling. However, the optimal perturbation (i.e., the critical
coupling condition yielding maximum field enhancement)
differs between the two QD types due to their distinct absorption
losses: AD =10 nm for InP/ZnS QDs and AD =20 nm for CdSe/
ZnS QDs.

This critical coupling at specific AD values was directly verified
by extracting the radiative and nonradiative Q factors (Q;.q and
Qyr) from the simulated reflectance spectra. Figure S9 shows the
extracted Q factors for the InP/ZnS QD-coated metasurface. By
fitting the simulated spectra to the reflectance formula derived
from TCMT, Q.,q and Q,, were obtained for different AD values.
Qraq gradually decreases with increasing AD due to the increased
radiative loss with larger symmetry breaking, whereas Q,,, deter-
mined by absorption in the QD layer, remains nearly constant.
This directly confirms that the critical coupling condition (Qyaq =
Qyy) is satisfied at AD = 10 nm for InP/ZnS QDs. In the same way,
it can be shown that the critical-coupling condition is satisfied at
AD =20 nm for CdSe/ZnS QDs.

Moreover, Figure 3 shows that the InP/ZnS QD-integrated meta-
surface with lower QD absorption losses exhibits a significantly
higher maximum enhancement (~146.9 at AD = 10 nm) compared
to the CdSe/ZnS-coated metasurface (~47.1 at AD =20 nm). Note
S1 presents a more quantitative analysis of the emission enhance-
ment, considering the effect of both Q factor and mode volume V.
Because InP/ZnS and CdSe/ZnS QDs have different absorption
losses, the two cases have different Q,, values. Our quantitative
analysis confirms that the absorption loss (Imax & Qpr) iS @ major
factor for the achievable maximum enhancement at critical
coupling—that is, the imaginary part of the refractive index (k)
of the emitter layer strongly influences the field enhancement
(and thus the emission enhancement). Therefore, all observations
in Figure 3 are fully consistent with the expected critical-coupling
behavior at the emission wavelength.

We conducted angle-resolved PL spectroscopy using a custom-built
Fourier-plane setup (see Experimental Section), and the simulation
results were compared with experimental measurements. Figure 4a
presents the Fourier-plane (kk,) y-polarized PL images from the
InP/ZnS QD-coated metasurface (AD =10 nm). The measurement
was performed using a 570 nm bandpass filter, which selects a spec-
tral window of approximately 565-575 nm. The two mode dispersions
overlap at the I' point (k,=0, k,=0), leading to strong emission
enhancement in the vertical direction. Figure 4b shows the corre-
sponding reciprocity calculation (i.e., the integrated field enhance-
ment in the emitter layer averaged over the spectral band of 565-
575 nm). Again, it is shown that the two bands overlap at the I point.

We also measured the angle-resolved PL spectra. Figure 5a,b com-
pares the PL spectra for the InP/ZnS QD- and CdSe/ZnS QD-
integrated metasurfaces, respectively, with varying disk sizes
(AD=0-20nm in 5nm increments). In both cases, the QD PL
intensity gradually increases with AD and reaches a maximum
at a specific perturbation: AD=10nm for InP/ZnS QDs and
AD=20nm for CdSe/ZnS QDs. As predicted by the simulations,
the InP/ZnS QD-integrated metasurface exhibits significantly
stronger PL enhancement compared with its CdSe/ZnS QD coun-
terpart. Note that the same color scale (from 0 to 500) is used for
both Figure 5a,b to facilitate comparison. Figure S10 presents
Figure 5b for CdSe/ZnS QDs with a different color scale (from 0
to 200) to display the measured PL spectra more clearly. Both meta-
surfaces clearly show y-polarized emission. Consistent with the
simulations (Figure 2c), the y-polarized PL spectra display a
strongly enhanced PL spot at k=0 (indicated by the arrow).
In both cases, the QD-integrated metasurfaces produce highly
directional, vertically emitted PL due to optical mode coupling.
However, the InP/ZnS QD-integrated metasurface exhibits mar-
kedly stronger emission compared to the CdSe/ZnS QD sample.
Moreover, the emission profile exhibits a narrow angular diver-
gence of approximately 2° along the k, axis (Figure S11), confirm-
ing the highly directional nature of the emission.

Figure 5c,d explicitly shows the emission enhancement in the ver-
tical direction (k,=0). To quantify the enhancement, we normal-
ized the measured PL intensity to that of the unperturbed
structure (AD = 0); the QD density on the patterned surface can rea-
sonably be assumed to remain constant for small variations in disk
size. Additionally, because the absorption at the excitation laser
wavelength (450 nm) remains almost the same for all ADs

(a) Experiment (b) Simulation
Max Max
0.5
<
> 0
Y
-0.5
0 0
-0.5 0 0.5 05 0 0.5
ksx/ko ky/ko
FIGURE 4 | Fourier-plane emission pattern from the InP/ZnS QD-integrated metasurfaces. (a) Experimentally measured PL image (y-polarized

emission) at AD=10nm. (b) The corresponding emission pattern obtained from the reciprocity calculation (averaged over the wavelength range

of 565 ~ 575 nm).
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FIGURES5 | Angle-resolved PL and emission enhancement. (a) Angle-resolved PL spectra of the metasurface integrated with InP/ZnS and (b) CdSe/
ZnS QDs for different AD values (0 to 20 nm). The PL is collected under y- and x-polarized detection. The InP/ZnS QD exhibits a narrow angular
divergence of ~2° along the k, direction. Corresponding emission enhancement in the normal direction from (c) the InP/ZnS QD-integrated metasurface

and (d) the CdSe/ZnS QD-integrated metasurface.

(Figure S6), the normalization of the PL spectrum to that at AD=0
also cancels out the contribution from the absorption enhancement;
thus, emission enhancement factors can be extracted from the exp-
erimental PL measurement. Notably, the enhancement in the InP/
ZnS QD-integrated metasurface reaches 140-fold under the optimal
condition (AD=10nm), which is substantially larger than the
enhancement of the CdSe/ZnS QD counterpart (45-fold at AD =
20nm). These experimental observations are in good agreement
with the simulations. Table S1 in Supporting Information compares
experimental demonstrations of QD emission enhancement at
room temperature, where colloidal QDs are combined with pho-
tonic structures through spin-coating or similar methods. It clearly
indicates that our result represents a very high emission enh-
ancement.

Figure S12 directly compares the reciprocity calculations in
Figure 3 with the experimental data in Figure 5c,d. Vertical
dashed lines are intentionally added to compare the spectral posi-
tions at critical coupling. We find that the peak wavelengths in
the simulation (upper row) and experiment (lower row) agree
reasonably well. Overall, our results are fully consistent with
the critical-coupling behavior, and the absorption losses in the
emitter layer strongly influence the achievable emission enh-
ancement. Our observations also experimentally confirm the
Q-matching condition derived from the SDOS argument [37].
This strong correspondence between experiment and theory
underscores the importance of matching the intrinsic properties
of the emitter to the resonant characteristics of the metasurface
to achieve optimal emission control.
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Angle-resolved PL spectra were also measured along the I'-Y direc-
tion for the InP/ZnS QD-integrated metasurface, as shown in
Figure S13. The PL intensity varies systematically with the TiO,
disk diameter and again reaches its maximum at AD=10nm.
In contrast to the I'-X direction, the PL band along the I'-Y direc-
tion is more extended in the k, direction. This experimental result is
again in good agreement with the simulations, confirming the dis-
tinct emission behavior along the two directions.

InP/ZnS QDs have recently attracted much attention as cadmium-
free, environmentally friendly alternatives. However, their emis-
sion linewidth is typically broader than those of CdSe/ZnS QDs,
as shown in Figure S1. By combining InP/ZnS QDs with dielectric
metasurfaces, strong emission enhancement can be achieved via
mode coupling to high-Q optical resonances, resulting in a much
narrower emission linewidth. This represents another interesting
aspect of InP/ZnS QD-integrated dielectric metasurfaces.

3 | Conclusion

We experimentally demonstrated highly enhanced directional and
polarized emission from QD-integrated metasurfaces. By systemat-
ically varying the TiO, disk size, we verified that the emission
enhancement reaches its maximum under the critical coupling
condition. Our combined experimental and theoretical studies
highlight the crucial role of the emitter layer in optimizing the emis-
sion properties of the emitter-integrated metasurfaces. We showed
that the material properties of the emitter—such as its intrinsic
losses—significantly influence the achievable emission enhance-
ment. All these findings are fully consistent with critical-coupling
behavior. Emitter-integrated metasurfaces can offer enhanced func-
tionality for compact light sources without the need for external,
bulky optical components. Such compact light sources with high
directionality and controlled polarization are promising for appli-
cations in displays, optical communications, sensing, and imaging.

4 | Experimental Section
4.1 | Sample Fabrication

Dielectric metasurfaces were fabricated by depositing a 112 nm-
thick TiO, film onto quartz substrates using radio-frequency (RF)
sputtering. The TiO, layer was patterned via electron-beam
lithography (EBL). A chromium (Cr) hard mask was then depos-
ited and patterned using a lift-off process. The nanostructures
were etched using inductively coupled plasma reactive ion etch-
ing (ICP-RIE) with a gas mixture of Ar, CF,, and BCl;, and the Cr
mask was subsequently removed using a chromium etchant
(Sigma-Aldrich). After fabrication, a QD solution (1 mg/mL in
chloroform) was spin-coated on the TiO, metasurface sample
at 4500 rpm for 60 s, followed by washing with isopropyl alcohol
(IPA) to ensure uniform coating. InP/ZnS QDs were purchased
from Sigma-Aldrich (776793), while CdSe/ZnS QDs were pur-
chased from PlasmaChem (PL-QD-0-550).

4.2 | Numerical Simulations

The electric field enhancement around the metasurface structure
was calculated using Rigorous Coupled-Wave Analysis (RCWA)

[40]. Far-field emission enhancement was estimated based on the
Lorentz reciprocity principle by integrating the electric field
intensity within the emitter layer under external excitation.
The photonic band structure and radiative Q factors were
simulated using the guided-mode expansion (GME) method,
implemented in the legume simulation package [41, 42] The cur-
rent version of legume supports only nondispersive materials
with constant refractive indices. Except for the band structure
analysis, all other numerical simulations in this study—includ-
ing field enhancement and reflectance spectra—were performed
with RCWA using experimentally measured refractive indices.

4.3 | Optical Characterization

The angle-resolved reflectance and PL spectra were obtained using
a custom-designed Fourier-plane optical setup (Figure S14) [43, 44].
In this configuration, the back focal plane of the microscope objec-
tive was projected, and the spectral information at different angles
was captured by employing the slit of a monochromator as the line
aperture positioned in the Fourier plane. For the reflectance mea-
surement, a collimated white-light source was directed onto the
sample surface through a high-NA objective (NA =0.75). The
reflected intensity was recorded, and the raw spectra were subse-
quently normalized against the baseline reflectance of a smooth sil-
ver film to eliminate background contributions. PL spectra were
measured under excitation with a linearly polarized diode laser
operating at 450 nm. The excitation laser beam had a power of
10 pW, and each spectrum was integrated over a 5-second interval.
All experiments were carried out under ambient room-temperature
conditions.
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