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ABSTRACT

Semiconductor industry is experiencing unprecedented growth, still driven by the Moore’s law, which is
continually delivering devices with improved performance at lower costs. The continuation of this development
places the industry in a divergent trade-off between economic attractiveness, technological feasibility and the
need for further performance improvement. Since the mainstream semiconductor technologies are silicon-based,
new disruptive innovations are needed to gain additional performance margins. The use of nanowires is the
preferred approach for preserving electrostatic control in the MOS transistor channel and the application of
mechanical stress is a booster of carrier mobility. It is in this context that this paper presents the design,
fabrication, theoretical modelling and characterization of a measurement platform to characterize the mechanical
tensile stress of extremely narrow Si nanowires as small as 14.2+1.12nm in width. The proposed measurement
platform enables precise control of uniaxial strain, both in terms of amplitude and location, through the
implementation of a stoichiometric SisN4 pulling strand exerting a high tensile force on the silicon nanowires.
Reported devices are fabricated using a Silicon On Insulator (SOI) wafer with fully CMOS-compatible
processing and top-down approach. It is observed that mechanical strength of nanostructured Si is size-
dependent and increases with miniaturization. Characterization revealed a record tensile strength value of
7.53+0.8% (12.73+1.35GPa) for the narrowest nanowires fabricated using a top-down approach.

KEYWORS: tensile strain, Silicon nanowires mechanical strength, mechanical characterization, nano
fabrication, Finite Element Method modelling

INTRODUCTION

Silicon (Si) is a cornerstone material for modern electronics for more than 60 years 1, laying foundations for the unprecedented
growth of semiconductor industry which continually delivers smaller (FIG. 1a), cheaper (FIG. 1b) and faster (FIG. 1c) devices
owing to enormous progress in Si-based technologies e.g. Complementary Metal Oxide Semiconductor (CMQS).

To define directions and targets for progress, the semiconductor industry agreed to create an International Technology
Roadmap for Semiconductors (ITRS) which was subsequently integrated into the International Roadmap for Devices and
Systems (IRDS). ITRS/IRDS roadmaps are providing reliable forecasts of the semiconductor industry development.
IRDS/ITRS also makes it possible to trace the historical evolution of the key performance of semiconductor devices.

For about 5 decades 157 semiconductor industry was driven by the Moore’s Law & which imposed miniaturization and down-
scaling trend in nanoelectronics (see FIG. 1a). However, it is impossible to continually decrease the device’s size due to
enormous cost involved, and the limit of granularity at the atom-bond scale irrevocably approaches. ® This is why Moore’s Law
has been developing since the 2000s in tandem with an approach for diversifying integrated electronic functions referred to as
More-than-Moore, %1, Saturation of integration density and device dimensionality can be observed, for example, in the
forecasted flattening of the curve reflecting the number of transistors per chip (see the blue line in the upper right corner in
FIG. 1a). Simultaneously, it is worth pointing out that despite the economic and physical limits of chip miniaturization and
densification, their performance is constantly improved. FIG. 1 illustrates the exceptional progress in performance, reaching

decades for some parameters, with a simultaneous cost reduction made possible by Si-based technologies.
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Nevertheless, despite years of research and countless experiments, Si still conceals properties and physical effects that inspire
the scientific community around the world. The level of miniaturization achieved has recently revealed interesting Si properties
of considerable industrial importance e.g. thickness dependent thermal conductivity reduction, 2-2° carrier separation, 33
advanced optical properties, 2% increased carrier mobility with mechanical strain, 34" TeraHerz (THz) plasma waves, 354
CMOS devices performance boost. 5%, Moreover, as THz devices and market are developing very rapidly in recent times, the
fabrication of such devices on Si is challenging due to doping-dependent THz absorption and low carrier mobilities. Therefore,
the application of strain can bring considerable relief to THz applications by enabling the fabrication of low cost and
industrially compatible devices for THz emission and detection. Finally, interesting effects have also been observed in the field
of plasmo-mechanics where mechanical stress is introduced into the THz devices. 863

Even though the miniaturization trend, illustrated in FIG. 1a, cannot be sustained any longer, market still needs performance
enhancement beyond improvement delivered by scaling. One opportunity for further improving Metal Oxide Semiconductor
Field Effect Transistors (MOSFETS) is to increase mobility by introducing mechanical stress into nanometric scale channels
64-67 or a stress-induced resistance change in Si NanoWires (NW)®. In this light, research into the mechanical properties of Si
at nanoscale is of utmost relevance for the development of the latest sub-5nm CMOS technology nodes and for future
evolution of the CMOS industry in general.®®

The ever-deepening knowledge of Si is not only propelled by scientific curiosity, but Si still remains at the center of attention
owing to: (i) its low cost (~0.23%/kg for raw material ), (ii) unlimited reserves, (iii) simplicity, (iv) harmlessness, (v)
availability and (vi) industrial compatibility (all CMOS technologies use Si wafers produced by millions daily). Spurred on by
the evidence that Si remains and will remain the cornerstone of future electronics, this paper investigates the outstanding

increase in mechanical tensile strength in Si nanowires. Last but not least, the use of nanowires is the preferred approach for



preserving electrostatic control in the MOS transistor channel and the application of mechanical strain enhances carrier
mobility to levels much higher than in any other geometry. In this context, this paper investigates the mechanical properties of
Si at the nanoscale using a measurement platform specially designed to apply a variable tensile stress to Si NW until breakage.
The tensile strength was statistically characterized on a large population of nanowires of different lengths and widths but

constant Si thickness. Finally, the experimental results are compared with the theoretical model.

METHODS
a. PRINCIPLE OF OPERATION

To accurately and efficiently characterize Si NW tensile strength, an integrated measurement platform must: (i) focalize the
mechanical stress only on the nanowires under tests; (ii) apply only uniaxial stress to the nanowires; (iii) apply
known/predefined value of stress to the wires; (iv) provide variation of applied stress in order to determine the Si NW
mechanical strength; (v) provide a possibility to use a non-invasive (contactless) measurement technique in order to eliminate
measurement interaction with NW under test which can alter the mechanical characterization. Integrating all these
requirements in a single device is a real challenge, as is characterizing the mechanical properties of materials with nanometric

size. The literature reports a few examples of such measurement platforms coupled to measurement techniques based on

Scanning Electron Microscopy (SEM), Raman spectroscopy or Atomic Force Microscopy (AFM). 781
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FIG. 2 Principle of operation of measurement platform for Si nanowire tensile strength characterization; a) before
releasing the SisN4 residual stress; b) after applying SizNa tensile stress to the Si hanowires

The guiding idea is to evaluate the tensile stress that a Si NW can withstand through the measurement of its elongation (u)
under the application of a uniaxial tensile force. This force is exerted by a Silicon Nitride (SiN) strand which acts as an
actuator. A distinctive and underlying feature of the associated measurement platform is the suspension of both the NW and the
SiN strand. On one hand, the suspension of the NW ensures that it is only subjected to the mechanical load of the SiN strand at
one side, while the other side is clamped to a heavy anchor. On the other hand, the strand is patterned into a layer of SiN whose
initial state of tensile stress is released by the suspension process step. This yields a final configuration after suspension where
the SiN strand pulls on the NW in an uniaxial mode. This concept is illustrated in FIG. 2 which also gives a detailed view of
the platform construction. This last illustration highlights two key states in the fabrication of the measurement platform,
namely, before and after the nanowire and strand suspension. When the suspension is not yet realized (FIG. 2a), all
measurement markers are aligned. When uniaxial tensile stress is released after suspension (FIG. 2b), the u of the nanowire is

observed which results from the loading of the nanowire by the pulling force of the SiN strand.



b. EXPERIMENTAL IMPLEMENTATION

The proposed measurement platform is fabricated using a Silicon On Insulator (SOI) wafer. This measurement platform
uses the high internal tensile stress (~1GPa) of SiN in its stoichiometric (SisN4) formula 8 which is loading the Si NW. This
stress is originating from the Si/SisN4 thermal expansion coefficients mismatch which is introduced while performing high-
temperature Low Pressure Chemical Vapor Deposition (LPCVD) of SizNa4. 8 The Si NW is structured in the top layer of the
SOl substrate and is connected with a heavy anchor at one end. This anchor features a much larger cross-sectional area than
the nanowire. At the other end, the SiN pulling strand is connected mechanically to the nanowire (see FIG. 2a). In order not to
generate stress concentration points, each end of the nanowire accommodates an increase in width towards the anchoring area
in the form of dumbbell-shaped connectors as shown in FIG. 3. At this stage, before suspension, the whole structure rests on
the buried oxide (BOX) so that no stress is yet released. The width of the SiN pulling strand (Wstr) and that of Si NW width
(Wnw) are much narrower than the dimensions of SOI anchor and other parts of the SiN layer making it possible to remove the
BOX layer under the Si NW and SiN pulling strand without totally under-etching other parts of the platform. The removal of
the BOX layer under the SiN strand and the Si NW (see FIG. 2b) eliminates the mechanical coupling with the BOX layer and
loads the Si NW with the pulling force of the SiN strand. It is worth noting that the top Si layer has very low initial residual
stress, of the order of 30MPa, 8 so that the structural mechanics is dominated by the mismatch stress of the SiN layer. Until the
tensile strength of the Si is exceeded, the strand stress is compensated by the nanowire, which is reflected by an elongation of
the Si NW length. An accurate measurement of u is possible by means of markers located on the mobile part and on the fixed
outer parts of the SiN layer. The distance u is characterized using SEM which is a contactless method with minimal impact on
the characterized nanowires.

The loading force exerted by the released SiN strand depends significantly on its length (Lstr) thickness (tstr) and Wstr.
Thus, this opens up interesting possibilities for: (i) performing a statistical analysis of the tensile stress sustained by the wires

and (ii) determining the maximum stress before fracture of the nanowires.
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FIG. 3 Detailed layout of a unitary nanometer measurement platform for evaluation of mechanical properties of
three nanowires associated in parallel. Successive zooms present the nanowire geometry that accommodates an
increase in width towards the anchoring area in the form of a rounded transition referred to as dumbbell connectors.

C. FRAMING OF THE EXPERIMENTAL DESIGN

Characterization of material mechanical properties at the nanoscale requires adapted approach both at topological and
technological levels. Modern nanotechnology opens possibilities to expose deep sub-pum patterns using ultra-high-resolution e-
beam lithography. Using this method, a topology of nanometer measurement platform for tensile strength investigation in Si
nanowires was designed (FIG. 4). Varying the strand dimensions (tstr, Wstr and Lstr) changes the pulling force applied to the

nanowire and thus allows to modulate its amplitude over a wide range. In order to provide as broad a mechanical



characterization of the nanostructured Si as possible, a set of nanowires and SiN strands of different dimensions was
fabricated. FIG. 4 illustrates the entire chip layout with a set of measurement platforms featuring varying dimensions of Si
nanowires and SiN pulling strands. Nanowires with identical Wnw and Lnw are grouped as showed in FIG. 4 and for each
group Lstr is varied so as to gradually increase the applied tensile strain. This approach allows to easily detect the maximal
Lstr before the nanowire mechanical failure to determine the tensile strength of nanostructured Si.

Finally, two configurations of the platforms were designed: (i) single nanowire (bottom SEM picture in FIG. 5) and (ii) three
identical nanowires in parallel (top SEM picture in FIG.5). Owing to that, an enlargement of the measurement range is

achieved because three parallel nanowires will sustain strain from longer (longer Lstr) strands.
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FIG. 4 Layout of the chip comprising 3 subsets of unitary measurement platforms associated with each nanowire
width. Each subset is composed of 66 unitary platforms covering 3 nanowire lengths and a range of different lengths
of pulling strands. A total of 10 chips was fabricated.

In general, material parameters are given as a range rather than as a fixed value. This is because their measurement is always
subject to error, but also because the parameters may vary slightly due to imperfections, defects or non-uniformities in the
material. The layout of measurement platforms is therefore also designed to enable statistical processing of the data. Each chip
consists in 195 unitary measurement platforms. Such a large number of platforms allows a precise sweep of the applied stress

achieved by small variations of Lstr, forming in addition a large population for statistical data processing.

d. DEVICE FABRICATION

The fabrication process flow is illustrated in FIG. 5. The starting point is the SOI wafer, with ~1.5x10%cm acceptor
concentration (resistivity range p,=8.5 — 11.50.cm). Firstly, SOI is cleaned in piranha solution (30ml 96% H,SO4 + 10ml
30% H.02) and native oxide is removed using 10% HydroFluoric acid (10% HF) dip for 1min (STEP 1). Next, 49-points
ELLipsometric (ELL) mapping was performed in order to determine the SOl and BOX thicknesses and wafer uniformity (see
Fig. SMla and Fig. SM1b Supplementary Material for the initial SOl and BOX thicknesses mapping, respectively). ELL
characterization determined average thicknesses of t=33.546+0.6nm and 180.21+3.61nm for top Si (SOI) and BOX layers,
respectively. ELL mapping revealed also that the thicknesses of stack materials are very uniform upon the entire wafer.

Information of the initial thicknesses is needed to tune the duration of etching in further fabrications steps. After ELL



characterization, the fabrication of etched alignment markers (STEP 2) is performed. The alignment markers are transferred
into the wafer using electron-beam lithography and subsequently etched in SFe/Ar and CF4/N2/O2 atmosphere by Reactive lon
Etching (RIE) yielding markers with a depth of 1.32+0.017um. A high-resolution e-beam lithography using Hydrogen
SilsesQuioxane (HSQ) negative tone resist is subsequently performed in order to structure Si nanowires and SOl anchors.
After HSQ development in 25% TetraMethylAmmonium Hydroxide (TMAH) for 60 s, SOI is selectively etched to reach the
BOX using Inductively Coupled Plasma (ICP) in a chlorine atmosphere (see corresponding SEM picture in the FIG. 5).
Consequently, a thin etch stop layer of dry silicon dioxide (SiOz2) is thermally grown (STEP 4) and a 49 points ELL mapping
returned 9.138+0.861nm of the SiO: thickness. In STEP 5, an e-beam lithography is performed to define regions of selective
dry SiO2 removal in 5% HF for 5 s. Those regions will improve mechanical junction between remaining SOI and SisNg
deposited in the following STEP 6 (see Fig. SMlc, Supplementary Material for SisNs thickness mapping). Deposited
104.108+0.37nm thick stoichiometric SisN4 possesses residual tensile stress of 622MPa 88 which is applied to Si NW via
mechanical junction fabricated in STEP 5. Subsequently, a SisN4 pulling strand is structured using RIE till reaching the dry
SiO2 sacrificial layer (STEP 7). The fabrication is completed by releasing the SisN4 residual stress which is done in STEP 8
where BOX is underetched using HF in vapor phase.
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FIG.5 Fabrication process flow of nanometer measurement platform for characterization of Si nanowires
mechanical properties. Final device is presented in the SEM micrographs, inset presents the extension u of the

nanowire when applied SisN4 residual tensile stress.



RESULTS

Based on the measurement principle and physical implementation of the experimental platform described in the previous
sections, the u is determined by evaluating the distance between the moving and fixed markers under SEM observation as
illustrated in FIG. 5. The breakage mechanism of nanowires under mechanical tension can be induced by very slight process
variations or by the presence of extended or point defects. Here, only unbroken nanowires were considered and the

measurements are systematically accompanied by the number of nanowires that survived the mechanical stress.

a. ANALYTICAL MODELING

As a first approximation, the strain (&) in the nanowire is given by the Eq. 172 where Lnw is the initial length of the nanowire

before application of the tensile force, i.e. before suspension.

&E=—— Eqg. 1
I—NW
The mechanical coupling between the nanowire and the SiN strand can be expressed theoretically by formulating the
equilibrium condition of the forces exerted on these two elements. ”® The load condition expressed for the actuator is given by

Eq. 2

u
Fsrr = Esrr X Serr X(gg']I'R - L J Eq. 2

STR

where Estr is the Young modulus of the SisNa strand while Sgs = ters X W is the associated cross-sectional area. &qyy

refers to the mismatch strain between the SiN layer and the underlying SOI layer. This is the strain in the strand resulting from
the mismatch stress in the SiN layer before its release by suspension. The difference (S?TR —% ) therefore constitutes
STR

the residual strain that prevents the SiN strand from being totally relaxed because it is loaded by the Si NW. As a result, this
strain difference is reflected in the load force F¢, exerted by the strand on the nanowire after suspension. Complementarily,

the load condition expressed for the Si NW is given by Eq. 3:

u

FNW=N><ENW><SNW><( J Eq.3
I‘NW

where Enw is the Young modulus of the Si NW oriented along the <110> direction, S,,, =ty XW,, is the cross-

sectional area of a unitary nanowire with tnw and Wnw being its thickness and width, respectively. N is the number of

nanowires attached to the SiN strand. In Eq. 3, we have assumed that no mismatch strain exists between the top Si layer and

the BOX of the used SOI wafer, as already mentioned hereinbefore. By applying the equilibrium condition F¢r = Fy,, , the

u and the uniaxial strain &, associated to the Si NW are expressed by Eq. 4 and Eq. 5, respectively”:

U= Estr
NxENWXSNWx 1 N 1 Eq. 4
Ese *Ssre L Lsw
u
Eny = m Eq. 5

where Lstr is the length of the SiN strand before suspension. The above mechanical analysis, however, proves to be



simplistic in that some of the measured elongation takes place in the dumbbell connectors. To a lesser degree, some of this
elongation also comes from the undercutting of the BOX in the anchor area. In order to better take into account these extrinsic
contributions in solving the mechanical problem, the measurement platform is divided into two segments associated with the

nanowire and the SiN strand respectively, as shown in the FIG. 6.

yo oy ”'?.é

L

i

500nm

E ! w08 \':'(3:"

FIG. 6 SEM top view of the strain measurement platform showing the two segments associated to the nanowire
(NW) and the SiN strand (STR). Characteristics dimensions used to account for extrinsic contributions due to BOX
underetching (Luenw,Wuenw, Luestr, Wuestr) and the relative impact of the dumbbell-shaped connections to
nanowires (Lcon, Wcon) are detailed.

The nanowire segment can be divided into three parts including respectively (i) the underetched portion of the anchor area

(Luenw, Wuenw, tuenw) (ii) the intrinsic nanowire (Lnw, Wnw, taw) and (iii) the dumbbell-shaped connectors (Lcon, Wecon, tcon)
as shown in FIG. 6. The three variables in parenthesis associated with each part represent the length, width and thickness of
that part. It is worth noting here that tnw=tuenw=tcon=tsoi is the thickness of the top layer of the SOI wafer. Complementarily,
the SiN strand segment is composed of two parts, namely, the intrinsic strand (Lstr, Wstr, tstr) and the under-etched portion
of the anchor area (LuesTr, WuUEesTR, tuestr). Here, tstr=tuestr=tsin is the thickness of the SiN strand. Following the basic law
of deformation summation in objects composed of parts of varying cross-sectional area, the elongation of the nanowire and
strand segments can be expressed by Eq. 6 and Eq. 7, respectively, where F=Fnw=Fstr represents the axial internal load

applied to each segment:

U= Fx Lyw " F x Lyenw + 2xFxleoy
NxEgy xSy NxEjeyy X Susaw N X Egoy X Scon Ea.6
g.
F W W F
=— x| Ly, + x —WW_ 4 2% x —NW_ | — x L
Esor X Ssor ( o + Lo Woenw Feon WCONJ Esor X tsor xWyy MR
_ _Fxlygs " Fxlyesm  _
Esre XSsir Euestr X Sueste
F W F a
=————— x| Lgg + Lygsrr % = ] = X Lorperr
Esin X Sin [ Woest Esin X tsin XWorg

where Esoi=Enw=Euenw=Econ is the Young modulus of Si in the <110> crystal direction and Esin=Estr=Euestr is the
Young modulus of stoichiometric SisNa. Inspection of the Eq. 6 and Eq. 7 yields the effective lengths Lnwerr and Lstrerr for

the nanowire and SiN strand, respectively. The two effective lengths



W W W,
Lywere = Lww + Luenw X( N%VUENWj—l_ 2% Loy X( NV%VCON) and Lgrpere = Lsrr + Luesr X( S%VUESTRJ

can be substituted for Lnw and Lstr in the Eq. 4 and Eq. 5 to properly take into account the extrinsic extensions in the two
segments depicted in FIG. 6. Given the position of the measurement markers, it is important to emphasize that the
experimental strain, which will be discussed in the following, reflects that of the composite nanowire structure including the
dumbbell-shaped connectors and the correction due to the BOX undercut. The experimental strain is therefore calculated based
on the ratio between the measured elongation and Lnwerr in Eq. 6. Naturally, the contributions from the extrinsic elements are
more pronounced as the length of the nanowire is shorter. For the sake of completeness, the set of dimensional parameters used
in the model developed hereinbefore is summarized in Table 1 and structural parameters are given in Table 2.

Table 1 Values of parameters used in theoretical modelling for all characterized lengths Lnw=0.5, 2 and 5um, number
in brackets in underscore represent measurement population

Number ESO' tsin L W
Law Lstr of Whw t nw WsTr tsTR Lcon Weon LUENW WUENW
nanowires ;’CE(';',LN tuesTr UESTR UESTR
(pm) (m) - (nm) (nm) (nm) (nm) (hm) | (nm) (pm) (m)
14.2+1.1 9
05 11030 1 égéﬂg 13) | 28.1+x0.4 () 620 88.84£9.9 () 265 205
2 11060 I 0.48 353
5 110 120 15.9+1.6 (73
3 20.1+1.3 (79 | 25.6%0.6 (10 1060 73.4%0.6 (10) 265 650
40.6x1.4 (72
Table 2 Mechanical parameters
Structural parameter Variable name Value Unit
Silicon Young modulus <110> [59] [75]-[79] Esoi=Enw=Euenw=Econ 165.8 GPa
Silicon Nitride Young modulus (SisNa4) [72] [73] Esin=Estr=Euestr 230 GPa
Silicon Nitride mismatch strain (measured) 8ngR 0.0033 -

It is worth noting that the thickness of the nitride layer tsiv differs for platforms with one or three nanowires, in triple
nanowires platforms the nitride layer is ~21% thinner compared to single nanowire platform, as reported in Table 1. Despite
that observation, both devices were fabricated on the same wafer and the thickness difference can be explained by the different
etching durations at the end of fabrication process flow in STEP 8 (see FIG. 5). Triple Si nanowires devices have wider SizN4
tensile strands (bigger Wstr) than in single nanowires, thus the etching time in STEP 8 is adequately extended for three wires
platforms in order to achieve total BOX removal under the SiN tensile strand. The etch rate of 1-6nm/min of SiN in vapor HF
is reported in the literature depending mainly on the etching temperature. 992
FIG. 7 and FIG. 8 compare experimental data with the theoretical model for measured Si nanowires in single and triple
configurations as a function of the length SiN pulling strand. Note that Lstrerr is also substituted to Lstr on the horizontal axis
in these figures but this correction only introduces a marginal shift given its magnitude. Markers stand for experimental data
while continuous lines correspond to the theoretical model. Note that values of nanowires Wnw=15, 20, 40 nm are represented
by colors: green, red and blue, respectively. In order to reduce the impact of the imprecision of the measurement method, a
statistical representation of measured strain was used. Labels close to data points indicate the population of measured

platforms.
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We report a maximum tensile strain of 4.9+0.7% (tensile strength 8.28+1.18GPa) for the single nanowire configuration and
7.53+0.8% (tensile strength 12.73+1.35GPa) for three nanowires in parallel. These strain values lead to the conclusion that
nanowires, owing to their dimensionality, are significantly outperforming mechanical parameters of bulk Si (fracture strain of
0.18-0.6%%*%). Comparing the results between single and three-nanowire configurations, it can be observed that three
nanowires in parallel are extending the measurement range enabling characterization for longer Lstr. This is explained by the
fact that three parallel nanowires are mechanically stronger and the SisN4 pulling strand must be longer for the wires to reach
the fracture point. The presented characterization method uses SEM measurements of Si nanowires elongation (u) probed
between the measurement markers (see FIG. 2a) for graphical definition). The elongation readout is subjected to the error of
the operator and the SEM image resolution. After error analysis (see Supplementary Material for details) the SEM-induced &
inaccuracy is between +0.223% (for the shortest Law) and +0.0225% (for the longest Lnw), and has minor impact on the
characterization results.

To fairly compare the results depicted in FIG. 7 and FIG. 8 with those in the literature, the synthesis technique is an
important comparative factor. In the literature, two Si nanowires fabrication techniques are the most popular: (i) Vapor-Liquid-
Solid (VLS) growth or (ii) top-down etching. VLS technique produces very small nanowires with very pure and regular
crystalline structure. 7>7 However, VLS-grown Si NW cannot be used on industrial scale due to the fabrication technology and
high cost related with it. In order to characterize mechanical properties of Si that is widely used in the semiconductor industry,

a top-down technique must be used. This approach allows nanowires to be fabricated on the same wafers used industrially.



FIG. 9 benchmarks the ¢ of Si NW reported in the literature emphasizing their fabrication technology and width. Its analysis
leads to the conclusion that this work presents the narrowest Si nanowires withstanding the highest strain among the top-down

etched devices reported in the literature.
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FIG.9 Maximal supported strain versus width for Si nanowires reported in the literature emphasizing their
fabrication technique (VLS growth 757879 top-down 7738281 and highlighting theoretical elastic limit % and bulk
fracture strain %, Error bars are representing standard deviations for mean Si nanowires width (for X-axis bar)
and strain (for Y-axis bar) taken from FIG. 7 and FIG. 8, respectively

b. FINITE ELEMENT METHOD MODELLING

The above described analytical model grasps the physics of the nanowire and strand deformation under the law of
deformation summation in objects composed of different cross-sectional areas. This model thus describes the dumbbell
connectors as parallelepipeds. However, the shape of these connectors is precisely aimed at avoiding abrupt transitions
between the highly tensioned, small cross-section nanowire and the lowly tensioned large cross section strand and under etched
parts. It could be argued that simplification explains the small remaining discrepancy between the model and the experiments,
especially in the case of short nanowires Lnw=0.5 pm as seen on Fig. 7a and 8a. More precisely, the dumbbell connector in this
case could accommodate a greater fraction of the strain exerted by the SiN strand relatively to its actual length. To investigate
this hypothesis, a series of Finite Element Method (FEM) simulations was performed on a selected subset of parameters. The
measurement platform has been modelled using the material parameters, lengths, widths, thicknesses in accordance with the
analytical model and using under etchings lengths (Luenw and Luestr) and widths (Wuenw and Wuestr) (see FIG. 6 for
graphical definition) measured after fabrication. While SEM analysis allows for u measurements of entire the Si NW segment,
thus integrating the displacement of dumbbell connectors, FEM modeling allows for a separate evaluation of the stress and
deformation of all components of the Si NW and the SiN strand segments. FIG. 10a shows the u while FIG. 10b corresponds

to the local deformation in the vicinity of the nanowire (Lnw=0.5 pm). The color maps reflect the local values of displacement



and deformation, respectively. As expected, the connection between the Si NW and SiN strand corresponds to the largest
displacement. It is worth noting that the highest deformation occurs within the Si NW segment and that extrinsic contributions
(dumbbell connectors, SiN strand deformation, etc.) are minor compared to the deformation occurring in the nanowire. The
connectors shape plays its assigned role to ensure continuous transition of the deformation between the nanowire and external
parts. FIG. 10c compares the results from the analytical model (dark blue lines) and FEM simulations. The strain evaluated by
FEM has been split to show the total strain of the NW segment as measured in the experiment (light blue lines) and the sole
contribution of the nanowire (magenta lines). It can be underlined that analytical and FEM modeling agree with good accuracy
especially in the short SiN strand limit. The discrepancy in the long strand limit is attributed to an increasing out-of-plane
deformation of the strand (not depicted here) which is neglected in the analytical model. We now compare the cases of short
(Lnw= 0.5 pm) and longer (Lnw= 2 pm) nanowires on FIG. 10c. In the case of longer nanowires, the role of extrinsic parts is
quite negligible as the strain in the nanowire is almost equal to the strain within the full Si NW segment. However, for the short
(Lnw=0.5 pm) wires, the fraction of strain supported by the dumbbell connectors is less negligible, especially for long strand
sizes. The impossibility to separate those contributions during measurements can explain the better agreement of the analytical

model with measurements in the Lnw = 2, 5 um cases.
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of the sole nanowire segment is extracted ().

CONCLUSIONS

In this paper, we have demonstrated the design, fabrication process, characterization and modeling of an integrated platform
for measuring tensile strength in nanoscale Si nanowires. The novelty of our approach lies in the fact that a SisNas residual
tensile strain is applied to Si nanowires in a very wide range using strands of different lengths Lstr. The result is precise
control of applied tensile stress which can be achieved by appropriate design. The fabrication process is fully CMOS

compatible, with platforms processed in a top-down configuration which allows characterization of material identical to that in



industry. The tensile stress is released by dry etching with HF vapor, a technique that requires no mask while SiO2/Si
selectivity is naturally assured. The presented process approach enables the fabrication of nanowires with widths (Wnw) as
small as 14.2+1.27nm and as short as 500nm, which is comparable to the channel size of MOSFETS in the most advanced
technology nodes.

Characterization of these devices is non-contact and non-invasive, based on u elongation measurements using a SEM. As a
result, characterization is easy to perform and has minimal impact on the nanowires integrity. In addition, SEM
characterization makes it easier to build up a statistical representation of the measured nanowire population.

At first glance FIG. 7 and FIG. 8 demonstrate the same trend for single and triple nanowire configurations. It can be observed
that the agreement between theory and experiment is better for longer nanowires (higher Lnw), as explained in the FEM
analysis. Moreover, the calculation of the strain associated with long nanowires is less prone to error due to smaller and
therefore more sensitive displacement measurements. The second observation is that, while increasing Lstr, the population of
measured nanowires is becoming smaller. This is obviously the result of an increase in the stress applied to the nanowires
which increases the fracture probability. The third observation concerns the fact that, with increasing applied tensile strain
using a longer strand (Lstr), nanowires begin to fail more rapidly when they have a smaller Wnw. A plausible hypothesis to
explain the more fragile nature of narrow nanowires is that the volume/surface ratio is lower, resulting in a higher density of
point defects which are at the origin of mechanical failure. At low dimensionality, Si increases dramatically its tensile strength.
A strain of ~4.5% was reported in & for 30nm wide nanowires, 5% for 100nm wide nanowires, % 3.6% in 1um Si nanowires. "
For the narrowest and the shortest nanowires, we report a strain of 7.53+0.8% (tensile strength 12.73+1.35GPa) for the triple-
nanowire configuration and 4.9+£0.7% (tensile strength 8.28+1.18GPa) for the single nanowire configuration, to date the
highest figures achieved in a top-down fabrication approach. The presented topology and fabrication sequence enables, after
optimization, to reach Wnw ~ 10nm allowing strain characterization in the range of the theoretical elastic limit of Si, estimated
at 17-20%. %

SUPPLEMENTARY MATERIAL

See supplementary material for more details on: (i) the characterization of the SOI wafer material stack thickness and

uniformity at the initial stage of the device fabrication and (ii) the measurement error analysis.
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