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Strain Engineering of the Electronic States of Silicon-Based

Quantum Emitters

Andrea Ristori, Mario Khoury, Marco Salvalaglio, Angelos Filippatos, Michele Amato,
Tobias Herzig, Jan Meijer, Sebastien Pezzagna, Drisse Hannani, Monica Bollani,

Chiara Barri, Carmen M. Ruiz, Nicoletta Granchi, Francesca Intonti, Marco Abbarchi, *

and Francesco Biccari

Light-emitting complex defects in silicon have been considered a potential
platform for quantum technologies based on spin and photon degrees of
freedom working at telecom wavelengths. Their integration in complex
devices is still in its infancy and has been mostly focused on light extraction
and guiding. Here the control of the electronic states of carbon-related
impurities (G-centers) is addressed via strain engineering. By embedding
them in patches of silicon on insulator and topping them with SiN, symmetry
breaking along [001] and [110] directions is demonstrated, resulting in a
controlled splitting of the zero phonon line (ZPL), as accounted for by the
piezospectroscopic theoretical framework. The splitting can be as large as

18 meV, and it is finely tuned by selecting patch size or by moving in different
positions on the patch. Some of the split, strained ZPLs are almost fully
polarized, and their overall intensity is enhanced up to 7 times with respect to
the flat areas, whereas their recombination dynamics is slightly affected
accounting for the lack of Purcell effect. This technique can be extended to
other impurities and Si-based devices such as suspended bridges, photonic
crystal microcavities, Mie resonators, and integrated photonic circuits.

Sl

1. Introduction

Strain engineering is a key and versa-
tile scheme to efficiently design and
improve the properties of mnanostruc-
tures and nanodevices. This technique
was used with great success in various
fields to modify fundamental materials
properties!!! - such as electronic band gap,
band splitting, effective mass, and scatter-
ing processes - leading to enhanced device
performances.  Successful applications
of strain-engineered materials include
CMOS components, 23] graphene and 2D
materials,[*®! IIl-nitride membranes for
LEDs,/%7] sensing platforms,®°! 11I-V and
IV-1V epitaxial-grown nanostructures.[1012]
Strain control is particularly relevant for
Silicon (Si)-based light sources, such as
color-centers, which require individual
emitters’ tunability for future scaling up.

The properties of each emitting center
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can be independently changed by applying a mechanical defor-
mation in its local environment. As a matter of fact, Silight emit-
ters based on complex impurities!'*'*] are currently scrutinized
for their applicability as photon and spin quantum-bits.[>] Their
appeal is manyfold: 1) they are nominally identical and in ensem-
ble emission, they have a sharp zero phonon line (ZPL) featuring
a broadening of about 10 peV in conventional Si and less than
1 peV (about 1073 nm) in spin-less, isotopically purified 2Sil**]; 2)
their ZPL lies below the Si band-gap, in the near-infrared range
(1.15 to 1.45 um), covering the telecommunication O, E, and S
bands!1®'7); 3) their recombination lifetime can be as short as
a few ns[18 201 4) they are stable in temperature and time (no
bleaching nor blinking)!'?!l and can be detected up 120 K2
5) they have well-defined polarization axes.['71%2!]

Beyond these intrinsic properties that are unmatched by their
counterparts in other materials, the possibility to exploit them
in quantum technologies is highly entrancing, provided the ad-
vantages that this solid-state platform offers. Silicon technology
steps on all the nano-fabrication methods developed in the last
50 years for electronic devices and it is, by far, more advanced
than the technology applied to any other material: fabrication of
electronic components can be provided in an industrial produc-
tion chain with high material purity (99.9999999%, nine nines),
large wafers up to 17 inches, silicon on insulator (SOI) wafers up
to 12 inches, p and n doping, top-down lithography with nano-
metric resolution (e.g. based on deep-UV and plasma etching),
availability of isotopically purified 24Si wafers.[23-28]

The renewed interest in this class of Si-based emitters in
the context of quantum technologies resulted in several break-
throughs over the last few years with the demonstration of
1) single-photon emission from a large zoology of well-known
(e.g. G-, W-, T-centers) and unknown defects(!719-21:2930]; 2) pho-
ton coalescencel®); 3) spin control3234]; 4) 1ntegrat10n in pho-
tonic devices, such as Mie resonators,!?23+%! integrated photonic
circuits, 3313 ring resonators,*’! and photonic crystals!**3°! pro-
viding Purcell effect; 5) position control of the emitters with local-
ized ion implant!*’l; 6) coherent population trapping and Autler-
Townes splitting.[*!]

Most of these works focused on defect creation, enhancement
of light emission, extraction, and guiding, in order to better de-
tect and manipulate these single photon sources. A further step
to control their properties requires a precise tuning of the photo-
luminescence frequency and its polarization (e.g. for setting the
coupling of the ZPL with a photonic resonance).

In this paper, we show that a large and tunable splitting of the
ZPL of G-centers can be simply obtained through strain engi-
neering by etching square patches in a [001]-oriented SOI wafer
followed by deposition of SiN via plasma-enhanced chemical va-
por deposition (PE-CVD). Compressive and tensile strain is ob-
tained by adjusting the plasma frequency during SiN deposition,
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Figure 1. Sample fabrication. a) A 125 nm thick SOI sample is implanted
with carbon ions and recrystallized by annealing at high temperature
(1000 °C for 10 seconds in N, atmosphere). By optical lithography, square
patches with variable side lengths are defined. The buried oxide under-
neath the SOI patches was partially removed via chemical etching using a
buried-oxide etcher (BOE). SiN is deposited via plasma-enhanced chemi-
cal vapor deposition (PE-CVD). G-center activation is performed via pro-
ton implant. Details of the sample fabrication are provided in the dedi-
cated section and in Table 1. b) Scanning electron micrograph (SEM) of
SOI patches before SiN deposition. c) SEM of a strained SOI patch with
SiN atop.

as confirmed by Raman spectroscopy. Symmetry breaking of the
silicon unit cell along the vertical [001] direction is obtained at
the center of the square patches, whose size sets the magnitude
of the strain and thus the corresponding ZPL splitting in two
main lines. Moving from the center of a patch towards the sus-
pended (leaning) part, the symmetry breaking occurs also along
the (110) directions leading to a splitting of the ZPL in four lines.
Finite element methods calculations of the strain coupled to the
piezospectroscopic theoryl*?! confirms the overall picture observed
in photoluminescence measurements. Partial or total polariza-
tion of the split ZPLs accounts for the alignment of the emitting
dipoles along specific crystallographic directions. Embedding the
emitters in these structures entails an intensity enhancement of
their photoluminescence up to a factor of 7 with respect to the flat
counterpart, which is ascribed to a larger extraction of light, as
confirmed by time-resolved experiments and finite element sim-
ulations.

2. Results

2.1. Sample Fabrication

A detailed description of sample fabrication is provided in the
dedicated section at the end of the paper (Section 4.1). Here we
refer to Figure 1 where the main fabrication steps and some real
examples are shown: a 125 nm thick SOI is implanted with Cions
and recrystallized by annealing. The underlying SiO, is partially
removed with a diluted HF acid. The samples are then topped
with SiN and etched by optical lithography in square patches hav-
ing different side lengths L. Finally, proton implant is used to ac-
tivate the emitting G-centers.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Table 1. List of samples and fabrication parameters: carbon implant energy and corresponding depth, and carbon dose; PE-CVD deposition conditions
for SiN including high-frequency plasma time fraction (HF%), high-frequency and low-frequency plasma power (HF, LF) corresponding type of strain
(compressive or tensile, C or T), SiN thickness as measured by ellipsometry; proton implant energy and corresponding depth, and proton dose.

Sample Cions implant PE-CVD Proton implant
Energy (Depth) Dose HF Plasma Plasma Power Strain SiN Energy (Depth) Dose
keV (nm) 10" em=2 time % HF, LF (W) CT nm keV (nm) 10" cm=2
A 6 (25) 5.5 0 0, 100 c 108 90 (830) 1
6 (25) 5.5 100 300,0 T 102 90 (830) 1
c 30 (100) 6.5 70 20, 80 T 100 90 (830) 1
In this work, we study three samples with etched patches. The a) Z [001]
. . .. i . . B o i
details of their fabrication conditions are provided in Table 1. % [110] t ¥ [10] , i i

2.2. Finite Element Method Simulations of Strained Patches

We provide a theoretical description of the elastic field in the
strained patches via finite element method (FEM) calculations.
Details of the method are provided in Section 4.1. This analy-
sis assesses the SOI deformation due to the action of the SiN
stressor, thus allowing for the detailed explanation of the photo-
luminescence results, and independently complements the Ra-
man spectroscopy results reported in the Supplemental Informa-
tion. Without loss of generality, we focus first on a system where
the length of the side of the membrane (L) is 10 um (Figure 2).
Moreover, we consider a SiN layer featuring a compressive in-
plane deformation resulting in strain-field components &z, €5
and e, = ¢, with ¥ =[110], § = [110], and z = % = [001] conve-
niently chosen to discuss effects on the Si crystal unit cell (while
the canonical frame of reference is considered in the following
when referring to x, y, z directions).

For a flat film configuration, a tetragonal distortion of the stres-
sor would occur with a linear out-of-plane displacement, no in-
plane deformation, and no strain partitioning!** (not shown), as
actually measured by Raman spectroscopy for L = 50 um (thus
approaching the flat film case, see the Supplemental Information
provided at the end of this document).

For smaller membranes, additional free surfaces introduce ex-
tra elastic relaxation with strain partitioning among the stressor
and the substrate, i.e. the Si layer. In particular, the SiN stressor
induces an in-plane strain of the opposite sign in the Si layer and
an out-of-plane strain with the same sign of the stressor in-plane
strain, as observed in general for heterostructures exhibiting lat-
eral free surfaces!*>#! (Figure 2b).

At the center of the structure (“center” in Figure 2a), owing to
the small relative thickness of the SiN/Si bilayer compared to
their lateral size, a film-like configuration is obtained, and all
the strain components vary negligibly along z, top panel) and
€5 = €55 (Figure 2c). As such, an isotropic in-plane deformation
is achieved: in the plane of the patch the symmetry of the Si unit
cell is preserved, whereas it is broken along z under the action of
€, that differs from the in-plane value.

When moving towards the edge of the SiO, pedestal (“bound-
ary”, Figure 2b-d), the crystal unit cells are deformed asymmet-
rically along % and j, owing to different actions of free sur-
faces with normal along these directions (Figure 2b)). Similar
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Figure 2. Simulation of the elastic field. a) Geometry in a perspective view
(left) and 2D cross section highlighting the different materials (right).
Three representative points are marked: “center”, “boundary” between the
leaning and suspended SiN/Si bilayer, and “edge” in the leaning part of
the patch. b) Strain field in a (110) cross-section of the Si layer. Thickness
is magnified (x 2) for visualization purposes. c) Strain field components
in the SOI layer as a function of the depth (d corresponds to the z direc-
tion [001]) from the SiN/SOl interface (d = 0) at three (x, y) points (center,
boundary, and edge, as illustrated in panel a). d) Strain field component in
the (001) plane at d = 62.5 nm. e) Normalized distributions of implanted
carbon ions (®) as a function of the depth in the SOl layer and in the SiO,
BOX for two beam energies, namely 6 keV and 30 keV, obtained by SRIM
software.[43]

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

858017 SUOWILLIOD aA 111D 3|qeo![dde 8Ly Aq peusenob afe sejole YO '8sN JO S3INJ Joj Akeiq18UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLID"AB | 1M ARIq U1 |UO//SdNL) SUORIPUOD PUe SWe | 8U} S *[£202/60/92] UO ARiqiTauljuo AB|IM BwesiS azueliH 1A eIsIeAIuN Ad 809TOEZ0Z WOPe/Z00T 0T/I0p/W0d" A8 i ARe.qijeuljuo//:sdny woly pepeojumod ‘0 ‘TZ0TS6TZ



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

asymmetric behavior is obtained in the free-standing part of the
SiN/SOI bilayer. Here, significant variations of the strain values
occur along the vertical direction (Figure 2c), central and bottom
panels).

The deformation close to the edges of the membrane can be
interpreted in terms of the relaxation induced by a stressor on a
suspended substrate with lateral free surfaces, known to lead to
a bending of the bilayer.[*’ A bending downwards is expected for
the relaxation of an initially flat bilayer with a compressive strain
of the upper layer.

Thus, both in-plane and out-of-plane symmetry-breaking is
achieved when moving far from the center. This generally holds
true over the whole square area of the membrane featuring ad-
ditional relaxed region at the corners owing to the proximity of
free surfaces with normal along both % and ¥; see ¢;; and ¢;; in
the (001) plane at a depth of 62.5 nm in the Si layer in Figure 2d)
(g5 would correspond to &5 rotated by 90°). Therefore, we can
conclude that properties depending on the symmetry breaking
along the [001] crystallographic direction (i.e. the z direction)
are then expected to emerge everywhere. Instead, properties de-
pending on the symmetry breaking along the (110) directions,
are expected to emerge close to and at the suspended part of
the patches.

Note that the G-centers are placed at different depths d
along the vertical z-axis according to the implant energy, with
a relatively broad distribution owing to the implant straggling
(Figure 2e). At the center of the patch, all the emitters experience
the same strain field, irrespective of their implant depth, offer-
ing an ideal scenario for strain engineering of electronic states.
Moreover, for the sizes considered in this investigation, the strain
at the center of the patches is found to scale as 1/L?, so it can be
well controlled with the lateral side. This information is also sup-
ported by finite element simulation of the strain field as a func-
tion of the patch side (not shown). However, emitters placed far
from the center (close to the edge of the pedestal and in the sus-
pended part) and at different depths would experience different
strains. Proper weighting should then be considered to account
for the effect on the electronic states.

The information gathered with these simulations is used as
input for the piezospectroscopic model used to evaluate the split-
ting of the ZPLs of the G-centers in membranes having different
lateral sizes L. The details of the piezospectroscopic model are pro-
vided in Section 4.1, while the results are discussed in the follow-
ing section.

2.3. Photoluminescence Spectroscopy of Strained G-Centers

We now address the effect of strain on the G-center ZPL by
studying their emission from SOI patches having different L and
topped with SiN in different conditions. First, we study the emis-
sion from the center of patches (uniaxial symmetry breaking) and
later the case of emitters far from the center (biaxial symmetry
breaking). The simple case of flat SOI topped with SiN (not yet
etched in small patches) is analyzed in detail in the Supplemen-
tary Information provided at the end of this document for sam-
ples A, B, and C, and compared to the unstrained case.
Symmetry breaking along [001] direction. Micro-
photoluminescence experiments at the center of the patch
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showcase the typical behavior of G-centers under applied uni-
axial stress!*” (Figure 3a). At this central point, as assessed
by calculations illustrated in Section 2.2, the in-plane strain
is isotropic (i.e. €, = €, or, equivalently e;; =), and the
symmetry breaking of the Si cubic cell occurs only in the vertical
direction [001] under the action of e,, that differs from the
in-plane strain. According to Ref. [42], and Equation 4, a double
peak appears in the spectrum with two lines having similar
brightness and an energy separation AE};; + AE, ;. that increases
for smaller patch sizes. The splittings in energy between the
two new lines as a function of 1/L? (with L patch side) are
approximately linear for all the samples (Figure 3c) but with
larger slopes for high-energy (HE) ZPLs and smaller slopes for
low energy (LE) ZPLs. Thus, the largest splitting is observed for
the smallest patches and can be as large as 18 meV.

Time-resolved spectroscopy on both HE and LE ZPLs shows
only small deviations of the recombination lifetime with respect
to the unstrained case (Figure 3D) that is in between 6 and 4 ns.
These values are similar to those recently reported for individ-
ual G-centers in isotopically purified 2SOI?’! and for ensem-
ble in 220 nm thick SOL!'8] Thus, the strain magnitude attained
in these conditions does not modify the recombination dynam-
ics, as also confirmed by the broadening of the HE and LE split
lines (FWHM about 1.2 meV) which is not far from the un-
strained case.

All this phenomenology is representative of all the investi-
gated samples, irrespective of the nature and magnitude of the
applied strain.

The energy shifts calculated at the patches center through the
piezospectroscopic theory (described at the end of this paper in Sec-
tion 4.1), using as inputs the strain field obtained by FEM calcu-
lations (see Section 2.2), confirm the almost linear dependence
of AE with 1/L? (Figure 4): HE and LE ZPLs shift with different
slopes (larger for HE and smaller for LE) as a function of 1/L2
as also measured on the patches and unlike previous reports on
bulk samples.[*->°]

From a quantitative point of view, the values of the strain
field in the structure depend on the eigenstrain ¢ (see also Sec-
tion 4.1), namely on the magnitude of the strain induced by the
SiN layer. A reasonable agreement between theory and experi-
ments can be found for €, = 1% for the LE split ZPLs, which
is consistent with the nominal strain expected by the fabrication
procedure, whereas the measured HE slope is larger than the
prediction. Several factors can lead to discrepancies between the
piezospectroscopic theory and the measured splittings: the model
holds for bulk crystals and does not account for the complexity of
the strain field in ultra-thin patches; measuring the photolumi-
nescence at cryogenic temperature can further change the over-
all strain distribution with respect to the FDTD model reported
here owing to the different thermal expansion coefficients of the
SiN stressor, SOI patch, and underlying BOX pedestal. As such,
a quantitative agreement between theory and experiments goes
beyond the aim of this work.

Symmetry breaking along [001] and [110] direction. Moving
from the center of the patch towards its side the Si unit cell is de-
formed differently along in-plane directions (110) (i.e. £5; # €;;)
with still £;, # 0 (Figure 2). Moreover, depending on the position
on the membrane and on the depth of the emitters (Table 1), the
overall strain field applied to the G-centers at different depths can
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Figure 3. Symmetry breaking along [001] direction. a) Photoluminescence spectra collected at the center of the membrane for different square sides for
sample C. The vertical dotted line highlights the energy of the ZPL emission in unstrained samples. The experimental data are represented as square
dots whereas the red lines are Gaussian fits. The inset shows the scheme of the membrane highlighting the position of the excitation/collection spot. b)
Time-resolved photoluminescence of the ZPL for unstrained SOI, high-energy and low-energy (respectively HE and LE) split components from sample
A. The experimental data are represented as square dots whereas the red line is a mono-exponential decay fit. c) Energy of HE and LE ZPL peaks for
samples A, B, and C as a function of 1/L2. The horizontal dotted line highlights the energy of the ZPL emission in unstrained samples.

be very different (e.g. €; in the suspended part, at 25 and 100 nm,
the strain can change its sign, Figure 2b).

This complex strain field across the patches is reflected in
the micro-photoluminescence spectra, as shown in detail for
sample B, with G-centers implanted at a depth of about 25 nm
from the surface in Figure 5. In the inner part (not-leaning,
between the vertical dashed lines in Figure 5a), close to the
center, the overall picture still resembles the properties of the
central part (splitting in two lines of the ZPL). This points to a
dominant role of symmetry breaking along the [001] direction
with respect to other ones. When moving from the patch center,
the two ZPLs undergo a spectral shift to higher energy under the
action of the increasing strain. Moreover, owing to i) the onset
of symmetry breaking in other directions, ii) the changes of the
strain field across the SOI thickness, and iii) the straggling of
the ion implant (Figure 2e), HE and LE ZPLs undergo a spectral

Adv. Optical Mater. 2023, 2301608 2301608 (5 of 12)

broadening when far from the center (up to about 1.8 meV).
A clear splitting in four components, that is compatible with
symmetry breaking along the [110] direction in addition to that
along the [001], is obtained in the suspended part close to the
edge of the membrane (see also Figure 5b). A similar picture is
found at the angle of the patches, in their suspended parts, where
the ZPL is composite and splits into four main components (not
shown).

As in the previous case, this symmetry-breaking picture is sup-
ported by the piezospectroscopic model. Moving from the center to-
wards the patch side, the strain field is not only composed of diag-
onal components, and the full piezospectroscopic Equation 2 has to
be considered. By inserting in this equation the simulated strain
field and considering the four coefficients estimated in Ref. [48],
one obtains different energy shifts (e.g. for a patch with L=14 um
with C implant at a depth of 25 nm, Figure 6): moving towards
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Figure 4. Theoretical energy shifts for [100] symmetry breaking. Calculated
Eye and E ¢ energy components at the central point (x = 0 and y = 0)
for different values of the eigenstrain, ¢, and at a depth of 25 nm, as a
function of 1/L2, with L the side length of the membranes. The energy
of the unstrained ZPL is highlighted. The data are derived by inserting in
Equation 4 the strain field simulated with FEM and the By, coefficients
from Ref. [48]. The dependence with 1/L? was obtained by calculating E,¢
and E ¢ at the central point for L = 6 to 16 um and then fitted for larger
values. The trend at a depth of 100 nm (not shown here) is similar. See
more detail on the piezospectroscopic model that is described at the end of
this paper in Section 4.1.

the side of the patch the number of components becomes four as
observed in experiments.

We observe that, using the full piezospectroscopic model, at the
patch center there are three splitlines whereas in the experiments
only two are visible. We interpret this as a combination of line
broadening (much larger than the splitting), limited spectral res-
olution in experiments, and, potentially, different intensities as-
sociated with the split lines.[4249->]

2.3.1. Polarization Degree of the Zero Phonon Lines

Polarization-dependent micro-photoluminescence spectra of G-
centers are registered for unstrained and strained samples
(Figure 7). For unstrained G-centers (not covered by SiN), the
ZPL is un-polarized, reflecting an even distribution of the emit-
ting dipoles along the [110] and [1-10], in-plane directions (not
shown).’!] At the center of the membrane, the LE line shows a
negligible degree of polarization, whereas, for the HE one, it de-
pends on the applied strain: in sample B, for L = 13.2 ym is about
3%, for L = 12.1 pm is 8% and for L = 8.5um is 50% (here we
only report the case of L = 12.1um). The polarization direction of
the HE line is close to the [1-1-3] direction, that in our reference
frame corresponds to +30 degrees (Figure 7a).

At the edge of the patch, in the leaning part, un-polarized to al-
most fully-polarized ZPLs (up to 70%) are found, with the latter
conditions typically observed for the high-energy component 6 of
the quadruplet that is oriented along the in-plane [12-1] direction
(about 115° in our reference frame). Owing to a partial overlap of
the split lines and their broadening, in these latter cases (e.g. as
in Figure 6), it is not easy to extract the exact value of the polar-
ization degree and our estimate is a lower bound. Similar results
are observed at the corners of the membrane where the 6 line
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Figure 5. Symmetry breaking along [001] and [110] direction. a) Photolu-
minescence scan from patch side-to-side passing through the center (as
highlighted in the inset). The vertical, dashed lines highlight the edge of
the SiO, pedestal. The horizontal, red line highlights the ZPL energy of
unstrained G-centers. b) Photoluminescence spectrum at the side of the
patch. The experimental data are shown as squares, whereas the red lines
is a Gaussian fit. The insets show a scheme of the membrane and the
position of the excitation/collection spot.
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Figure 6. Theoretical energy shift for symmetry breaking along [001] and [110]
directions. The plot showcases the shift of the four, split ZPLs as a func-
tion of position from the patch center to the edge as obtained from the
piezospectroscopic model. We consider a patch having 14 um side at a depth
of 25 nm with £y = 0.3%. The vertical, black, dashed line highlights the end
of the SiO, pedestal extending up to 5000 nm. The inset shows the scheme
of the patch and the dashed, blue line highlights the position of the scan
along the [110] direction considered in the model.
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b)

270

Figure 7. Polarization-resolved photoluminescence. a) Polar plot of the HE
and LE ZPLs from the central point of a membrane. b) Polar plot of the
a, B, vy and 6 ZPLs from the side of a patch. The insets show a scheme of
the patch with the excitation/collection spot. All the data are relative to a
patch with L = 12.1 um on sample B.

has a polarization degree exceeding 50% (not shown). These ob-
servations qualitatively agree with previous reports of polarized
photoluminescence on strained G-centers.[*249>]

2.4. Photoluminescence Enhancement

For sample B, we compare the emission intensity from the
center of the patches with that from the flat SiN/SOI counter-
part (Figure 8). We observe a clear trend showing an increased
emission with a maximum enhancement of about a factor of 7
whereas, for larger values of L, the effect is reduced.

Provided the negligible impact of strain on the recombi-
nation lifetime that cannot justify the observed enhancement
(Figure 3b) we look for a possible explanation in a photonic ef-
fect springing from the modified environment of the emitters in
the membranes with respect to the flat SIN/SOI system. Through
FDTD simulations (see a description of the simulation in Sec-
tion 4.1) we compare the emission of a dipole placed at the cen-
ter of the patch with respect to the same dipole in an infinite
SiN/SOI (red circles in Figure 7). The trend of the simulated data
corresponds well to the one observed in the experiments, sup-
porting the idea that the origin of the enhancement resides in
an augmented light extraction springing from the finite size of
the patches.
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Figure 8. Emission intensity. Black squares: experimental emission en-
hancement from sample B. The data show the spectrally-integrated inten-
sity of an individual spectrum collected at the center of the SiN/SOI mem-
brane normalized by its counterpart from the flat areas (the collection spot
is determined by the system lateral resolution and is about 1.1 um). Red
circles: FDTD simulations showing the spectrally integrated emission in-
tensity normalized by its counterpart from the flat SOI.

Experiment and simulations display different enhancement
factors (larger for experiments) that can be ascribed to the differ-
ent conditions considered. Simulations consider only one dipole
laying in the xy plane at a defined height whereas in rality we
observe the emission from an ensemble of dipoles (excited by a
laser spot and detected in a confocal configuration from about
1.1 um), featuring several orientations and placed at slightly dif-
ferent depth in the SOI (Figure 2c).

3. Discussion

The phenomenology presented here is similar to what was shown
in early studies on G-centers!*-50°2-54 and, more generally, to
other color centers that belong to the symmetry group of the
first monoclinic type Cy, in cubic crystals.[*>**] The photolumi-
nescence splitting in a doublet that we find at the center of the
patches mimics the effect of uniaxial strain along the [001] direc-
tion (no in-plane symmetry breaking). At the side of the patches,
in the suspended part, where the Si cell symmetry is lifted also
along the [110] direction, four split lines appear. These exper-
imental findings qualitatively agree with predictions obtained
through the piezospectroscopic model developed for strained cu-
bic crystals.[*?]

We showed this control with a very simple micro-structure,
avoiding the use of bulky samples and experimental setups mak-
ing use of hydraulic pistons to apply stress to the samples.[**>]
It is also worth pointing out that, beyond the present proof of
principle that was limited to relatively large patches (L up to
about 8 pm), the reduction of L to about 1 um with conventional
etching methods, or even below this value (e.g. exploiting solid
state dewetting[?2¢)), is possible. This could lead, potentially, to a
stress that is more than one order of magnitude larger than what
we show here, achieving strain regimes and polarization degrees
not attained so far.

The importance of our results in the renewed context of quan-
tum technologies with light-emitters in silicon is two-fold: 1)
the possibility to control the splitting in a large range of ener-
gies (equivalent to a stress up to about 0.6 GPal*>*)), allowing to
tune the emission and, 2) the possibility to obtain, even from the
ensemble, photoluminescence lines with a very large degree of
linear polarization (as also reported in previous studies(“24%30]),
demonstrating that an ensemble of emitters shares the same en-
ergy and the same dipole orientation.
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The straggling of the ion implant might play a detrimental role
for exploiting these emitters as quantum devices. On one hand,
symmetry breaking along the [001] direction at the center of the
membrane entails a uniform strain landscape in each of the three
spatial directions. As such, whatever its position along z, an emit-
ter will undergo the same splitting, shift, and polarization orien-
tation as all the others. On the other end, for strain along the
[110] direction (far from the center), the stress strongly depends
on the position along the vertical z-axis: emitters created at differ-
ent depth would undergo a different energy shift and splitting.
Thus, in view of obtaining identical emitters (e.g. for quantum
communication protocols), a reduction of struggling might be
a hard requirement. This observation is also important for cou-
pling the emitters to a localized photonic resonance.?! Similar
considerations hold for the high-temperature annealing step (re-
quired for re-crystallization after implant), which might spread
the emitters over long distances along the vertical z-axis. How-
ever, in our case, where 1000 °C annealing for only 20 seconds
was used, we do not expect a relevant re-distribution of carbon.
In fact, even for strong changes of the strain profile along the
SOI thickness (e.g. at the patch sides), for low-energy implants
at about 25 nm depth, where the straggling is rather limited and
all the emitters are within the first 50 nm from the surface, the
photoluminescence showcases rather sharp ZPLs: the measured
line-widths in sample B at the edge of the patch is 1-2 meV, not far
from 0.9 meV found in the flat, non -strained counterpart. These
observations indirectly confirm that for low-energy implant an-
nealing at 1000 °C for 20 seconds does not affect too much the
position of the implanted C ions in the SOI, unlike what was re-
cently suggested based on theoretical simulations.3!!

A potential element of concern for strained emitters could be
the change in the underlying oscillator strength, impacting their
brightness. Although a complete understanding of these features
is beyond the aim of this work, we note that, from time-resolved
photoluminescence experiments, the lifetime is weakly affected
by the strain. Moreover, when monitoring the overall emission
intensity, we observe larger intensity values from the patches with
respect to the flat areas. For smaller patches, this enhancement
is almost one order of magnitude and it might be even larger for
smaller ones.

This observation is important in the context of
photoluminescence-intensity correlation with individual emit-
ters (e.g. with Hanbury Brown and Twiss or Hong-Ou-Mandel
interferometers), where light extraction is crucial for shortening
the integration time of a measurement.

Very sharp linewidth from ensemble emission have been re-
ported for impurities created in bulk 24Sil** accounting for the
relevance of this platform for quantum optics, where high coher-
ence is necessary (e.g. for photon coalescence). However, when
using thin films of 28Si on insulator to embed the emitters!!”2]
this important feature disappears and linewidth in the range
of ~100 peV are found even when considering individual im-
purities. In addition to this, the statistical distribution of the
ZPL emission of individual centers shows a broadening of about
1 meV (not far from the values found in the ensemble in con-
ventional SOI). These observations point to additional extrinsic
disorder in thin Si films affecting the overall recombination dy-
namics. Our study of SOI membranes embedding an ensemble
of G-centers suggests that, beyond the intrinsic broadening of in-
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dividual emitters, an additional effect impacting the linewidth of
the ZPL is the strain that can, in principle, change in different
parts of the SOI (e.g. owing to slight fabrication imperfection or
introduced by ion implant and re-crystallization). Further theo-
retical and experimental investigations are necessary to precisely
address this important aspect of quantum emitters in silicon.

In spite of its simplicity and lack of Purcell effect, our method
which uses only low-resolution optical lithography, allows for a
relevant increase in the collection efficiency. Recent experimen-
tal evidences showed the possibility to largely enhance the emis-
sion intensity from G-centers enesemble embedded in Si-based
Mie resonators.[??] In spite of the lack of Purcell effect in those
measurements, contrary to what might be expected from a theo-
retical standpoint,>’] a directional emission is highly desirable to
increase the collection efficiency with conventional optics. Our
approach to tailor the electronic states can be, in principle, ex-
tended to such a kind of sub-micrometric antennas. Considering
the scaling of the applied strain with 1/1? and the small footprint
of these antennas, a relatively thin SiN layer could be applied to
Mie resonators resulting in a very large ZPLs splitting and polar-
ization orientation.

The merit of our approach that relies on SOI lithogra-
phy and deposition of a stressor film, is its compatibil-
ity with other devices, such as waveguides(3*3136371 and Mie
resonators, 23431 that are relevant to all the other quantum emit-
ters in Si.['719-21.29301 Qur method can be generalized using sus-
pended bridges providing uni-axial and bi-axial strain in arbitrary,
in-plane directions.>*%2! Similar results can be obtained by de-
position of stressors!®! or by deposition of Si atop a strained sub-
strate (e.g. made of SiGe)!®] opening the way to finely control the
position of the ZPL of the emitters (e.g. with respect to a pho-
tonic resonance of a resonant cavity). For instance, this possibil-
ity is central for tuning several independent sources to the same
energy in order to produce coalescent photons, as shown for III-
V-based quantum-emitters.[®] In the same context, the evidence
of an almost fully-polarized line measured on the ensemble is a
promising signature for aligning all the emitting dipoles along
the same axis. For unstrained G-centers in fact, the dipole orien-
tation can be aligned along the crystallographic directions [110],
[101], and [011], depending on the position of the self-interstitial
Si atom!] providing unpolarized light from ensemble emission.
Our method suggests the possibility to engineer the polarization
axes, providing at least one split ZPL with the same orientation
for all the emitters.

Finally, the possibility to control the degeneracy of the elec-
tronic level in G-centers, and more generally in this class of im-
purities in silicon, might be relevant for the manipulation of their
spin features. Symmetry breaking by application of strain could
be the way to split the metastable triplet state of the G-center[®¢¢7]
and thus encode spin-based quantum bits.[®*71] The fast recom-
bination time of G-centers with respect to similar emitters in Si
(e.g. the T-center®>-*]) would provide a more efficient read-out
of the spin degree of freedom providing a spin-photon interface.

4, Conclusions

In conclusion, we showed that the splitting of the zero-phonon-
line of the G-centers ensemble can be controlled producing dou-
blets and quadruplets having large splittings, up to 18 meV, that
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is more than one order of magnitude larger than the broadening
of the photoluminescence peaks. The splitting amplitude can be
controlled by selecting a specific patch size. Symmetry breaking
along [001] and [110] can be obtained respectively a the center of
square patches and in their suspended parts. The merit of our
approach is its simplicity, as it relies on conventional SiN depo-
sition and lithography. It can be further engineered by chang-
ing patch geometry and orientation with respect to the crystal-
lographic axes, SiN thickness and, most importantly, it can be
easily extended to most common photonic devices. It will be pos-
sible to apply the same principle to other color centers in Si and
access the fine features of the underlying recombination dynam-
ics allowing to exploit of the spin degree of freedom for quan-
tum technologies.

5. Experimental Section

Fabrication of Light-emitting, Strained Membranes: The sample fabrica-
tion is described in Figure 1 and the corresponding features are detailed
in Table 1.

The samples are obtained by dicing a 125 nm thick SOI laying atop a
2 um thick buried oxide (BOX) on bulk Si (from Soitec) in Tcm x 1 cm
parts. They were first implanted with carbon ions at a depth of 25 nm
(samples A and B) and 100 nm (sample C) following a well-established
procedure.l'®72] After the implant, all the samples were flash-annealed in
N, atmosphere for 20 s at 1000° C to cure the radiation damages.

Each sample was patterned by optical lithography following this pro-
cess:

- Chemical cleaning in a sonic bath, first with acetone and then with
ethanol;

- Spin-coating of positive photo-resist (MICROPOSIT S1813) at 3000 rpm
forming a layer of about 1.5 um;

- Photo-lithography via UV laser system (Dilase 250 by Cloe). The pat-
tern used for photoluminescence spectroscopy of strained G-centers
consists of square patches whose size is tuned from about 15 to
5 um;

- Resist development (using a solution from MICROPOSIT MF-319) to
remove the parts that were not exposed to the UV laser;

- Pattern etching with a CF, plasma in a plasma-enhanced chemical vapor
deposition chamber (PE-CVD, from Oxford);

- Sample cleaning with acetone;

- Partial etching of the BOX by immersion in an aqueous solution contain-
ing 10% of Buffered Oxide Etch (BOE 10:1) to form partially-suspended
membranes;

- Deposition of a ~100nm thick SiN layer via PE-CVD. Three depositions
are performed using different parameters changing the nature of the
strain (tensile or compressive) applied to the SOl patches (Table 1). This
is done by tuning the time percentage of high- and low-frequency plasma
(HF%, which represents the fraction of time in which the high-frequency
pulse is turned on with respect to the total pulse time expressed as a
percentage). Changing HF% results in a compressive (HF < 60%), ten-
sile (HF > 65%) or almost unstrained (60% < HF < 65%) SiN.[73] Ellip-
sometry (ESM-300 by Wollam) was systematically used to measure the
thickness of the SiN layers deposited atop the SOI. The strained SiN af-
fects the SOI patches resulting in a bent membrane, upwards for tensile
strain, or downwards for compressive strain (Figure 1c));

Implant with protons, to form the G-centers by inducing the interstitial

Si.l74] The beam energy was set to 90 keV in order to stop the protons

within the BOX, avoiding the activation of unwanted emitters in the SOI

or in the underlying bulk Si.

Raman Spectroscopy Setup: Micro-Raman spectroscopy is performed
at room temperature and is used to assess the stress in the flat sam-
ples and in the SOI patches. The setup consists of an Horiba-Jobin Yvon
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HR800-UV Raman spectrometer mounting a 1800 gpmm grating. It is
characterized by a spectral resolution of about 0.5 cm™'. The dispersed
signal is then collected with a Jobin Yvon Synapse Si-based CCD camera.
The samples are placed on a platform equipped with a x — y translation
stage to scan the sample surface and characterized by a spatial precision of
about 250 nm. The samples are excited by a He:Ne laser (4 = 632.8 nm)
through a 50x objective lens (Olympus SLMPLN50X) with a numerical
aperture NA =0.35 mounted on a metallographic microscope (from Olym-
pus). The Raman signal from the sample is collected via the same objective
in a back-scattering configuration.

Micro-photoluminescence Spectroscopy Setup:  The micro-
photoluminescence spectra are detected with a custom-made confocal
microscope setup in a backscattering configuration. The samples are
placed in a low-vibration, He-flow cryostat (Janis ST-500), mounted on a x
— ytranslation stage (Physik Instruments) to scan the sample surface with
fine control on the position of about 250 nm. The samples’ temperature
is fixed at about 10 K.

The excitation sources are a CW diode-pumped solid-state laser emit-
ting at 532 nm (CNI MLL-111-532) and a mode-locked Ti:Sapphire tunable
laser (Spectra Physics Tsunami, 700-900 nm spectral range, 200 fs pulse
duration, 12.2 ns pulse period).

The photoluminescence from the samples is collected by an infinity-
corrected Mitutoyo 100x objective lens (NIR, NA = 0.7), separated from
the excitation by a dichroic mirror, spectrally dispersed by a spectrograph
(Acton SP2300i) mounting a 600 gr/mm grating. The photoluminescence
is detected by an InGaAs array (Princeton Instruments OMA V-512) kept
at —100°~C by a cold finger immersed in liquid nitrogen.

The spatial resolution of the micro-photoluminescence setup is about
1.1 um, and the spectral resolution is about 350 peV.

Time-resolved PL (TR-PL) measurements were performed using the
time-correlated single photon counting (TCSPC) technique using an In-
GaAs/InP APD (ID Quantique ID230) and a time correlator (ID Quan-
tique 1D900) interfaced with the PC. The time resolution of the system
is about 200 ps.

Polarization measurements are performed by placing a rotatable half-
wave plate and a fixed polarizer along the collection path.

Finite Element Method Simulations of Strain Distribution: The strain
distribution in the system is computed by 3D Finite Element Method
(FEM) calculations based on the linear elasticity theoryl5%75] exploiting
the commercial FEM package COMSOL Multiphysics. To model the exper-
imental structure under investigation, we consider a square bilayer formed
by a SiN layer of 100 nm atop a 125 nm thick silicon layer. This layer is sup-
ported at the center by a SiO, pillar with a square base. The whole structure
is placed on a silicon substrate. The suspended part of the SiN/Si bilayer,
from its edge to the edge of the SiO, pedestal, is 2 um (independently
of the lateral extension of the membrane). Simulations are performed for
structures with a center-to-edge extension of the SiN on SOI ranging be-
tween 6 and 16 um whereas the bottom SiO, (see Figure 2a), mimicking
the geometry shown in Figure 1b and c)).

The elastic field is then computed by the FEM simulations to satisfy the
mechanical equilibrium condition (without external forces), V - ¢ = 0, the
free surface boundary condition, ¢ - i = 0 with h the normal to the free
surface(s), and the Dirichlet boundary condition u = 0 with u the displace-
ment field for the silicon substrate similarly to previous investigations of
mechanical stress in heteroepitaxial systems.[46.76]

The stress field is defined as o = C: (€ — gl) with € = (1/2)(Vu +
(Vu)T) the strain field and ¢ the eigenstrain,”’] namely minus the mis-
match of the SiN layer with respect to the Si layer induced by the growth
process. €q is found to vary according to the fabrication condition in the
range +1%. The elastic constant tensor C is assumed to be isotropic for the
purposes of this work. Expressed in terms of Young modulus (E) and Pois-
son ratio (v) they are: Eg;=130GPa, v5;=0.27, Egjy=250 GPa, vg;=0.23,
Esio,=70GPa, vsi, =0.17.

We explicitly consider only the case of a SiN layer under compres-
sive strain. However, the resulting strain distributions scale linearly with
€o- Therefore, as we are interested in the ratios between different strain
components, their distributions are provided in relative units w.r.t such
an eigenstrain.
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Theoretical piezospectroscopic Model:  The behavior of non-cubic color
centers in cubic crystals can be described by adopting a piezospectroscopic
method[42°978] coupling the observed energy splitting of the center spec-
tral lines with the strain field. The transition energy shift in the emission
of a center, AE, can be written as:

AE = Z Bk/‘gk/ (1)
k!

where ¢, are the strain field components (with kI pointing at the canon-
ical frame of reference), and B, some coefficients which form a second
rank symmetric tensor.[*?] Both experimentall34%67] and first principles
studiesl3167.79] have clearly demonstrated that G-centers, which consist
of two substitutional carbons and one interstitial silicon atom, behave as
first-type monoclinic centers (Cy;,) with an axis along the [110] direction. In
this case, the number of coefficients By, is reduced to four, and Equation 1
can be rewritten as:

AE = Bye,, + By (e +€y) +2B3ey, + 2By (€, — £1) (2)
Depending on the particular strain field, Equation 2 can be further simpli-
fied. More specifically, in the case of a tensile or compressive deformation
along the [100] direction, the number of split spectral lines is two, whereas
it corresponds to four when the deformation is along the [110] direction.
In the first case, Equation 2 becomes:

AE = B'Iezz + BZ (Exx + 6yy) (3)
Assuming that the energy separation AE is composed by an high energy
shift, AE, ¢, and a low energy shift, AE ¢ (corresponding to the two split
spectral lines) Equation 4 can be written as:

AEpe + AE(g = Bg,, + By (e +£y)) (4)
if this equality holds, then:

AEpe = Eye — Eg = Bye,,

®)
AELE =Eg—-E =5 (Exx + Eyy)
where E is the ZPL (0.969 eV). Egs. 5 can be finally written as:
Eqe = Bye,, + Eo

(6)

Elg = Bylen + Eyy) +Eo

On the other hand, when the deformation is along the [110] direction, the
non-diagonal components of the strain tensor cannot be neglected. In this
case, the number of split lines is four, and Equation 2 has to be fully taken
into account.

We employed both versions of Equation 2 (full and simplified one) to
theoretically evaluate the shift of the G-center ZPL moving from the center
to the side of the patches. The strain field, ¢, is computed by 3D FEM
calculations as described above while By, coefficients are taken from pre-
vious works on [100] and [110] strained cubic Si.[*3] However, in our study,
Equation 2 assumes a slightly more complex form. Indeed, as is shown in
Figure 2, the strain field ¢y is a function of the distance from the center of
the patch, d. As a consequence, Equation 2 becomes:

AE(d) = B'Iezz (d) + Bz[gxx (d) + gyy (d)] + ZB3£xy (d) + 254[gyz(d) &y (d)]
)

and, in the same way, Egs. 6 can be written as:

Epe(d) = Bie, (d) + Eo

Eie(d) = Byl (d) + £y, (d)] + Eo
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In this way, we build a predictive model to prove that the measured ZPL
energy shifts are due to the difference in the strain field between the center
and the side of the patches. Moreover, such a model can also demonstrate
that the dependence of AE on 1/L? (where L is the patch side) is linear.

Finite Difference Time Domain Simulations of Light Emission: Calcula-
tions of light emission from the etched patches were performed by Finite
Difference Time Domain (FDTD) method employing the commercial soft-
ware Lumerical. To simulate the emission from a single G-center, an x-
polarized, spectrally narrow, light-emitting electric dipole is used, centered
around 0.970 eV with a pulse length of 3000 fs. We simulate two kinds of
systems: 1) an infinite multilayer structure composed by (from top to bot-
tom) a 100 nm thick SiN layer, a 125 nm thick SOI layer, and a 2 pm thick
SiO, layer atop a Si bulk. 2) Square patches of different sides are modeled
analogously to the one used in FEM simulations described before, except
made for the strain effect which is not included in these FDTD simula-
tion domain. In both cases (infinite multilayer and finite size membranes)
the dipole is positioned at 25 nm from the upper surface of the SOI layer
(at the center of the membrane for the finite patch cases). A 2D monitor
geometrically configured to reproduce an acquisition of NA = 0.7, is posi-
tioned atop of the multilayered structures and collects the signal coming
from the system. The intensity is then calculated by integrating the emis-
sion over the monitor area (12 um x 12 pum). For the sake of thoroughness,
we also studied different configurations by changing the monitor distance
from the multilayer and adjusting the monitor size in order to reproduce
the experimental NA of 0.7. No significant differences were highlighted,
and this analysis is not reported.
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