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Abstract. The study presents an investigation of the optical properties of rectangular-shaped
aluminum nanoantenna arrays formed on the surface of an emitting GeSiSn/Si heterostructure
with multiple quantum wells. The positions of the localized surface plasmon resonance modes
excited along the long (L) and short (5) sides of the examined nanoantennas are determined
utilizing the technique of Fourier-transform infrared reflectance anisotropy spectroscopy.
Experimental results demonstrate that both L- and S-modes are located in the near-infrared
range, and as the lateral dimensions of the nanoantennas increase, the modes’ positions shift
towards lower energies with an increase in the intensity of the resonance. The S-mode appears
in the spectra as an overlay on the more pronounced L-mode with an intensity an order of
magnitude lower. The geometry of the nanoantennas arrays with the resonance position near
the photoluminescence peak of Ge,,Si, ,,Sn, ,,/Si heterostructures (£ = 0.65 V) is charac-
terized.
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AnHoTtamusg. B paGoTe mpencraBieHbl pe3yJbTaThl MCCIEAOBAHUSI ONTUYECKUX CBOWCTB
MAacCHBOB QJIIOMUHMEBBIX HAHOAHTEHH MPSIMOYTOJIbHOU (OpMbI, CHOPMUPOBAHHBIX Ha
MOBEPXHOCTU TeTepoCcTpyKTypbl GeSiSn/Si ¢ MHOXECTBEHHBIMM KBAaHTOBbBIMU siMaMM. Ilo
criektpam MK dypbe-crieKTpoCcKONnuu aHM30TPOITHOTO OTPaXKEHUSI OMpeesieHbl TOJOXEeHUs
MOJ JIOKAJIM30BAaHHOTO ITOBEPXHOCTHOIO IUIa3MOHHOIO pPe30HAHCa, BO3HMKAIOLIETO BIOJb
nuHHON (L) M KopoTKoit (S) CTOpOH paccMaTpWBaeMbIX HAHOAHTEHH. DKCTIEPUMEHTATbHO
MOKa3aHO, YTO 00e MOAbl pacmnojoxeHbl B OnvmxkHeM WMK-guanaszoHe v mpu yBeJlMYeHUU
JlaTepaJibHbIX pa3MEePOB HAHOAHTEHH CMEIIAIOTCS B CTOPOHY MEHbBIIMX SHEPTUil C YBETUYCHUEM
MHTEHCUBHOCTU pe30HaHca. S-Moja MpPOSBISETCS B CMIEKTpax B BUJE HAJOXEHUsS] Ha Oosee
MHTEHCUBHYIO L-MOIy U UMeeT UHTEeHCUBHOCTb Ha MOPSIIOK MeHble. Cpeau uccieaoBaHHbIX
00paslloB ompenejeHa TeOMETPUsT MacCMBOB HAHOAHTEHH C PE30HAHCOM BOJIM3W 3HEPTUM
nuKa HOTONOMUHECUEHUMU TeTepoCcTPYKTYp Ge, o, Si; 7SN, 15,/Si £~ 0.65 5B.

KnioueBble ciioBa: TOJSIpU3AIIMOHHAS  CHEKTPOCKOMUSI OTPAXEHUSsI, CIEKTPOCKOMUS
AHU30TPOITHOTO OTPAXEHUSI, ATIOMUHUEBbIE HAHOAHTEHHBI, TIOKAIM30BAHHBII MOBEPXHOCTHBIN
TJIA3MOHHBIN PE30HAHC
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Introduction

The integration of photonic devices into silicon electronics is possible through the development
of light detectors and emitters based on GeSiSn alloy nanoheterostructures. Such semiconductor
structures achieve operating range in the near and mid-infrared (IR) spectrum down to 8 microns.
This characteristic renders them highly promising for use in fiber-optic systems, photonic integrated
circuits and sensors made on a single silicon chip [1]. The sensitivity and emission properties of
these heterostructures can be controlled and enhanced through the creation of hybrid systems
involving plasmonic metal nanoparticles on the surface of GeSiSn/Si heterostructures.

The interaction between electromagnetic radiation and metal nanoparticles induces the
oscillation of free electrons within the metal, resulting in localized surface plasmon resonance
(LSPR) [2]. The outcome of this resonance is a pronounced amplification of the electric field
in the vicinity of the surface by several hundred times. The confinement of electromagnetic
radiation energy within a nanovolume, owing to the LSPR phenomenon, finds broad applications
predominantly associated with the enhancement of luminescence in various emissive structures [3].

The frequency and intensity of LSPR depend on the size, shape and dielectric environment
of metal nanoparticles [2]. In practice, this renders them a universally applicable physical system
for manipulating emissive structures across a broad optical spectrum. Typically, silver or gold is
employed as the material for plasmonic nanoparticle production, owing to their strong interaction
with light and lower losses [4]. As an alternative, aluminum can be used in a wider optical range
with plasmon resonance in nanoparticles varied from ultraviolet to mid-infrared with limitations
in a narrow part of the optical spectrum around 800 nm caused by interband transitions [5].

To investigate the formed metal nanoparticles, one can employ polarized reflectance
spectroscopy, specifically utilizing its variant, the Fourier-transform infrared (FTIR) reflectance
anisotropy (RA) spectroscopy method [6]. This optical technique has demonstrated its efficiency
as a robust tool for examining plasmon resonances in metal nanoparticles [7].

Thus, the purpose of this work is to study the optical properties of aluminum nanoantenna
arrays formed on the surface of an emitting GeSiSn/Si nanoheterostructure using methods of
polarized reflectance spectroscopy.

© Xaxynun C.A., ®@upcos I.1., KomkoB O.C., TumopeeB B.A., Cksopuos WM.B., Mamanos B.U., Yrkuu [.E., 2024.
Wznarens: Cankr-IlerepOyprekuii monmutexHuueckuii yuusepcuret Ilerpa Benukoro.
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Materials and Methods

Arrays of aluminum nanoantennas were formed through electron nanolithography on the
surface of a heterostructure with multiple Ge,,Si, .,,Sn, ,.,/Si quantum wells, where the well and
barrier widths are 1 nm and 7 nm, respectively. The growth of the heterostructure was carried out
using molecular beam epitaxy [1]. The nanoantennas were deposited on an area of 500x500 pm?.

Figure 1 illustrates the geometry of the arrays structure, exemplified by an image of array #3
captured through scanning electron microscopy (SEM). The designations of the lateral dimensions
of the nanoantennas, which distinguish each array structure from one another, are provided in the
figure. These dimensions are detailed in Table.

Fig. 1. Image of the nanoantenna structure array #3 obtained by scanning electron microscopy.
The nominal height H of all nanoantennas is 50 nm

Table
Parameters of the studied aluminum nanoantennas arrays formed on the surface of

the Ge, ,,Si, ,,.Sn, ..,/Si radiating heterostructure with multiple quantum wells
sample L, nm S, nm H, nm P ,nm Py, nm
#1 200 140 485 435
#2 265 147 50 478 435
#3 360 157 485 435

Polarized reflectance spectra were measured using a Vertex 80 Fourier-transform infrared
(FTIR) spectrometer with radiation linearly polarized along the long L and short S sides of the
nanoantennas. The modulation spectra of reflectance anisotropy were measured using an original
setup, implemented on the basis of the same FTIR spectrometer and described in detail in [6].
The essence of the latter method is to modulate the direction of linear polarization of the probe
radiation along two perpendicular directions x and y lying in the plane of the samples surface.
The value being measured synchronously corresponds to the normalized difference in reflectance
coefficients:

AR R —R,

R R +R/’

where R and Ry represent the reflectance coefficients when the plane of the incident radiation
linear polarization is aligned along the corresponding direction in the surface plane. In this
study, the x and y directions coincide with the long (L) and short () sides of the aluminum
nanoantennas, respectively (see Fig. 1).

Results and Discussion

From each of the presented nanoantenna arrays, an ordinary reflectance spectrum R was
obtained with probe radiation linearly polarized along the L and S sides. The reference reflectance
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spectrum was measured from a gold-coated mirror, exhibiting a high reflectance range from 2.3 eV
to mid-IR energies. A typical reflectance spectrum is shown in Fig. 2 (top) utilizing array #3
as an example. Analyzing ordinary reflectance spectra proves challenging due to the difficulty
in identification of areas where the differences in reflectance spectra with linear polarization
direction E along L (E//L) and S (E//S) are marginal against the general background of the total
reflected radiation. In such cases, the modulation method of reflectance anisotropy spectroscopy
is advantageous, wherein only the polarization-dependent component of the reflectance spectra is
detected. Fig. 2 (bottom) illustrates the resulting reflectance anisotropy spectrum from array #3.
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Fig. 2. Polarized reflectance spectrum (top) of nanoantenna array #3 with linear polarization of the
probe radiation parallel to the L side (green curve) and S side (purple curve). Bottom — modulation
reflectance anisotropy spectrum of the same structure

Upon comparison of the RA spectra with ordinary reflectance spectra, it becomes evident
that, in addition to the prominent peak associated with plasmon resonance along L side, a
distinct resonance also emerges in the structure along the .S side. This resonance spans a broad
energy range of 0.82—1.4 eV and differs in intensity from the L-mode by almost an order of
magnitude. The energy range where the S mode appears partially overlaps with the similar range
of the L-mode, causing the resonance along the S side to manifest as an overlap with the intense
peak excited along L in the reflectance anisotropy spectra. The inflection in the RA spectrum
corresponds to the initiation of S-modes in its low-energy region. It is worth noting that in the
case of the nanoantenna array #3, the resonance excited along the S side is relatively discernible in
the polarized reflectance spectra. This distinction arises because structure #3 comprises relatively
large nanoparticles among the nanoantenna arrays presented in the study and the resonance
intensity is proportionate to the volume of such particles [5].

Hence, to ascertain the spectral position of the resonant modes across all nanoantenna arrays,
reflectance anisotropy spectra were measured. The resultant curves are depicted in Fig. 3. As the
lateral dimensions of nanoantennas increase, the resonant L- and S-modes are predictably shifted
towards lower energies. This shift is anticipated as the effective cross section of the metal plane,
wherein plasmonic oscillations occur, expands [3, 5]. It is important to note that in the case
of arrays #2 and #1 the S-mode in ordinary polarized reflectance spectra becomes visually
indistinguishable against the background of the entire spectrum. However, in the reflectance
anisotropy spectra, the S-mode manifests as an overlay on the intense L-mode, evident from the
inflections of the corresponding curves in the high-energy regions of the whole RA spectrum.
Additionally, it is appropriate to mention that the RA spectra of the GeSiSn/Si heterostructure
surface without plasmonic nanoantennas exhibit a zero signal, indicating optical isotropy in the
specified energy range.

The photoluminescence spectrum of a heterostructure with multiple Ge,,Si, ,,.Sn, ../Si
quantum wells, on the surface of which arrays of nanoantennas are formed, exhibits a signal
peak near 0.65 eV. Consequently, among the presented arrays, the most pronounced plasmonic
enhancement of the radiation from such a heterostructure is expected through the interaction of
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Fig.3. Reflectance anisotropy spectra for each of the nanoantenna arrays. The arrows indicate the
dynamics of the resonance energy position with increasing lateral dimensions of the nanoantennas

Ge,,,Si, SN, .,,/Si with array #3. This expectation arises from the fact that array #3 showcases a
maximum of localized surface plasmon resonance at 0.66 eV, while the resonance of structure #1

at 0.65 eV holds a null value.
Conclusion

Thus, we have studied the optical properties of arrays of aluminum nanoantennas formed
on a GeSiSn/Si emitting heterostructure using polarized reflectance spectroscopy methods. To
control the emission properties of GeSiSn/Si heterostructures, an array of nanoantennas with
geometry #3 can be used, since it has an intense resonance at an energy of 0.66 eV, which is
located near the photoluminescence peak of the heterostructure = 0.65 eV.

The ability to create nanoparticles with a localized surface plasmon resonance in the near-IR
range makes aluminum a suitable material for creating interacting plasmonic and emissive
structures in this range.
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