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ABSTRACT

A theoretical study of the band gap reduction under tensile stress is performed and validated through
experimental measurements. First-principles calculations based on density functional theory (DFT)
are performed for uniaxial stress applied in the [001], [110] and [111] directions. The calculated band
gap reductions are equal to 126, 240 and 100 meV at 2% strain, respectively. Photoluminescence spec-
troscopy experiments are performed by deformation applied in the [110] direction. Microfabricated
specimens have been deformed using an on-chip tensile technique up to ~ 1% as confirmed by back-
scattering Raman spectroscopy. A fitting correction based on the band gap fluctuation model has been
used to eliminate the specimen interference signal and retrieve reliable values. Very good agreement
is observed between first-principles theory and experimental results with a band gap reduction of,
respectively, 93 and 91 meV when the silicon beam is deformed by 0.95% along the [110] direction.

1. Introduction

Silicon (Si) is a widely used material owing to its abun-
dance, electronic performance and CMOS compatibility.
The indirect band gap of Si around 1.12 eV at 300 K and its
electronic properties make it suitable for visible and near-
infrared photodetection[1, 2, 3] while the magnitude of its
band gap limits the use for higher wavelength applications
for which other materials such as indium gallium arsenide
(InGaAs) or germanium (Ge) are preferred[4, 5].

Elastic strain engineering is a proven technique to vary
the electronic bandgap of semiconductors and to improve
their charge carrier mobility at low additional costs. In the
past years, theoretical works have shown the possibility to
reduce the band gap and thus to extend the absorption range
by deforming silicon crystals[6, 7]. The enhancement of
the optical and electrical performances of strained silicon
makes it adapted to near-infrared sensing applications[8].
The electronic properties of silicon under uniaxial or biaxial
stress applied along the main crystal directions have been
extensively studied using semi-empirical approaches based
on fitting parameters such as the k-p method[9, 10], empir-
ical pseudopotential (EPM)[11, 12] and tight-binding (TB)
method[13, 14], or more recently using density-functional
theory (DFT), allowing ab initio computation without fitting
parameters[15, 16, 17, 18]. Despite this potential and the
existing first-principles studies, experimental works on the
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band gap reduction in deformed silicon remain scarce due
to practical limitations of obtaining highly-deformed silicon
samples and measuring the band structure of these specific
samples. Furthermore, only a limited number of these works
use their measurements to discuss theoretical studies.

Several experimental methods have been proposed in
the literature to strain semiconductor-based devices with-
out needing external actuation. Stressors[19, 20, 21, 22] or
epitaxial growth[19, 20, 23, 24, 25] lead to a shift in the
band gap and can help to significantly improve the mobility
of the carriers in modern Si-based devices by applying
uniaxial or biaxial strain respectively. The mobility gains
are important at low strain levels and have been well-studied
but the properties of highly-strained semiconductors remain
partially explored. In[26], transistor stacks were deformed
in uniaxial tension and compression using bending while
in[27, 28] nanomembranes are biaxially strained using high
pressure gas. Another strategy consists in using and am-
plifying the internal stress present in the semiconductor
film[29]. All these techniques present limitation either in
terms of level of applied strain and number of measurement
points, or regarding the requirements for integration in a
microelectronics fabrication process.

Only recently, it was shown how to reach high strains
in different structures based on nanoribbons[30, 31] and
nanowires[30, 32, 33]. The nanoscale dimensions is key to
reduce the number of defects in the strained structures and
thus to allow reaching higher strain without failure. More
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specifically, on-chip tensile techniques allow the deforma-
tion of a large number of silicon beams without the need for
external actuation[34, 35, 36].

In this work, microfabricated silicon beams are deformed
using an internal stress actuation principle. Raman spec-
troscopy is used to determine the elastic strain level while
the band gap value is obtained by photoluminescence spec-
troscopy. As the vibrational modes of the crystal detected
in the Raman spectrum depend on the structure of the
semiconductor, the position of the Raman peaks can be
directly linked to the intensity of the lattice deformation, i.e.
elastic strain[37, 38]. The luminescence spectrum collects
the photons emitted by electron-holes recombination after
excitation. The position of the spectrum and its shape are
directly linked to the band structure and especially the band
gap of the material[39, 40, 41].

Section 2 describes the first-principles simulations. The
structural parameters of deformed silicon crystals are re-
minded, followed by the presentation of the computational
methods. This section finished with a discussion about the
theoretical results. Section 3 describes the experimental
work undertaken to validate the theoretical study. It starts
with a description of the deformed silicon specimens and
their fabrication process. Then, the Raman spectroscopy
method is explained, followed by the photoluminescence
measurements. The results are finally discussed and com-
pared at the end of Section 3.

2. First-Principles simulations

2.1. Deformed silicon primitive cell

The silicon unit cell is made of two inter-penetrating
face-centered cubic (FCC) crystal structure with a two-atom
primitive cell as displayed in Fig. 1.a. The three Bravais
lattice vectors are given by

ao 0 ao 1 aO 1
=0l =2 0 e=2f1], «
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where a, = 0.543 nm is the experimental lattice parameter[42].

The two atoms of the primitive cells are located at positions
X; and X,:
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The reciprocal space presents a body-centered cubic (BCC)
lattice. The first Brillouin zone is represented in Fig. 1.b with
the equipotential surface of the six electron valleys.

In a deformed crystal, the new set of lattice vectors (a’, b’
and ¢) are given by

@b )=1I+E)-(abec), A3)

where I is the unit matrix and E is the strain tensor. In this
work, uniaxial stress conditions applied along three crystal
directions ([001], [110] and [111]) are studied theoretically.
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Figure 1: Representation of the two-atom primitive cell of
silicon with (a) the lattices vectors and (b) the equivalent first
Brillouin zone with the electron valleys. The path between the
two symmetry points (L and X) is also represented (c) along
with the band structure on this path with the minimum of the
conduction band (blue area) and the maximum of the valence
band (red area) highlighted. The direct band gap E,,, and
indirect band gap E,,, are indicated.

Under a tensile strain £ applied along a crystal direction
(or perpendicular to the crystal plane), the transverse dimen-
sions reduce with Poisson ratio v defined as

8” = -V EJ_, (4)

where £ is the transverse strain.

The strain tensor and the important mechanical proper-
ties based on the components C;; of the compliance matrix
are represented in Table 1.

2.2. Computational methods

The band structure is computed from first principles us-
ing density-functional theory (DFT) for relaxed and strained
silicon, as implemented in ABINIT[44, 45]. Norm-conserving

pseudopotentials from the PSEUDO DOJO[46] in the generalized-

gradient approximation (GGA) from Perdew— Burke—Ernzerhof
(PBE)[47]. A structural relaxation for the two atoms of the
strained unit cell for each strain level is first performed.
The electronic band structure is then determined using a
Monkhorst—Pack k-point grid[48]. The convergence study
performed on the relaxed silicon cell led to a band gap vari-
ation below 1 meV with a 18x18x18 grid and a plane-wave
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Table 1

Expressions of the strain tensor, Poisson ratio and Young's modulus corresponding to the loading applied in the [001], [110] and
[111] directions where C;; = 165.77 GPa, C;, = 63.93 GPa, and C,, = 79.62 GPa are the terms of the compliance matrice of
silicon[43]. &, stands for the tensile strain applied to the material while ¢ is the associated transverse strain.

Strain Strain tensor Poisson ratio Young's Modulus
direction E v Y
g 0 0
[001] 0” € 0 Ci (€11 =Cp)(C11+2C1)
0 OH Cii+Cyp (C1+Cp)
€
(e, +e) (e,—¢p O e )
110 2 _ 0 12444
[110] (€, 6”) (6J‘+6H) 2C11 Gy +H(Cp 1 +2C)(C11 =Cp) | i
0 2 Frencnacy, T
1 (e, +2) (e,—¢p (e,—¢)) CoaataC ,
11+2C1p—2Cy,
[HI 5] Ermey) (et (e —g) G220 een
—g)  (ep—g) (e,+2) (7*)

cutoff of 20 Ha. Many-body perturbation theory (MBPT),
based on the Green’s functions formalism (GW)[49], is
used to correct the well-known band-gap underestimation
in GGA[50]. In practice, quasi-particle (QP) energies and
amplitudes are computed on a 10x10x10 k-point grid in the
relaxed case to find the band gap correction.

2.3. First-Principles results

The results of the atomistic relaxation are shown in Fig.
2. Only the atomic displacement corresponding to a stress
applied in the [110] and [111] directions are computed, as
no internal relaxation happens in the [001] case due to the
absence of shear distortion. In the first case, the structure
displacement is directed along the lattice vector ¢, causing an
atomic displacement along this vector about 0.087 % per unit
of strain (in percent) (negative for x; and positive for x,).
The components for the other lattice vectors involve the same
displacement but in opposite direction. In the [111] case, the
displacement is 0.051 % per unit of strain (in percent) and is
similar along the three vectors (positive for x; and negative
for x,).
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Figure 2: Relative positions of the atoms x, and x, inside the
primitive cell under strain applied in the [110] (orange) and
[111] (red) crystal direction. The indices a,b and c refer to the
lattice vectors.

The band structure for relaxed silicon is represented in
Fig. 1.c. The electron valleys (A), defined at the minima
of the conduction bands, are six-fold degenerated along the
<001> directions. At these positions, the band gap around
0.57 eV determined using the PBE functional raises up to
1.12 eV with the GW correction. The 0.55 eV correction
obtained in the relaxed case has been found to be hardly in-
sensitive to the strain with a variation below 5 meV between
the relaxed case and a tensile strain of 2%. The slight change
in the primitive cell due to the strain does not significantly
impact the quasi-particle correction.

When a tensile strain is applied along the [110] or [001]
direction, the broken symmetries of the crystal lift the degen-
eracy of the valleys into the A,-valleys along the [001] and
[001] directions and the A,-valleys along [100], [010], [100]
and [010] directions. The variations of the valleys gaps are
presented in Fig. 3. In the [001] case, the A, valleys present
areduced gap of 1.000 eV at 2% while the gap of A,-valleys
increases up to 1.224 eV. The opposite behavior is observed
for [110] strain with lower gap energy down to 1.076 eV at
2% for the A, valleys 0.894 eV for the A, valleys. On top of
the reduction of the band gap, a split between the heavy-hole
and light-hole valence bands up to 35 meV can be observed
for a strain of 2% oriented along the [110] direction. The
degeneracy is kept under the [111] tensile strain and the Ag¢-
valleys exhibit the smaller energy variations with respect to
the strain (1.027 eV at 2%). The important shear component
coupled with a Poisson ratio about 0.36 make the [110]
strain condition particularly suitable for band gap reduction
compared to the [001] direction where no shear strain is
present or to the [111] direction where limited variations
of the crystal symmetries are induced. A slightly non-linear
behavior is finally observed for the gap reductions, making
the first-principles theory necessary to correctly studythe
effects at high strain levels.
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Figure 3: Indirect band gap reduction in silicon computed using
density functional theory (DFT) for tensile strain applied in the
[001] (blue), [110] (orange) and [111] (red) crystal direction.
The degenerescence of the electron valleys is illustrated next to
the curves with the lowest energy valleys highlighted. The inset
represents the raw results of the band structure calculation for
a 2%-strain applied in the three crystal directions studied. The
band structures are centered around the top of the valence
band (E,).

3. Experimental validation

3.1. Fabrication of deformed silicon microbeams

An on-chip tensile testing technique has been used to
stretch silicon microbeams without external actuation[34,
35]. The concept of this technique is to benefit from the
high internal stress present in an actuator beam made here of
silicon nitride in order to pull on the specimen microbeam,
made of silicon in this study[30, 31, 32, 36, 51].

The design of the on-chip tensile testing is shown in
Fig. 4. Microfabrication techniques as developed for micro-
electronics are used to design and build the test structures.
The fabrication process starts with a p-type 700 pm-thick
Silicon-on-Insulator (SOI) substrate with a 685 nm-thick
top Si layer and a 1 um-thick buried oxide (BOX) that will
serve as a sacrificial layer. First, the top Si layer is patterned
thanks to a photolithography step followed by a CHF;/SFg
plasma etching to shape to the microbeam specimens (Figs.
4 a to c¢). Then, a 20 nm-thick dry thermal oxide layer is
grown at 950°C on the patterned top-Si and locally etched
away after photolithography using BHF solution in order to
open windows at the overlapping area where the actuator
is in contact with the top Si microbeams (Figs. 4 d to e).
Finally, the actuator layer made of low pressure chemical
vapour deposited (LPCVD) silicon nitride film is deposited
at 800°C on top of the partly oxidized top-Si and patterned
using CHF;/O, dry etching (Figs. 4 f to h). The 20 nm-
thick oxide on the top Si serves as an etch stop layer during
this processing step, thus avoiding the degradation of the Si
beams. The fabrication process of the top-face of the sub-
strate is completed as shown in Fig. 4 h. For characterization
purposes, as in this work, it is needed to open windows in
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N g gy
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Figure 4: Overview of the fabrication process of strained silicon
microbeams. The silicon beams are patterned first (a—c),
followed by the silicon nitride patterning (d—h). The back
etching and release of the structures are performed at the end
of the process (i—k).

the bulk Si substrate under the microbeams of interest using
deep reactive ion etching following a previous study[52].

The back-etching step begins with a thinning of the
whole substrate by mechanical polishing to reduce the sub-
strate thickness down to 250 pm. Then, a 300 nm-thick Al
layer is evaporated and patterned using photolithography
followed by H;PO, etching. This Al layer acts as a hard
mask during deep reactive ion etching (Fig. 4 i). The front
face of the wafer containing the microbeams is protected
by photoresist. The Bosch process is used for the deep Si
etching. The cyclic etching is performed by alternating 12
seconds-long SFg etching steps and 13 seconds-long C,Fg
deposition steps. 500 cycles have been applied to fully open
the windows in the substrate. The buried oxide sacrificial
layer is acting as an etch-stop layer and ensures that the
microbeams are not affected by the back-etching process
(Fig. 4 j).

The last step is the release of the entire structure using
hydrofluoric acid (HF) concentrated at 49% in order to
remove the sacrificial buried oxide lying under the specimen
and actuator beams and in order to let the force equilibrium
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Figure 5: Scanning Electron Microscopy (SEM) micrograph
of a deformed microbeams structure (a.). Stress is applied
after the silicon oxide (SiO,) etching with a hydrofluoric acid
solution concentrated at 49% (b.). The silicon beams are pulled
under tension due to the internal stress in the silicon nitride
(Si;N,) actuator.

to operate (Figs. 4 k). After the release, the Si;N, beam is
pulling on the Si microbeam that is deformed under tension.
The strain in each Si beam can be calculated from the
relative displacement of the freestanding structure thanks
to a series of fixed and moving cursors[34] or by Raman
spectroscopy as in this work (see next section). Hundreds
of such elementary structures with varying dimensions are
produced on one die. The length of the actuator beams is
varied from 100 to 1500 pum to access to different strain levels
inside the Si microbeams that have a constant length of 50
um. The width of the actuator beams is equal to 10 um while
the Si microbeams are 2 um-wide.

3.2. Strain determination by Raman spectroscopy
Raman spectroscopy is a well-known non-invasive method

to extract the magnitude of the elastic strain field in a semi-
conductor based on the vibration modes of the crystal[53].
In silicon, the degeneracy of the three optical phonon
peaks (around 520.7 cm™!) is lifted under deformation. The
intensity of the strain field can then be directly determined
from the peak positions if the proper relations between the
strain and the shifts of the peaks are known.
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Figure 6: Raman spectroscopy set-up to determine the inten-
sity of the strain field in the deformed silicon samples. A 514
nm laser is guided onto the sample and the scattered signal
is collected through a beamsplitter and diffraction grating to
be analyzed on a charge-coupled device (CCD). The spectrum
is then analyzed by fitting Lorentzian peaks to extract the
position of the LO and TO phonon modes that depend on the
magnitude of the elastic strain.

The labRAM HR system from Horiba with a 514 nm
laser was used to perform backscattering Raman spec-
troscopy. The system, illustrated in Fig. 6, is based on a
confocal microscope with a filter and an attenuator on the
incident light path while a spectrograph grating coupled with
mirrors discriminates spatially the energy of the scattered
light on a charge-coupled device (CCD).

According to the Raman selection rule, only the LO
mode should be excited with the laser polarized in the [110]
direction across the (001) crystal plane[54]. However, the
high numerical aperture (NA) of the microscope objective
(MPLAPON100x from Olympus) leads to the observation of
TO mode thanks to the tilted components of the light beam
hitting the material. Indeed, input light with an incident
angle up to 70° can be collected with a numerical aperture
of 0.95. The spectrum can then be fitted with Lorentzian
functions to retrieve the positions of the Raman peaks[55].

Fig. 7 shows the Raman spectra of five strained samples
from 0.22% to 0.80%. The Lorentzian fit representing the
two phonon modes (TO and LO) is highlighted while the
vertical position is set according to the strain of the samples.
The strain level has been computed using the position of the
TO peaks with a strain-shift coefficient of -485 cm~[56].
About ten measurement points are taken along each silicon
beam in order to determine the uncertainty of the measure-
ments.

3.3. Photoluminescence measurements
The FluoMic and FluoTime 300 from Picoquant are
used to generate the luminescence spectrum of the strained
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Figure 7: Raman spectrum of several deformed microbeams.
The measurement data (continuous blue lines) are fitted using
two Lorentzian functions representing the contribution of the
TO mode (dashed lines) and LO mode (dotted lines). The
spectra are normalized with regards to the intensity of the TO
peaks while the vertical position of each spectrum is related to
the strain of the sample. This strain level has been determined
using the linear relationship (continuous orange line) between
the peak position of the TO modes (oranges dots) and the
strain.

samples as represented in Fig. 8. A 532 nm pulsed laser
going through an attenuator is focused on the sample with
a MPLNS50x objective from Olympus. The spot size of about
20 um diameter leads to a nearly complete illumination of
the deformed samples. The duration of the pulse is 25 ps
with a 3 MHz repetition rate. The back-scattering system
collects the emitted light through the same objective. A
beam splitter separates the input laser line from the emitted
spectrum, guided to a monochromator. The monochromatic
output light is analyzed at the end by a NIR photodetector
(900 nm - 1400 nm) with photomultiplier tube (PMT). The
full spectrum is then obtained by tuning the monochromator
between 900 and 1300 nm with step of 1 nm. The integration
time for each point of the spectrum is set to 15 s.

The luminescence spectrum @(E) is fitted and calibrated
using the band gap fluctuation model[57, 58]:

E -E _
& - E2exp<—E 'u>, 5)

®(E) x erfc
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Figure 8: Diagram of the photoluminescence set-up used to de-
termine the band gap of the deformed microbeams. A 532-nm
laser has been used with confocal backscattering configuration.
The signal emitted by the sample is then collected through the
same objective as the input laser beam. A monochromator
coupled to a NIR photodetector is used at the end to retrieve
the luminescence spectrum.
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Figure 9: Data processing scheme to remove the interference
signal (red) from the raw measurements (black) before the fit
with the photoluminescence model (blue).

where E is the photon energy, u is the chemical potential,
kgT is the thermal energy, o, is the band gap fluctuation,
Eg is the mean band gap. A first fit is performed on the
sample to separate the interference signal from the lumi-
nescence signal. A second fit is then applied to the signal
for which the interferences have been subtracted to retrieve
the final band gap value. The correction and fitting steps are
represented in Fig. 9. The back-etched configuration of the
microfabricated samples avoids a background signal from

N. Roisin et al.: Preprint submitted to Elsevier

Page 6 of 10



Band Gap Reduction in Highly-Strained Silicon

the silicon substrate and thus improves the quality of the
measurements. Thirteen beams have been characterized with
strain levels between 0.2% and 1%, leading to a band gap
reduction between 22 meV and 91 meV.
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Figure 10: Results of the band gap determination from Raman
and photoluminescence measurements (orange dots). The
vertical and horizontal bars around the experimental results
are the strain and band gap uncertainties coming from the
Raman and the luminescence measurements, respectively. Data
are compared with experimental results found in the literature
(black square)[21] and to the simulation results obtained by
density-functional theory (orange line). The inset represents
the PL spectrum fitted on experimental data after the post-
processed step to remove the interference signal. The band gap
position for different strain levels is indicated on the spectrum
(orange dot) as well as the first-principles prediction (orange
line).

In order to estimate the uncertainty due to the data pro-
cessing, a statistical approach has been chosen with correc-
tions performed on each Si beam with the interference signal
from the other ones. The results of the data processing are
shown in Fig. 10. The coordinates of each point refer to the
mean value for the band gap and strain level determined for
each Si beam. The vertical bars represent the PL uncertainty
of the band gap due to the interference corrections. For each
deformed beam, the PL. measurements are fitted after remov-
ing the interference signal from all beams. The size of the
bars is equal to three times the standard deviation of the band
gap values extracted after the interference corrections. The
Raman shift at eleven points along each beam is extracted
to compute the uncertainty on the strain, represented by the
horizontal bars. The width of the bars is equal to three times

the standard deviation coming from the strain computed on
each point of the test beams.

The inset of Fig. 10 shows normalized luminescence
spectra with the peak position highlighted for several defor-
mation levels and compared with the theoretical results.

The first-principle results for the tensile strain applied
along the [110] directions have been represented and show
good agreement with the experimental results. The largest
band gap reduction found experimentally is about 91 meV
at 0.95 % while a reduction of 93 meV has been predicted at
this level of deformation. The results extend a previous ex-
perimental determination using PL spectroscopy[21] where
a band gap reduction of 100 meV has been found for a strain
about 1%. Previous study showed a band reduction of 69
meV for a strain of ~ 0.6% applied in the [100] crystal
direction[22]. Higher band gap reduction of 239 meV was
obtained with a biaxial strain of 1.54% applied on a (001)-
silicon layer using Si, Ge,_, stressor[23, 24].

This work experimentally demonstrates the physical in-
sight given by the first-principles simulations to characterize
the band gap reduction in highly-strained silicon. On top of
that, the results of the PL and Raman measurements confirm
the use of strain engineering to tune the optical behavior
of deformed materials. Further investigation will address
different loading configurations involving shear stress, uni-
axial and biaxial stress in other crystal directions or with
compressive structures instead of tensile ones.

4. Conclusion

In this work, a high band gap reduction of 240 meV un-
der 2% strain was found by density-functional theory (DFT)
for tensile stress applied in the [110] direction of the silicon
cell. The first-principles simulations have been confirmed
experimentally thanks to on-chip tensile method with back-
etched substrate to minimize background interference during
the measurements. Silicon microbeams deformed up to 1%
have been observed using a photoluminescence system. The
final results give a maximum reduction of 91 meV at a strain
level of 0.95%, showing good agreement with the theoretical
analysis.

By combining the results of the first-principles study
with the experiments, this work confirms the theoretical
understanding of band structure tailoring under stress con-
ditions, making silicon an interesting material for infrared
applications. The addition of the DFT simulation to the PL
measurements for investigating the reduction of the band
gap provides a deeper and more nuanced understanding of
the behavior of highly-strained microbeams. The findings of
this work highlight the potential of strain engineering as a
powerful tool for tailoring the properties of semiconductors
at small scales and suggest that further research in this area
could lead to new possibilities for optoelectronic devices and
applications.
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