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Probing Mie scattering effects of Si-embedded Ge
spherical QD arrays using Raman analysis
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We reported experimental observation of Mie scattering effects of Si embedded Ge quantum dot (QD)
arrays. The interaction of Ge QDs with Si nanolayers is characterized by surface enhanced Raman scatter-
ing (SERS) of longitudinal optical (LO) Si phonons by the strong electromagnetic fields of Ge QDs. The
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Mie effect is further evidenced from p-disk arrays of Si-embedded Ge QDs, in which enhanced optical
emission and heightened SERS of optical Ge and LO-Si phonons occur at the disk's edge. Notably, the
LO-Si intensity appears to be an effective signature of near-field optical coupling and radiative transfer
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Introduction

The scalability and dense integration of Si photonic integrated
circuits are accelerated by advanced CMOS manufacturing
technology.! However, the fundamental limit of classical diffr-
action restricts the minimum achievable spatial resolution of
Si nanophotonics, which remains to be addressed for practical
applications. Recently, all-dielectric resonant nanophotonics®®
has been an extensive and compelling research subject
because of the theoretical promise in increasing the spatial
overlay of the mode field with optical nanostructures or
quantum dot (QD) emitters/absorbers. The Mie resonance of
high refractive index Ge/Si nanostructures enhances both elec-
tric- and magnetic-fields at spatial scales below the optical
wavelength, surpassing the classical diffraction limits and
enabling surface enhanced Raman scattering (SERS).”®
Therefore, dielectric nanophotonic structures allow the
advancement in integration with microcavities for further
boosting the quality factor (Q-factor) of nanophotonic active
devices even at small mode volumes.>®

Intriguing Mie resonance-enhanced light absorption in
periodically arranged silicon nanopillar arrays,’ SiO,
embedded Si QDs,'® and Si embedded Ge QDs'"'? has been
reported. Mie-resonance wavelengths are associated with
different multipolar electric and magnetic modes that are
highly dependent on the size,"*"'*® shape,**'” pitch,*"* sur-
rounding environment,'*'®'® and shell thickness'? of the QDs
as well as the collective lattice resonances of the finite-sized
arrays within nanoresonators.'*?*?" Whereas a large ensemble
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of QDs could be created using epitaxy, these self-assembled
QDs grow in irregular shapes (hut, pyramid, and dome)** with
various sizes and generally scatter randomly throughout the
space. Size fluctuations and morphological variations in QDs
tend to broaden the optical emission/absorption wavelengths
and refractive indices due to quantum size effects. Besides, it
is difficult to control the interaction of self-assembled QDs
with resonant optical modes due to their random spatial distri-
bution. On the other hand, the coupling strength between QDs
and Mie resonant modes is limited by their strong radiative
losses."* Therefore, a high degree of control over the Ge QD
size, shape, and spatial location within Si-based nanoresona-
tors in combination with proper engineering in active photo-
nic cavities is crucial to control the far-field radiation of Mie
resonant modes and improve emission efficiency.

We have reported light emission from SiO, embedded Ge
QDs**** and Si/Si;N; embedded Ge spherical QDs**™*” that
were created in a self-assembled, self-organized manner via
Ostwald ripening and migration of Ge interstitials within
growing SiO,, SizN, and Si during the thermal oxidation of
lithographically-patterned poly-SiGe structures. Details of Ge
QD growth and migration mechanisms have been elaborated
elsewhere.”’° The engineering strengths of our Ge QDs lie in
process-controlled, size-tunable QDs at the designated spatial
locations in combination with high-temperature thermal stabi-
lity up to 900 °C, offering flexibility in the waveguide material
choices as well as the co-design and integration of photonic
devices.*! In this work, we report experimentally probing Mie
interactions of ordered Ge spherical QDs within Si;N,/Si nano-
layers in terms of SERS of longitudinal optical (LO) phonons
in Si enhanced by Ge QDs and evaluated from Raman
mapping and linescan characteristics. Mie effects are further
showcased by Si/Si;N, embedded Ge QD p-disk arrays, in
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which optical Ge/LO Si modes and photoluminescence (PL)
display the maximum intensity at the disk’s edge and even
between disks by enhanced near-field optical coupling.

Experimental

The fabrication of Ge spherical QD arrays within SizN,/Si nano-
layers started with a SOI substrate that comprises 30 nm-thick
Si and 3 pm-thick buried SiO, layers. A bi-layer of 20 nm-thick
SizN,; and 60 nm-thick poly-Sijg3Gey17; was sequentially de-
posited wusing low-pressure chemical vapor deposition
(LPCVD). Poly-Sij g3Geg.17 pillars with widths of 70 nm and
100 nm in pitches of 120 nm and 800 nm were produced using
electron beam lithography and C,Fg/SFs plasma etching
(Fig. 1(a), (d) and (e)). Following thermal oxidation in an H,O
environment at 900 °C, ordered Ge QDs with diameters of
45 nm and 60 nm were created within Si;N,/Si layers (Fig. 1(b),
(f) and (g)). The growing SiO, generated by thermally oxidizing
the Si content of poly-SiGe pillars was removed using CHF;
plasma. Following LPCVD of 300 nm-thick SizN,, p-disks with
diameters/spacings of 3 pm/350-550 nm were produced using
EBL and CHF; plasma (Fig. 1(c) and (h)). Two configurations
of Ge QD arrays were studied. One is the planar arrays of SiO,/
Si;N, embedded Ge QDs with a QD diameter of 60 nm in a
pitch of 800 nm (that is, the samples do not go through the
processes of fabricating p-disks), and another is Si;N, p-disk
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Fig. 1 Process flow, schematic diagrams, and cross-sectional (high-
lighted by the blue frame) and plan-view scanning electron microscopy
(SEM) micrographs for fabricating the Si/SisN, embedded Ge QD array
and the within p-disk array. Formation of (a) poly-SiGe pillars with
widths/pitches of (d) 70 nm/120 nm and (e) 100 nm/800 nm, (b) Ge QDs
of (f) 45 nm and (g) 60 nm diameter, and (c)/(h) the SizsN4 embedded Si/
Ge QD p-disk array.
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arrays containing SiO,/Si;N, embedded Ge QDs with a QD dia-
meter of 45 nm in a pitch of 120 nm.

To probe local fields within Ge QD/Si-Siz;N, nanostructures,
Raman images were obtained with a WITec alpha300 R con-
focal setup, using 532 nm laser excitation at room temperature
and a Nikon Fluor (100x/0.9 NA) objective, giving an estimated
spot resolution of 0.35 pm. The pixel size for the images was
0.1 x 0.1 pm?, as given by the scanning movement of a piezo-
motor-driven sample stage. The behavior of excitation light
interacting with the Ge QD/Si nanolayer system was analyzed
using the commercially available 3-D simulation software
COMSOL Multiphysics in terms of electric and magnetic field
distribution wherein.

Results and discussion
Si0,/Siz;N, embedded Ge QD array on the SOI

Fig. 2(a) shows a plan-view scanning electron microscopy
(SEM) micrograph of a 20 pm x 20 pm array comprising Nyotas =
25 x 25 Ge QDs in a pitch of 800 nm. The cross-sectional scan-
ning transmission electron microscopy (STEM) micrograph
(Fig. 2(b)) and electron dispersive X-ray spectroscopy (EDX)
elemental maps (Fig. 2(c)—(e)) show that on top of the SOI sub-
strate with a 30 nm-thick Si nanolayer, the fabricated Ge QDs
have a diameter of 60 nm and are embedded within SiO,/Si;N,
layers. Our previous works have already reported that Ge QDs
are formed by the preferential oxidation of the Si content
within poly-Si;_,Ge, lithographically-patterned pillars to SiO,
with concurrent Ge segregation.”’ > The thermodynamic
explanation for this phenomenon is based on a large differ-
ence in the heats of formation of SiO, (-911 kJ mol™") and
GeO, (—477 kJ mol™).** Following the complete thermal oxi-
dation of poly-Siy s3Geo 17 pillars, the precipitated Ge nanocrys-
tals are able to decompose the proximal solid layers of Si;N,
and even migrate through them in the solid state. Concurrent
with the migration process, the Ge nanocrystals grow in size by
Ostwald ripening, culminating in complete coalescence®®**
and ultimately resulting in the formation of a spherical Ge QD

Fig. 2 (a) Plan-view SEM, (b) cross-sectional STEM micrographs, and
EDS elemental maps for (c) oxygen, (d) germanium, and (e) silicon of the
SiO,/SizN4 embedded Ge QD array on top of the SOI substrate with a
30 nm-thick Si nanolayer.
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per oxidized pillar with both high chemical purity and high
degree of crystallinity. Based on the volume conservation, the
Ge QD size is essentially determined by the total content of Ge
within the poly-Si;_,Ge, lithographically-patterned pillar and
could be controllably tuned by adjusting their width/length/
height.**

Mie scattering of the SiO,/Si;N, embedded Ge QD array on the
SOI

The Raman spectral characteristics (Fig. 3(a)) measured from
the planar SiO,/Si;N, embedded Ge QD array on top of the SOI
substrate show two distinct phonon lines at 308 cm™ and
520 cm™', corresponding to Ge optical and Si LO phonon
modes, respectively. For the studied 60 nm-sized Ge QDs, the
Ge optical phonon mode is indeed quite symmetric although
broadened with respect to the bulk. The quantum phonon
confinement effect induced red-shift in the Ge optical mode is
insignificant®>3® since the studied Ge QD size is larger than
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Fig. 3 (a) Raman spectra, plan-view maps of the (b) Ge optical mode
and (c) Si LO mode, and (d) linescan profile.
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the exciton Bohr radius (~24.9 nm) of Ge. Relative to the Ge
mode at 301.5 cm™" of bulk Ge, our experimentally observed
blue shift of +7.5 em™ signifies the Si0,/Si;N,/Si-embedded
Ge QDs being in a compressive strain of —1.8% on average. No
phonon line at 400-410 cm ™" is observed, indicating inappreci-
able Si-Ge mixing in Si/Si;N,-embedded Ge QDs. Concurrent
with the appearance of an optical Ge phonon line, the inten-
sity of the LO-Si mode originating from the underlying 30 nm-
thick Si layer is enhanced compared to that taken at the field
out of Ge QDs (the orange-symbol line versus the cyan line in
Fig. 3(a)). This observation is surprising because the Si Raman
signal at the Ge QD positions is expected to be attenuated by a
factor close to —2ad, where « is the absorption of the Ge QD
and d is its diameter.*’

Instead, the interaction of Ge QDs with Si nanolayers is
characterized by a large enhancement in Raman scattering of
LO-Si phonons by Ge QDs. Raman mapping micrographs show
the orthogonal patterns of the Ge optical mode (Fig. 3(b)) and
the Si LO mode (Fig. 3(c)) with a pitch of 800 nm, well replicat-
ing the spatial arrangement of the Ge QD array (Fig. 2(a)). The
Raman linescan profile (Fig. 3(d)) directly points out the fact
that the intensity of the LO-Si mode at the spatial locations
right below Ge QDs is significantly enhanced 7-fold as com-
pared to that at the field out of QDs, although a uniform
30 nm-thick Si layer is present below the Ge QDs (Fig. 2(b) and
(e)). The spatially-periodic enhancement in LO-Si intensity
coincides with the locations of Ge QDs, providing direct evi-
dence of Mie effect induced SERS of LO-Si caused by Ge QDs
since the Raman intensity scales dramatically with the electric
near-field intensity. Similar observations of Raman enhance-
ment in copper phthalocyanine molecules caused by the Mie
resonance of the nearby GaP nanoparticles as well as in the
copper foil caused by the magnetic dipole resonance of Si
nanoparticles have been reported in ref. 38 and 19,
respectively.

The refractive index (n(1)) of Ge is nearly a constant (n =
4.05) at wavelengths (1) ranging from 250 nm to 390 nm,
reaches the maximum n = 5.86 at A = 530-540 nm, and then
drops to n = 4.2 at A = 1240 nm—1550 nm.> COMSOL simu-
lation (Fig. 4(a)) shows that the excitation light at 1 = 532 nm
induces a highly concentrated electric field near the surface of
the Ge QDs (Fig. 4(b)) and a strong magnetic-field hot-spot
inside and near the bottom of the Ge QDs (Fig. 4(c)). Ge QDs
directly couple their intense electromagnetic field with the
underlying Si layer to cause a large enhancement in the mag-
netic field locally and solely at the positions underneath the
Ge QDs, faithfully and significantly enhancing the Raman
signals of the LO-Si mode.

Magnetic resonances in high refractive-index () dielectric
nanospheres or QDs cause Raman signal enhancement, as was
shown by Frizyuk et al®® in Si nanospheres of 160 nm dia-
meter. In our case, the estimated wavelength of the magnetic
dipolar (MD) resonance for a Ge QD with a diameter (d) of
60 nm in air (n,; = 1) is ~350 nm according to A ~ n x d by
simply assuming that ng. is about 5.86 at 532 nm. The MD
peak is relatively sharp when the environment is air (1, = 1),

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Schematic diagram of the simulated structure of Ge QD/Si/
SiO,. (b) Electric-field and (c) magnetic-field intensity distributions from
the cross-sectional view of the Ge QD/Si system.

whereas for a higher refractive-index surrounding medium, the
resonance broadens quickly and extends into the visible range,
even if with lower cross section and leaking both into the sur-
rounding and the substrate due to the reduced refractive-index
contrast. This leakage favors interaction with the high refrac-
tive-index Si substrate, causing an additional enhancement of
the scattering cross section, as simulated in ref. 14 for Si nano-
spheres on top of various dielectric substrates and confirmed
with phase change VO, as the substrate. Other authors have
reported large red shifts of the MD resonance in very small Ge
nanodisks'® and assigned important increases of ng. up to 8
(for a Ge nanodisk of 100 nm width and height on Si) accord-
ing to the relationship 4 ~ nge x d. In fact, even if this was
interpreted as an effective value for the Ge nanodisks, it is an
apparent value of the combined system of the nanosphere on
a high refractive-index substrate, as shown in ref. 18. In our
case of the planar SiO,/SizN, embedded Ge QD array on top of
the SOI substrate, we could rule out another possible origin of
the measured resonant behavior, such as collective lattice reso-
nances, originating from an interplay between the excitation of
MD resonance and diffraction because of the scattering by the
periodic arrangement of these spherical QDs, as reported by
Evlyukhin et al. for Si arrays with suitable lattice periods.'® For
a pitch of 800 nm and an n.g estimated to be ~2.5 for the com-
posed film forming the 2D grating, the Rayleigh-Wood
anomaly would be found in the near infrared regime beyond a
wavelength of 2 um. Therefore, we believe that the most plaus-
ible explanation for the experimentally observed Raman
enhancements in the system of Ge QDs embedded within
Si0,/SizN, and in contact with Si nanolayers is indeed related
to the Mie MD resonance. Further evidence is provided by the
performed COMSOL simulation showing local field enhance-
ments considering the relevant spectral range. We believe that
these fields are the most likely cause of our experimentally
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observed enhancement in both Raman modes from the Ge
QDs and from the thin Si layer of SOI substrates in contact
with the Ge QDs.

Mie resonance of Si embedded Ge QDs within Siz;N, p-disks

Both high Q-factors and small mode-volumes are pivotal factors
for implementing high-efficiency light emitters. Compared with
high Q-factors but large mode-volumes from high-order whisper-
ing gallery modes (WGMs) in p-disks, low-order Mie resonances
are characterized by smaller mode-volumes but smaller Q factors
with a wider spectral response. A combined configuration of
embedding optical Ge QDs and Si nanoresonators within Si;N,
p-disks appears to provide an effective way to achieve high
Q-factors and small mode-volumes simultaneously when QD
emission matches resonant modes.

Our previous papers®®*! have already reported the size depen-
dence of SizN, p-disks on the cavity modes. Compared to 7 pm
and 5 pm p-disks, 3 pm SizN, p-disks indeed significantly reduce
the Fabry-Pérot mode number due to their smaller sizes/mode
volumes but have considerable radiative loss via evanescent
fields spreading to regions outside the disks. The light confine-
ment within 3 pm Si;N, p-disks could be improved by the con-
figuration of the p-disk array. In this work, further support for
Ge QD mediated Si SERS is provided by the Si;N, embedded Si/
Ge QD p-disk array (Fig. 5(a and b)), which is in a hexagonal
close packed arrangement with a disk diameter of 3 pm and
inter-disk spacings ranging from 350 nm to 550 nm (Fig. 5(c)-
(e)). Within the SizN, p-disks, the Ge QDs have a diameter of
45 nm and are closely spaced in a pitch of 120 nm (Fig. 5(f)).

Mapping micrographs show that Raman optical Ge
(Fig. 6(a))/LO-Si modes (Fig. 6(b)) and PL (Fig. 6(c)) display the

Fig. 5 SisN4 embedded Si/Ge QD p-disks in a hexagonal close packed
arrangement. Tilted SEM micrographs of (a) as fabricated and (b) buried
oxide and SizNy4 partially removed for clearly showing p-disks. Plan-view
SEM micrographs of p-disks with inter-disk spacings of (c) 350 nm, (d)
450 nm, and (d) 550 nm. (f) Cross-sectional TEM micrograph of 45 nm
Ge QDs in a pitch of 120 nm.
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Fig. 6 Mapping micrographs of the Raman Ge optical mode, Si LO
mode, and integrated PL of the Ge-QD p-disk (3 pm in diameter) array
with interdisk spacings of (a) 550 nm, (b) 450 nm, and (c) 350 nm with
incident vertical laser polarization and (d) 350 nm with incident horizon-
tal laser polarization.

maximum intensity at the disk’s edge, which is analogous to
the WGM patterns. An interesting finding of note is that on
decreasing the inter-disk spacing from 550 nm to 350 nm, the
PL circular-ring patterns deform into hexagons accompanied
by the emergence of additional LO-Si spots between disks,
whereas the circular-ring pattern of the optical Ge mode
remains intact. The second interesting finding of note is that
the LO-Si intensity appears to be an effective signature of near-
field optical coupling and radiative transfer between neighbor-
ing disks. It is clearly seen in Fig. 6(b) and (c) that both the
intensity and size of the additional LO-Si spots between disks
considerably increase when Si-embedded Ge QD p-disks get
closer to each other as a result of a significant enhancement in
the electromagnetic near-field intensity. The third interesting
finding of note is that the incident laser polarization influ-
ences the spatial location of LO-Si inter-disk bright spots but
has no obvious effects on the optical Ge mode and PL signals
(Fig. 6(c) versus Fig. 6(d)). This is possibly ascribed to the
higher symmetry and polarization of the Raman mode of the
30 nm-thick c-Si layer in contrast to the rather unpolarized PL
and Ge QD Raman signals.

In contrast to the planar SiO,/Siz;N, embedded Ge QD array
discussed in the previous section, the Si/Ge QDs embedded in
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the SizN, p-disk resonators are arranged in a square array of a
much smaller pitch (~120 nm). The Ge QDs have a smaller dia-
meter of 45 nm which probably does not introduce a qualitative
difference compared to the previous case. Even if the isolated
QDs in air would have a blue-shifted MD resonance, they would
likely have a larger increase of apparent ng. when placed on the
substrate.'* Hence, the main difference comes from the small
pitch. In this case, the composed film forming the 2D grating
would also have a larger effective refractive index for diffraction
(we estimate it to be ne ~4) due to a higher density of Ge QDs.
Therefore, the Rayleigh-Wood anomaly would be in the visible
range, 4 ~480 nm, with lattice-mediated collective lattice reso-
nances coming into play as shown in Fig. 7. COMSOL simulation
shows that the excitation light at 4 = 532 nm induces a highly-
concentrated magnetic field within Ge QDs and the intensity sig-
nificantly increases in magnitude when the QD array of Nigta =
N x N increases from N = 1 through 20, 40 to infinite, consistent
with an increase in quality factor of the lattice mode.

Fig. 8(a) compares PL spectra acquired from the Si;N, p-disk
array containing Ge QDs and not. Si;N, p-disks containing Si-
embedded Ge QDs show sharp Raman-mode peaks at 540 nm
(Ge-mode) and 547 nm/560 nm (1st/2nd order Si-modes) in
combination with broad and strong PL with major sub-peaks at
585 nm and 620 nm. For comparison, weak PL at A1 =
650 nm—750 nm is measured from the reference structure of
Si/SizN, p-disks, where WGM modes also cause a noticeable
but lower resonance effect. Weak photoluminescence of
thermal SiO,/Si structures at 650 nm (ref. 40) and single-
photon emission of the Si;N,/SiO, system at 570 nm—670 nm
(ref. 41) at room temperature have also been reported, due to
the formation of optically active defects or centers at the SiO,/
Si and SizN,/SiO, interfaces. Our experimental observation of
strong PL at 585-620 nm from Ge QD Siz;N, p-disks suggests
possible PL enhancement of optically active centers due to the
Mie scattering effect of the Si-embedded Ge QD system. It is
clearly seen in the mapping micrographs of PL and the Si LO-
mode that in contrast to faint ring patterns in the SizN, p-disks
containing no QDs (Fig. 8(c)), distinct regions around the pat-
terns of the Si LO-mode (spots) and PL (hexagons) with much
higher CCD counts appear in the Ge-QD p-disks (Fig. 8(b)).
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Fig. 7 Magnetic-field intensity distribution from the central portion of
the Ge QD/Si array with Nioiar = (@) 1 X 1, (b) 10 X 10, (c) 30 x 30, and (d)
infinite. (e) Line scan of the Ge QD array for various sizes of Ge QDs.
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Fig. 8 (a) PL spectra and mapping micrographs of Si LO mode/inte-
grated PL of 3 pm SizN4 p-disks (b) with and (c) without Ge QDs.

Conclusion

We reported experimental observation of Mie resonance inter-
actions between Ge QDs and Si nanolayers in Si-embedded Ge
QD arrays, using Raman spectral and mapping analysis. Mie
resonance induced SERS of Si is characterized by a large
enhancement in the LO-Si Raman signals solely at the posi-
tions underneath the Ge QDs. In p-disks, a combination of
WGMs and Mie resonance is further evidenced by the ring-like
patterns of the Ge optical-mode, Si LO-mode, and PL (i.e., the
maximum intensity occurs at the disk’s edge) in the Si-
embedded Ge QD p-disk arrays. Interestingly, the spectral PL
behavior and all measured enhancements are higher in the
structures with Ge QDs. Besides, the appearance of additional
strong LO-Si Raman signals between p-disks is an effective sig-
nature of strong near-field optical coupling. The nanoscale
Mie resonance offers promising potential in implementing
nanoemitters and photodetectors. Ultrathin solar cells and
self-powered photodetectors have been reported by integrating
SiGe-based Mie resonators and Ge QDs or Si nanodisks.***?
The experimental feasibility of our Ge QDs in photodetection
has also been demonstrated in terms of low dark current in
combination with high photoresponsivity and high band-
widths for visible to near-infrared photodetection.**
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