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Stress-strain engineering of single-crystalline silicon membranes by ion implantation:
Towards direct-gap group-1V semiconductors
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The introduction of strain into semiconductors offers a well-known route to modify their band structure. Here,
we show a single-step procedure for generating such strains smoothly and deterministically, over a very wide
range, using a simple, easily available, highly scalable, ion implantation technique to control the degree of
amorphization in and around single-crystal membranes. The amorphization controls the density of the material
and thus the tension in the neighboring crystalline regions. We have demonstrated up to 3.1% biaxial tensile
strain and 8.5% uniaxial strain in silicon, based on micro-Raman spectroscopy. This method achieves strain
levels never previously reached in mesoscopic defect-free, crystalline silicon structures. The flexible, gently
controllable, single-step process points toward very high mobility complementary metal-oxide-semiconductor
devices and easy fabrication of direct-bandgap germanium for silicon-compatible optoelectronics.
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I. INTRODUCTION

Strain can modify the bandgap nature of semiconductors,
controlling the photoemission probability and gain [1-6].
Silicon-compatible direct bandgap semiconductors would
produce a drastic improvement in optoelectronic/photonic
devices due to the compatibility with the drive electronics
in complementary metal-oxide-semiconductors (CMOSs) [7].
To have the silicon (Si) conduction band minimum at the
gamma (I") point, a strain of 10-13% [8] is required. Al-
though such high strain levels are difficult to achieve, smaller
amounts are enough to improve the light emission efficiency
by reducing the momentum required during transitions [9].
Furthermore, a transition from indirect to direct bandgap re-
portedly occurs at much lower strains in nanoscale silicon
materials, for example, at 1-2% strain for hydrogen passi-
vated silicon nanowire with 3.1 nm diameter [10]. The most
conventional method used to produce strained silicon involves
exploiting the mismatch between the silicon (5.431 A) and
germanium (5.658 A) lattices [11]. Other methods encompass
surface modification [10], oxide growth followed by undercut
[12], or a bending apparatus [13]. Nevertheless, even using
multiple lithography steps, the reported strains are generally
<2%, though up to 4.5% uniaxial strain has been produced
in undercut silicon nanowire [14]. In germanium (Ge), the
indirect-to-direct transition occurs at a much lower strain
(1.9% for biaxial and >4% for uniaxial [2]), and up to 5.9%
uniaxial strain at 20 K has been demonstrated with lasing
occurring at 5.4% [6].

“d.cox @surrey.ac.uk

2475-9953/2021/5(12)/124603(13)

124603-1

The effect of ion irradiation on the matter has been ob-
served in several amorphous materials, e.g., silica (SiO;)
[15,16], silicon nitride (SizN4) [17-20], or metals [21,22],
and under different ion beam conditions such as low-energy
helium (He™) [18] and gallium (Ga™) [17] or high-energy
noble gases [15]. A well-known effect is the plastic deforma-
tion of insulator materials (e.g., SiO, [16] and SizN4 [19])
under high-energy irradiation due to a thermal spike after the
implantation, herein called ion beam hammering [15,16]. This
phenomenon corresponds to the shrinking of the dimensions
parallel to the ion beam incidence while the dimensions par-
allel to the surface dilate, taking place when the ion beam
range is larger than the sample size and the average electronic
energy loss is higher than the 0.60 keV nm™! threshold. In con-
trast, upward bending of Si3Ny cantilevers, corresponding to a
contraction of the surface after high-dose (~10'"atom cm2)
and low-energy (30 keV) Ga*t implants, is attributed to the
formation of a thin metallic layer on the surface [17]. In
addition to these mesoscopic induced strains, ion implantation
(30 keV boron into Si, at a dose of 10! ions cm2) followed by
thermal processing (20 min at 1000 °C) can induce nanoscopic
strain fields as a result of dislocation loops generated from the
damage tracks [23]. Nevertheless, the experiments reported in
the literature investigated only tensile or compressive stress
induced on the implanted region rather than on the neighbor-
ing unimplanted area. Here, we report ion implantation used
to deterministically strain a pristine crystalline material by
modifying the exposed region adjacent to it.

In this paper, freestanding single-crystal silicon mem-
branes, with 35 nm thickness but mesoscopic area of 131.5 x
131.5 um?, have been strain engineered using xenon (Xe™)
and gallium (Ga™) ion implantation in the surroundings, i.e.,
without compromising the single-crystal nature of the area

©2021 American Physical Society
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FIG. 1. Control of wrinkle symmetry. Scanning transmission electron microscopy (STEM) images showing the tensioning of the mem-
brane. The contrast is produced by the single-crystal membrane angle relative to the electron beam and detector. A 25-um-diameter circle was
exposed to a 30 keV Xe™ beam with 1.88 x 10 ionscm™s™! for (a) 2's, (b) 45, (c) 6's, (d) 8 s, and (e) 10 s (the opacity of the false colored
yellow indicates the irradiation duration). The scale bar corresponds to 10 pm.

being strained. The strain values were obtained using Raman
spectroscopy. By controlling the implanted region around an
unimplanted area of a single crystal, representing the place
where an active device-region could be fabricated, we created
strained membranes. This process is analogous to the tight-
ening of a drum skin, and in what follows, we refer to the
unexposed region of the window as the tympanum and the
exposed region as the tensioner. We produced biaxial tension
in tympana with circular patterns and uniaxial tension with
high-aspect-ratio slot-shaped designs. We have also exploited
the Si crystal anisotropy by altering the geometries of the slot-
shaped tympana to optimize the achieved strain. Implanting at
low energy, only the top surface is under tension, producing
a bilayer material that tends to curl when freestanding or
produces stress on neighboring materials when anchored. We
discovered that the neighboring crystalline tympanum area
is left flat and without shear based on electron backscatter
diffraction (EBSD) measurements. The proposed method al-
lowed us to reach up to 8.5% strain with very low implantation
doses.

II. TENSIONING A BUCKLED SILICON THIN FILM

The membranes used in this paper were produced by back-
etching a silicon-on-insulator (SOI) wafer to produce a square
“window” in which only the top silicon (35 nm thick) de-
vice layer remains (see Appendix A for fabrication details).
Implanting Xe* ions produce bond breaking of the silicon,
and since amorphous silicon created by ion implantation has
a higher density than crystalline silicon, the implanted area
shrinks, producing tension. Most of the xenon evaporates,
and in any case, the Xe concentration is small enough that
it contributes negligible swelling. We note that, often ion im-
plantation causes swelling rather than shrinkage, i.e., swelling
in a-Si is associated with high-density implants, often of
SiT, or with very low densities and creation of point defects,
whereas shrinkage is associated with intermediate density im-
plants [24-26], often by gaseous species, and amorphization
damage rather than isolated defects. Nevertheless, since the
30 keV Xe™ ion penetration depth calculated using the Surrey
University Sputter Profile from Energy Deposition (SUSPRE)
software [27,28] is shorter than the thickness of the silicon
membrane (21 nm, i.e., approximately half of the total thick-
ness), only the top implanted layer contracts followed by an
upward bending in the case of a freestanding cantilever or a
downward bowing when the exposed region is “clamped” at
both sides. This occurs in a similar fashion to the bending of

a bimetallic thermocouple strip when submitted to a tempera-
ture change (see discussion below).

To illustrate the induced tension, we show the result of
implanting circular spots of increasing dose in Fig. 1 (note this
is the inverse of the tympanum structure described above). The
wrinkles present in the membrane are due to the small unin-
tentional compressive strain in the SOI [29], which is released
when the window is fabricated. Increasing the Xet dose
gradually increases the silicon density in the exposed area,
shrinking it, and causing tension in the neighboring unim-
planted area. The images in Fig. 1 resemble a liquid droplet
placed on a thin elastic membrane [30] in which its weight
creates a downward bending (bowing) of the film underneath
the droplet followed by the appearance of radial wrinkles.
The analogy drawn between Fig. 1 and the downward bowing
under the droplet not only supports the idea of bimaterial
bending after the ion implantation (see Appendix C) but also
emphasizes how gently and controllably the ion beam can in-
duce strain. The evolution of wrinkles while increasing the ion
dose is equivalent to different timeframes of the high-speed
filming of the droplet falling into the floating thin film [31].
Therefore, this low-energy ion implantation-induced strain
can be an excellent platform to study nanowrinkling patterns
in freestanding thin films [32,33].

III. FLATTENING A BUCKLED SILICON MEMBRANE

Figure 2(a) shows a scanning transmission electron mi-
croscopy (STEM) image of an untreated membrane with
obvious wrinkles. In Fig. 2(d), the blurriness and the bending
of the higher-order transmission diffraction pattern (DP) of
this membrane indicate that the wrinkles disturb any long-
range order of the silicon crystal. To flatten the initially
buckled Si membranes, Xe* ions were implanted as an annu-
lus pattern, leaving a pristine circular tympanum at the center
[Fig. 2(b)]. The effect of the ring amorphization on the central
unexposed region is to introduce a tensile strain which causes
the wrinkles in it to dissipate as the strain is increased from
Fig. 2(b) to Fig. 2(c). The evolution of the wrinkles in the
tympanum with increasing ion fluence in the tensioner can
also be seen as a sharpening of the DP in Figs. 2(e)-2(f). Refer
to the Supplemental Material for further information [34].

IV. STRAIN MEASUREMENT

Raman spectroscopy was employed to quantify the stress
in each membrane by means of the Si peak shift. A 532 nm
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FIG. 2. Tightening a silicon drumskin. (a) Scanning transmission electron microscopy (STEM) image of an unexposed membrane with
dimensions of 125 x 125 um? like that in Fig. 1. (b) STEM image of the same membrane after exposing a 20-um-wide annular tensioner
(140 wm outer diameter and 100 pm inner diameter indicated by the red lines) to 30 keV Xe™ ions and a dose of 1.87 x 10'*ionscm™.
(c) The wrinkles are largely eliminated from the central tympanum, and there is now additional contrast between the amorphous and crystalline
silicon after further exposing the same annulus doubling the total dose to 3.75 x 10'*ions cm™. The electron diffraction patterns (DPs) in the
30 keV beam rocking mode shown in (d)—(f) correspond to a central 5-um-diameter region of the membranes shown in (a)—(c), respectively.
The DPs exhibit Kikuchi DPs characteristic of silicon (100). In (d), these lines are indistinct and bent, indicative of a scanned area that is
lacking translational symmetry due to the wrinkles. In (e) and (f), these lines become more distinct, straight, and higher orders are visible,
indicating that the scanned area becomes more and more translationally invariant (i.e., flat). Scale bars in (a)—(c) represent 10 um, and the

maximum angle of the DP is 10.8 °.

(2.33 V) laser excitation energy with a 100x objective lens
ensured a spot size diameter of 3 um with power below
100 uW pum™2 after attenuation filters, i.e., well below the
level at which thermally induced shifts become important
[35], even in nanocrystals embedded in a matrix with ~100
times smaller thermal conductivity than the crystalline silicon
of the membranes here [36]. The laser excitation wavelength
has an estimated penetration depth of ~700 nm, ensuring
that the strain is averaged across the entire thickness of the
membrane [37]. The spectra were collected between 400 and
600 cm™'. A spectral resolution of 1 cm™ pixel™' was achieved
using 2400 linesmm™! grating. Before each measurement, a
polystyrene sample located in a fixed focal length was used
to perform internal autocalibration of the micro-Raman by
means of matching the sharp and intense peak located at
1001.29 +£ 0.04cm™, and a spectrum was collected from a
piece of clean silicon (sonicated in acetone and oxygen plasma
ash) to verify the overall setup precision on a nonstrained Si
(T>, peak at 520.98 £ 0.02 cm™!). Lorentzian functions were
used to fit the peaks and quantify the resolution.

We investigated the degree of both biaxial and uniaxial
strain produced by controlling the ratio of the areas of the
tensioner to that of the tympanum. The magnitude of the strain
was estimated from the shift of the 75, mode in the Raman
spectrum at wo = 521 cm~'. This shift can be found from
the phonon deformation potentials [38—43]. For equibiax-
ial stress in the (100) plane and Raman scattering viewed
perpendicular to this plane, Aw = 2woMo1 /R, where

R = [pS12 + q(S1 +S12)]/2a)(2), p and g are the phonon
deformation potentials, and S;; are components of the compli-
ance tensor. Using p = —1.8503, ¢ = —2.31w} [39], S11 =
7.68 x 1072Pa”!, and Sj; = —2.14 x 10712Pa”' [39,41]
produces R = —226 GPa (or R/wy = —434 MPa/cm™). The
equibiaxial modulus M1y = 1/(S11 + Si2) = 181 GPa, so
the conversion factor from the fractional Raman shift to the
strain & = QonAw/wy is therefore Qo1 = R/2M o1y =
—0.63 (or = wO/Q(OOl) = 2(1)0M(001)/R = —831 cm‘l). For
uniaxial strain in (001), a similar relation applies Aw =
woeE /R, where R is the same constant from above (and
independent of direction), and the Young’s modulus (E) is
direction dependent. For uniaxial stress in the [#v0] direction,
Epio1 = Efoo) T (Efi1o) — E{100))sin* (2), where ¢ is the an-
gle between the stress and [100], Ejjo0) = 51_11 = 130 GPa,
and Epj10) = 4/(2811 4+ 2512 + Saa) = 168 GPa (using Suq =
12.7 x 10~ '2Pa™!). The conversion factor from the frac-
tional Raman shift to the strain is therefore Q07 = R/Epwo,
i.e., Q[IOO] = —1.74, Q[110] = —1.34or Q[120] =—1.54 (Wlth
corresponding b = wy/Q = —300, —387, or —338 cm™!, re-
spectively). Although Fig. 1 implies out-of-plane bending of
the exposed tensioner region, micro-Raman measurements
were taken only in the tympanum, in the approximately flat
areas (refer to Sec. V). We, therefore, neglect any modification
to the conversion factors by curvature of the tympanum.

We note that there is some disagreement over the values
of the phonon deformation potentials in the literature. In-
ferred values of R include —263 GPa [40], —262 GPa [42],
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FIG. 3. Biaxial strain in circular tympana. (a) Raman spectra as a function of tympanum size relative to that of the surrounding exposure

(tensioner). The Raman microscope laser spot size was ~3 pm, which is significantly smaller than the tympanum diameter. Spectra for different
a (= L/d) values are shown, in which the lowest a corresponds to the largest tympanum (100 um diameter) with the smallest strain, and the
largest a and highest strain is obtained for the 5 um tympanum diameter. The average window edge (L) = 131.5 pum, and the tensioners
were exposed to a 30 keV Xe* dose of 3.75 x 10'* ionscm™. (b) Relationship between strain and the normalized size a, showing that largest
tensioner to tympanum ratios result in highest values of strain, such as 3.1% for a 5-um-diameter tympanum. The inset of (b) is a schematic
drawing of the membranes used where purple indicates the region supported by the substrate, where the yellow circle in the center of the image
corresponds to the unexposed tympanum, while the light-blue circle shows the tensioner region where Xe™ were implanted (which overlaps
with the edge of the window). Standard deviation error bars for strain values (%) were based on the micro-Raman spectral resolution and the
uncertainty related to the Lorentz peak fit. (c) Raman spectra when the same membrane with a = 17.43 is exposed from the backside only
(spectrum marked with a circle) followed by an opposite side exposure (marked with a square), in which the full amorphization caused a blue

shift in the 75, peak due to the unbending of the tensioner.

—255 GPa [43], and —247 GPa [44]. Using a larger magnitude
of R would imply the strains produced in this paper are larger
than we have inferred, but for interpretation of our experi-
mental data, we keep the more conservative R = —226 GPa
[39] to be sure not to overestimate the strain. We further note
that, in germanium, it has been found that the conversion
is nonlinear at high stress [45], and since the relationship
obtained between ¢ and Aw is sublinear, extrapolation from
a small Raman shift would tend to overestimate the strain, but
keeping a conservative value for R should mitigate any such
effect, if present. Linearity in silicon has been confirmed up to
2.7% uniaxial strain [43].

A. Biaxial strain engineering

Figure 3(a) shows the evolution of the room-temperature
Raman spectrum from the smallest area tensioner and largest
tympanum, i.e., the least strain, up to the largest area tensioner
and smallest tympanum, i.e., highest strain. The diameter of
the circular tympanum was varied fromd = 100 to 5 um, and

we introduced the parameter a = L/d to normalize the data
since the square membrane windows in which the circles have
been produced do not all have the same dimensions, i.e., their
edge sizes (L) range between 120 and 140 pm. The inset of
Fig. 3(c) illustrates the definition of these dimensions. At the
lowest value of a = L/d = 1.23 (d = 100 pum), the tension is
already enough to provide a flat tympanum. The highest value
used a = L/d = 128.17 (d = 5 um) was limited because, at
this point, further reduction in d would approach the spatial
resolution of our Raman microscope (which has Gaussian 1/e
diameter 3 um, and 37% of the beam is outside this radius).
It is clear from Fig. 3(b) that the strain can be smoothly
increased from small values up to very high biaxial strain.
The increasing strain with a is a result of both membrane
contraction and membrane bending after ion irradiation. To
demonstrate that contraction alone is not responsible for the
high strain values obtained, the same tensioner region has
been exposed from the back and top sides to fully amorphize
through the membrane and remove the bilayer structure.
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Figure 3(c) shows that, after the second exposure (square data
point), the strain in the tympanum decreases down to a very
small number (blueshift) although still under tension. This
proves that amorphization/contraction alone does not produce
the observed strains obtained with ion irradiation on one side
alone. We also acknowledge the fact that pure contraction
should generate a higher planar shrinkage than a bending
with constant Gaussian curvature, but due to the soft bound-
ary between amorphized and crystalline regions, the curling
mechanism is shown to be more complex (see Appendix C).
Moreover, this backside exposure points to the possibility to
induce strain while leaving the whole top surface pristine for
devices. The fact that the Raman shift can be induced and then
removed by treating first one side then the other shows that
the origin of the Raman shift is not thermal (as does the fact
that the Raman shift is smoothly controlled with changing of
the dose, under nominally identical laser spot conditions). We
note that the Raman spectrum broadens at high strain, and this
is discussed in more detail below.

For STEM images of the membranes used in these experi-
ments, refer to the Supplemental Material [34].

B. Uniaxial strain engineering

To investigate uniaxial strain and the ability to exploit
the anisotropic Young’s modulus, we produced tympana in
high-aspect-ratio slot shapes. For such tympana, the stress and
strain in the center is dominated by the uniaxial forces per-
pendicular to the long edges ([010]), with minor contribution
from forces applied perpendicular to the short edges direction.
However, when the aspect ratio is >4, the stress on the rect-
angular tympana ends applied by the tensioner is smaller than
the internal stress due to Poisson’s ratio (v ~ % for silicon),
and we may treat the stress as uniaxial. Each tympanum has
dimensions 50 x 5 um?, and the short axis, corresponding to
the uniaxial stress, was oriented along [110], [120], or [010].
Therefore, the angles between the uniaxial stress directions
and [100] are ¢ = 45°, 67.5°, and 90 °, respectively, corre-
sponding to sin?(2¢) = 1, %, and 0, respectively. As the angle
@ varies from 45 ° to 67.5 ° to 90 °, the Raman shift varies from
Aw/wy = —0.013 to —0.049. Using the conversion factors
derived above, we may calculate the uniaxial strains which
correspond to 1.7 £ 0.1% t0 2.6 == 0.1% to 8.5 = 0.2%.

From above, Aw/wy = o /R, where o is the uniaxial stress,
independent of the stress direction, and therefore, we would
expect that, if the stress applied by the tensioner were constant
and independent of orientation, a constant Raman shift would
be observed. Evidently, the stress produced by the tensioner
varies with angle and is largest for [010] and smallest for
[110]. This finding points to the idea of exploiting the silicon
anisotropy of the window to get the strongest tensioner force.

Peak asymmetry is characteristic of large uniaxial strain
[14,46], and here, it could have additional effect from the
asymmetric orientation of the high-aspect-ratio tympanum
with ends approaching the finite-sized window edge which
would be eliminated with larger membranes. This experiment
also points out the lack of Raman artifacts on the measured
strains, i.e., Raman laser heat dissipation should not change

with rectangular tympana orientation, and therefore, the shifts
observed are not thermally induced.

V. INVESTIGATION OF STRAIN UNIFORMITY AND
TYMPANUM FLATNESS

There is an observed increase of the full width at half max-
imum in Fig. 3(a) for high-stressed small tympana (17.9 cm™!
for the 5 um circle, c.f. 5.1cm™! for the 100 wm circle) and
also in Fig. 4 as the strain is increased either by controlling
the rotation or the aspect ratio. This may be associated with
increasing values of stress caused by curvature at the tym-
panum edges, dislocation nucleation caused by strain values
beginning to approach the critical strain of silicon crystals
(17%) [47], and the “tail effect” [48—50] of ion beam implants
(the fact that the beam does not have a sharp edge) caused
by scattered ions hitting the sample surface in a near-normal
angle [51]. The Raman spot is also a Gaussian beam and
has its own tail that overlaps with the lower dose implanted
tympanum edge for small tympanum sizes (and the edges of
the beam have lower intensity but larger area so can contribute
substantially to the signal).

To investigate the flatness and crystallinity, we have used
high angular resolution EBSD (HR-EBSD) on a strained tym-
panum with a = 8.5 (20 um diameter), experimental details
of which can be found in Appendix B. EBSD DPs in Fig. 5(a)
show the crystallinity of each region in the window. Region
A is the strained crystalline Si membrane (the tympanum)
used for cross-correlation analysis. Regions B-D show DPs
from the surrounding pristine SOI crystal, the ion-implanted
Si membrane (the tensioner), and ion-implanted SOI, respec-
tively. These patterns were acquired at 15 kV electrons to
decrease the probe depth since the elastic scattering mean free
path for 20 kV electrons in Si is ~17 nm [52]. Regions C and
D, which have ion-implanted top layers, show faint Kikuchi
bands marked by the yellow dashed lines. The bands in region
D show reversed contrast (dark bands on bright background,
as opposed to bright bands on dark background as seen in
region B). Contrast reversal is seen in patterns where diffrac-
tion contrast originates from the sample subsurface [52]. It is
clear from region A in Fig. 5(a) that the unexposed part of the
membrane remains highly crystalline.

To investigate the strain uniformity in the tympanum and
its flatness, we mapped the deviatoric strain (i.e., the com-
ponent of strain related to distortions away from hydrostatic)
with respect to the center of the tympanum using the HR-
EBSD. Figure 5(b) shows elastic strain and infinitesimal
rotation components of the strained tympanum with respect
to its center, using a DP from the center of the map as a strain
reference. These data show the uniformity of elastic strain
across the circular membrane but not the absolute strain nor
the strain state with respect to the SOI. The strain state in the
interior of the circular membrane is uniform up to the angu-
lar precision of the HR-EBSD dataset (1 x 1073 radians, see
methods in Appendix B), since angular precision in radians is
numerically equal to the strain precision for small deflection
angles. The measured €|, and &;; strain components appear
higher than those without a component along the two axes.
These are likely HR-EBSD calculation artifacts from slight
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FIG. 4. Crystal orientation dependence of uniaxial tympanum strain. (a) Raman spectra obtained for rectangular tympana (50 x 5 pum?)
with different crystallographic orientations shown in (b). The tympanum with short axis oriented in the [010] direction (¢ = 90 °) has the
largest Raman shift and largest strain (8.5 & 0.2%), whereas that with short axis oriented in the [110] direction (¢ = 45 °) has the smallest shift
and strain (1.7 & 0.1%). The [120] tympanum (¢ = 67.5 °) is intermediate (2.6 & 0.1% strain). Based on the redshift of the silicon 75, peak,
uniaxial strain values were inferred, indicated on each spectrum. Scale bars on the scanning transmission electron microscopy (STEM) images
of (b) correspond to 15 pm. (c) Rectangular tympanum width dependence showing that uniaxial strain increases as the width decreases, starting
at 1.5 £ 0.2% for a 50 x 20 wm? tympanum and going through an intermediate strain value of 2.1 & 0.2% for a 50 x 10 um? tympanum. The
labels indicate the dimensions of the tympana in micrometers. All samples in this figure had a 30 keV Xe™ dose of 3.75 x 10'*ions cm™2.

wrinkles (~0.2 °) on the tympanum surface, as evidenced by
similar and reciprocal spatial features appearing in the out-of-
plane strain and rotation components (HR-EBSD assumes a
flat surface). Faint residual Kikuchi band features, visible in
the ion-implanted regions, indicate that the tensioner is not
fully amorphized through thickness but retains some crys-
tallinity [regions C and D in Fig. 5(a)]. The strain distribution
is relatively uniform across the membrane.

The infinitesimal rotation maps (w12, w3, and w3;) and the
kernel average misorientation map [see Appendix B] show
that rotations in the center of the tympanum are negligible,
but the tympanum circumference is bent slightly concave with
a curvature of 0.2 °/um (0.1°/pixel) curvature. This indicates
that the middle of the circular tympanum is essentially flat,
and membrane rotations are localized to the tympanum edges.

The curvature detected at the edge of the tympanum is
because the tensioner is curved. This curvature is allowed by
take-up of the excess silicon evident as wrinkles in the unpro-
cessed membrane (Figs. 1 and 2). Clearly, the distance from
the window edge to the tympanum edge is reduced compared
with the width the tensioner would have if it were flat, i.e., the
bending contributes additional stress on the tympanum. The
magnitude of this contribution is unclear, and further experi-
ment/modeling is required to understand the mechanism fully,

such as using diffraction [48]. The bending at the tympanum
edges also shows the extent of any depth dependence in the
tympanum strain that could limit the usefulness for devices,
which is therefore presumably limited to approximately the
same 1 um width ring around the tympanum edge. The cur-
vature we observe in the center of the tympanum of Fig. 5(b)
is negligible and no worse than often observed in epitaxially
grown layers [53], though edge effects might become im-
portant at the highest strains, depending on the application.
We note that EBSD can be used to measure strain, and a
magnitude of several percent would be in many cases easy to
detect. However, referencing to unstrained silicon is required
for an absolute strain measurement, and in these samples,
there is none on the surface (because the membrane outside
the window is compressively strained, hence the wrinkles).

VI. CONCLUSIONS

A focused ion beam microscope was used to implant Xe*
in a suspended single-crystal silicon membrane around cir-
cular and rectangular tympana with different orientations. It
has been shown that the implantation induces bowing of the
exposed region (tensioner), resulting initially in a stretching
out of the wrinkled tympanum followed by its straining as the
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FIG. 5. Strain uniformity, bending orientation, and crystallinity maps of the strained tympanum. The circular tympanum of diameter
20 um (a = 8.5) was produced with 30 keV Xe™ and a dose of 3.75 x 10'*ions cm™. (a) Example diffraction patterns from four regions
of the sample: A = crystalline Si membrane forming the tympanum, used for high angular resolution electron backscatter diffraction (HR-
EBSD) cross-correlation analysis; B = crystalline silicon-on-insulator (SOI); C = ion-implanted Si membrane forming the tensioner; D =
ion-implanted SOI. Kikuchi bands are marked by the yellow dashed lines are obviously in unexposed (crystalline) materials and faint in
exposed (amorphized) material. The bottom panel presents in-lens secondary electron image of the Si window with a 20 um tympanum at the
center. The HR-EBSD field of view is marked by the red box. (b) Maps showing deviation of the elastic strain and orientation obtained with
the HR-EBSD across region A, the tympanum, relative to the center (marked with a black cross). Coordinate axes are marked in (a). The maps
show high uniformity, with a very slight bowing visible from the in-plane shear strain components and in-plane rotation components.

dose increases. The strain and its uniformity were measured
by Raman spectroscopy and EBSD, respectively. Either biax-
ial or uniaxial tensile strains can be induced by choice of the
shape of the tympanum, up to 3.1 and 8.5%, correspondingly.
Such high strain can be obtained in a relatively large active
area exploring the silicon anisotropy. We recognize that the
magnitude in the induced strain is indirectly measured via the
Raman method; however, the strain measurements in this pa-
per were calculated using conservative values for the phonon
deformation potentials in the interpretation of the observed
Raman shift. Using the most recent values [40] available
would result in the maximum uniaxial strain achieved of 10%.
A large flat area, with <0.1 ° per um membrane curvature in
the outer 1 um, was observed in the biaxial-strained circular
tympanum, although about 1 ° per £#m curvature was observed
in the direction of the short axis in a small uniaxial-strained
rectangular tympanum. Such levels of strain are below frac-
ture strengths of Si nanostructures at 293 K [54,55], and stress
relaxation effect has not been observed.

Considering the wide interest in strained group-IV semi-
conductors for light emitters and photonic platforms [56],
fast and scalable methods for strain incorporation are highly
attractive. The strain uniformity across the membrane is one of
the advantages of using ion implantation for strain generation
to ensure a uniform bandgap energy. Moreover, the expected
higher mobility of the strained crystal will prevent current
flow via the implanted regions, and its narrower bandgap will
concentrate carriers in those lower energy states, and there-
fore, improved optoelectronic properties are to be expected.

This technique induces biaxial or uniaxial tensile strain in
thin films using a single-step procedure. Thus, if the same
technique is applied to germanium membranes [57] with mi-
nor modification to the beam parameters, such as acceleration
voltage and dose, as per the discussion in Appendix C, it
would turn into a direct bandgap semiconductor with po-
tential for many optical applications, e.g., lasers, due to its
CMOS compatibility. The implications of this paper in pho-
tonics go beyond pure germanium and can be also applied to
Si;_.Ge, [58] and Ge;_,Sn, [59,60] structures grown either
on buried SiO, or Si wafers. The highest strains have been
produced with the smallest tympana, and this reduces the
active area available. However, usable strains are achievable
even in larger tympana, and optical devices have been fab-
ricated with only a few square micrometers [1], and direct
bandgap Ge can be achieved with this technique in 40 pm?.
While this demonstration of induced strain has been achieved
using a focused ion beam, it could easily be a scalable tech-
nology via traditional lithographic techniques and broad area
implantation.
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APPENDIX A: MEMBRANE FABRICATION, ION
IMPLANTATION, AND IMAGING METHODOLOGY

The top (100) silicon layer was thinned until 35 nm using
reactive ion etching [61]. The bottom silicon was wet etched
using a potassium hydroxide (KOH) solution, and the silicon
dioxide layer was stripped using hydrofluoric acid [62,63].
The anisotropic wet etching of silicon by KOH resulted in
silicon membrane windows of ~131.5 x 131.5 um? in which
the directions along the edges are [110] and the diagonals of
the squares are aligned to the [100] directions. A schematic
drawing of the grid of the membranes and its crystal directions
are depicted in Fig. 6.

For the xenon (Xe™) ion implantation, a Dual Beam Micro-
scope (FIB-SEM), Tescan FERA3, was used. An inductively
coupled plasma source generates a Xe™ ion beam by ionizing
the xenon gas after interactions with free electrons at the
cathode. An acceleration voltage of 30 keV was fixed by the
anode, and a specimen current of 150 pA was maintained con-
stant during the implantations by controlling the condenser
lens voltage. The spot size while operating the microscope
at these conditions was measured to be ~500 nm. Gallium
(Ga™) ion implantation was carried out in another FIB-SEM,
FEI Nova Nanolab, in which the Ga®™ beam was generated
by a liquid metal ion source. Acceleration voltages of 10, 20,
and 30 keV were used, and the current was kept at 10 pA
during the ion implantation, resulting in spot sizes of ~50,
20, and 10 nm, respectively. The exposure patterns were pro-
duced within the FIB-SEM software interface and consisted
of a simple circle, an annular pattern with inner and outer
circle diameters, and a circle (circular tympanum) or rectangle
with filleted edges (rectangular tympanum) subtracted from a
square. Regardless of the design, the beam was scanned from
the central part (circle center or a point in the inner shape
boundary) toward the outer contour in a clockwise course,
with a pitch size of 10 nm and a dwell time (in seconds)
calculated based on [DA(1.6 x 107'9)] /Ni, where D is the
ion dose (or fluence) in ions per square centimeter, A is the
exposed area in square centimeters, N is the number of points
in the pattern (based on the area and x — y pitch size), and i is
the beam current measured in a Faraday cup using a Keithley
Series 6400 Picoammeter.

SUSPRE software [28] is a Boltzmann transport solver based
on the Projected Range ALgorithm (PRAL) that allows calcula-
tion of ion range, damage, and implant accumulation [64,65].
SUSPRE advantages include fast processing time with accurate
determination of ion range when compared with SRIM. For
further information about SUSPRE software, please refer to
Ref. [27].

(a)

FIG. 6. Schematic drawing showing (a) grid and membrane di-
mensions and (b) crystallographic directions. 3.05 mm corresponds
to standard transmission electron microscope (TEM) grid size,
while window dimensions and crystal directions are a result of the
anisotropic wet etching of silicon-on-insulator (SOI) wafers.

To monitor the changes on the membranes after implan-
tation events, a 30 keV electron beam with spot size equal
to 3.6 nm was used (beam current = 0.20 nA). Images were
captured using the retractable STEM detector either using
bright field or high angle annular dark field modes. The DPs
were obtained using the same STEM detector with the elec-
tron beam in the rocking mode, in which the electron beam is
rocked by the scanning coils at different angles to the normal
to the same spot at the sample surface. In this mode, there is no
focus of the beam between the scanning coils and the sample,
while in normal imaging mode, a crossover point occurs at the
objective lenses.

APPENDIX B: INVESTIGATION OF STRAIN UNIFORMITY
AND RECTANGULAR TYMPANUM FLATNESS

EBSD maps were acquired on a Zeiss Auriga field emis-
sion SEM using an Oxford Instruments Nordlys F detector.
The sample was mounted on a 70 ° pretilted stage, and the
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FIG. 7. (a) Left panel displays the mean angular error map,
while the right panel shows the angular precision frequency distri-
bution (histogram). The plots demonstrate how precisely the raw
high angular resolution electron backscatter diffraction (HR-EBSD)
measurements match the best-fit strains/rotations. From the his-
togram, the angular resolution of the data is ~ 1 x 10~ radians. (b)
HR-EBSD kernel average misorientation map showing that rotation
between each point and its 4 nearest neighbors is negligible (within
measurement noise) near the center of the circle. Short-range rota-
tions could indicate nucleation of dislocation. Color bars correspond
to rotations in degrees and radians.

working distance was 12.3 mm. The SEM was set at an accel-
erating voltage of 20 kV and ~10 nA probe current (120 um

[-110]

[110] Mis. angle

aperture with “High Current” mode). EBSD patterns were
acquired at 640 x 480 pixels resolution with 700 ms exposure
time. A background correction was applied to enhance band
contrast. The map step size was 0.5 um. HR-EBSD analysis to
calculate membrane rotations and in-plane elastic strain distri-
butions was performed on CrossCourt 4 (BLG Vantage) using
the methods in Ref. [66]. Pattern shifts were measured from
cross-correlation of 50 regions of interest (128 x 128 pixels)
per EBSD pattern. HR-EBSD dataset has an angular precision
of 1 x 1073 radians as per Fig. 7(a), and kernel average mis-
orientation map in Fig. 7(b) complements Sec. V discussion.
The EBSD analysis covered the tip (red rectangle) of the
50-um-long slot shown in Fig. 8(a). Figure 8(b) shows mis-
orientation angle and axis relative to the center of the map.
The membrane forms a saddle shape, bowing inward across
the slot width and outward around the short edge. As for the
circular tympana, only out-of-plane rotations are observed,
meaning that there is no in-plane (twist) component. The
Si window can be approximately described as a thin elastic
membrane pinned on four edges bent by a curvature deter-
mined by a 0.1% [as per Eq. (Cl) and « =~ 3>, discussed
in Appendix C] linear misfit strain between the amorphlzed
top layer and the crystalline bottom layer. Since the tensioner
length is larger along the rectangular tympanum width than
the slot length, a higher total bending moment is expected
across the slot width than along the slot length. If the ratio
between these bending moments exceeds the Poisson ratio of
silicon (~0.25), the stretched tympanum shape turns from a
concave bowl shape into a saddle shape. Thus, the membrane
shape transitions from bowl shaped to saddle shaped as the
sample aspect ratio increases from circular to slot shaped.
This simple model further supports the bimaterial bending
hypothesis. It is noteworthy that the ion-implantation method
to strain membranes can gently achieve high strain levels in a
250 wm? active region with < 1.1 £ 0.2° rotation across the
tympanum width at the center of the active region.

@

Tympanum
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v
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i

[-110]
[110]

Mis. axis

FIG. 8. (a) Scanning electron microscopy (SEM) image of the silicon-on-insulator (SOI) window and Si membrane containing a rectangular
50 x 5 um tympanum. The electron backscatter diffraction (EBSD) field of view is 3.8 x 8.4 um and indicated by the red dashed box. (b)
EBSD misorientation angle map relative to the pixel at the center of the field of view, marked by the white cross. (c) Misorientation axis plots
right-handed rotations about the axis according to the circular color key, which is plotted in the same coordinate frame as the EBSD map (white
arrows indicate the direction of crystal rotation). The scale bar corresponds to 500 nm. (d) A schematic drawing of the membrane rotations
in the saddle shaped tympanum. The white crosses indicate the EBSD field of view location in the schematic. Please note that the bending is
exaggerated in the drawing for visualization purposes. The red section length corresponds to the tympanum width (5 wm) in the upper image

and the tympanum length (50 ;m) in the bottom image.
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FIG. 9. Dependence of cantilever curvature on ion beam parameters. (a) Scanning electron microscopy (SEM) images of the cantilevers
produced by (a) 10 keV Ga', (b) 20 keV Ga', and (c) 30 keV Ga', in which the overlay colors correspond to the same doses depicted in (d),
and fields of view are 6.5 um. (d) Graph of the inverse radius of curvature « as a function of dose D for two different Ga* beam energies.
(e) Disorder vs depth for the different energies and doses used in the experiments. The ordinate shows the fraction of host atoms that have
been displaced by implant ions calculated using the SUSPRE model. Note that different points represent the implantation energies and colors
correspond to different doses. (f) Raman spectra for circular tympana with tensioners implanted with 30 keV Xe* (blue), 20 keV Ga* (green),
or30keV Ga* (red), corresponding to strains of 1.0, 0.8, and 0.6%, respectively. The three tympana all had the same diameter, 8 um (a = 17.5)
and D = 5.00 x 10'*ions cm~2 were used for Ga™ implants, and D = 3.75 x 10" ions cm™ for Xe™ implants. The difference in dosing is due
to the higher onset of amorphization when Si is implanted with gallium as determined by SUSPRE.

APPENDIX C: GENERATING A BILAYER MATERIAL
AND ITS STRAIN

We have investigated the mechanism for the tensile strain
generation by the tensioner. The bimaterial generated after ion
implantation/amorphization of the top layer and the resulting
bending have been mentioned earlier.

Bimaterial bending is described by an equation like Tim-
oshenko’s [67] equation for a bimetallic strip if the thermal
strain (ay — ;)87 is replaced by the misfit strain A induced
by the amorphization:

K_§ 2+(r,+rfl)
a l6+4(rt +rt_1) + (rEr,Z—I—rElrt_z)

A, ChH

where « is the reciprocal of the bending radius, rg and r, are
the ratios of the Young’s moduli and layer thicknesses, and ¢
is the total thickness. This equation becomes insensitive to r;

or rg if they are both near unity, in which case x ~ 32—f. Refer
to the Supplemental Material for Eq. (C1) derivation details
[34].

We measured the bending radius for cantilevers that were
anchored only on one side as a function of Ga™ dose D for
different energies such as 10 and 30 keV (Fig. 9). At these
energies, the average penetration depths of ions in silicon are
~12 and 26 nm, respectively, as determined from SUSPRE ana-
Iytical calculations [28]. In both cases, we find that « increases
linearly with dose after a threshold dose [Fig. 9(d)]. In the
case of 10 keV, the threshold is ~1 x 10'% to 1.4 x 10" cm™2,
whereas for 30 keV, the threshold is < 4 x 10 cm™2. Above
the threshold, the linear relationship is approximately propor-
tional (i.e., the intercept, though nonzero, is small), suggesting
that, under these conditions, the dose controls A, while
either rg and r, are reasonably constant and independent
of D, or they are near unity so that x is approximately
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independent of them. In the case of ions of intermediate
energy, 20 keV, the curvature « is very large even for the
lowest doses. Based on Eq. (C1), x goes through a maximum
when r, goes through unity, and we infer that, while the dose
primarily controls A, the energy mainly controls r;, which is
consistent with the SUSPRE results, as in Fig. 9(e). Finally,
we found that the implanted species used is also important.
We produced circular tympana of fixed size (¢ = 17.5) and
corresponding amorphization dose but with different species
and energy. As expected from the cantilever measurements
just mentioned, the induced strain increases for Gat when
reducing the energy from 30 to 20 keV, as per Fig. 9(f).
However, the strain increases when replacing 30 keV Ga™
with 30 keV Xe™'. We attribute the higher strain achieved by
the Xe™ implants to the higher damage cloud produced by a
larger ion, the higher electronic energy loss after the implan-
tation event, and the fact that, unlike the gaseous species (Xe),
the metallic species Ga stays in interstitial positions, causing
a mild expansion of the crystal lattice [28]. Thus, by care-
fully choosing the dose, the beam energy, and the implanted
species, it seems likely that even higher strain values might be
achievable.

Taking the linear part of the curvature to dose data on
Fig. 9(d) for the 30 keV Ga%t experiment, the slope of

the experimental x vs D is 0.008 um™" per 10'* ionscm2,

and assuming that « ~ 32—f, the implied misfit strain for
t =0.035um is A/D =0.00020 per 10'* jonscm™ =
0.020% per 10 ionscm™. Therefore, for D =5 x
10" ionscm™ [as used in Fig. 9(f), red colored plot], the
misfit strain is A = 0.1%. Recall that A is the misfit strain
in the bilayer, i.e., the fractional difference in the natural
lengths of the top and bottom materials in the bilayer (a-
Si and c-Si, respectively). Such a tiny misfit strain in the
tensioner would not be expected to be capable of inducing
strains of several percent in the tympanum if it were not for
the large amplification by the geometrical factor from the
relative areas of the tensioner and tympanum. This obser-
vation also indicates that, although easily controllable, the
proposed method creates a very complex through-thickness
system based on a mix of defects created by the ion colli-
sion cascade and the penetration distribution. Several attempts
to model this system via finite element analysis have been
carried out, but none reproduces even the simplest case of
the cantilever bending. Therefore, we use Timoshenko’s ap-
proximation to predict optimum ion beam energy and species
and as a way to highlight the nonconventional mechan-
ics involved in this system, which is closer to a ribbon
curling [68] created by several nanometer-sized blades at
the point of each line scan (i.e., 10 nm apart from each
other).
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