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ABSTRACT. Silicon nanowires have become integral components in nanoelectromechanical systems and
nanoelectronics. This article explores the intricate relationship between intrinsic stress and mechanical
behavior in silicon nanowires. Utilizing a comprehensive approach involving Raman characterization,
resonance testing, and thermal processing, the study investigates the induced intrinsic stresses within
silicon nanowires. The findings reveal the introduction of 1.4 GPa of intrinsic stress and a 1.3 MHz
frequency shift to silicon nanowire through thermal processing. These results underscore the importance
of understanding and utilizing intrinsic stresses in silicon nanowires for the advancement of next-
generation nanoelectromechanical systems. Overall, this article contributes to the ongoing efforts aimed
at fully realizing the potential of silicon nanowires in various scientific and technological domains.
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1. INTRODUCTION

Silicon Nanowires (Si NWs) serve as fundamental com-
ponents in the integration of microelectromechanical
systems (MEMS) and nanoelectromechanical systems
(NEMS), playing a pivotal role in next-generation
electronics, energy applications, and ultra-sensitive
sensors [IH3]. With their unique properties and the in-
herent piezoresistivity, Si NWs exhibit remarkable po-
tential across various domains, bridging fundamental
scientific exploration with potential industrial applica-
tions [4, [5]. Consequently, a thorough understanding
of the fundamentals and properties of Si NWs is im-
portant [6] [7]. The challenges associated with compre-
hending the mechanical behavior of Si NWs underscore
the need for a reliable testing method applicable to
Si NWs, considering the complexities involved in their
fabrication, testing, and characterization [4], BHIZ].
Resonance testing, owing to its simplicity and suc-
cessful outcomes, is commonly employed to acquire
vibration modes and subsequently obtain mechani-
cal properties [8, [[3]. From a modeling perspective,
atomistic simulations also offer a reliable approach
for validating or examining the intrinsic effects in
Si NWs [6] 14].

Exploring the mechanics of Si NWs offers an inclu-
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sive approach to material testing, providing substan-
tial advantages in bridging the gap between theoret-
ical methods and property assessments [6), [7, [T5HI7].
Additionally, by reducing the challenges associated
with full-scale processing, it becomes feasible to seam-
lessly integrate materials characterization and prop-
erty measurement [I1]. In this context, the utilization
of high-throughput and automated [7, [I8] [I9] testing
techniques not only facilitates comprehensive data
collection but also reveals deformation mechanisms
essential for understanding the overall intrinsic prop-
erties of Si NWs [I1]. Although conducting bending
and resonance tests presents complex experimental
challenges [0, [15], 20], the findings hold the poten-
tial to offer valuable insights into the intricacies of
nano- and micro-scale structures, highlighting their
importance as subjects of study. Given this perspec-
tive, investigating vibrational testing, with reference
to successful cases in the literature, provides an op-
portunity to analyze fundamental properties such as
modulus of elasticity of Si NWs [4, [16], [17), 2T, 22].
It also facilitates comparisons of external influences,
such as surface treatments or thermal processes, in-
volved in the fabrication or assembly of nano-scale
structures, particularly Si NWs within the framework
of this study [23].
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Understanding stress generation in nano- and micro-
scale structures is crucial, not just from a theoretical
standpoint, but also because the functionality of future
MEMS and NEMS relies on comprehending the nature
and intensity of stresses induced or generated during
various fabrication, assembly, testing, or utilization
stages [4} [6l [I5]. In this context, Raman spectroscopy
emerges as a widely employed technique for stress
measurement in NWs, particularly in studies focusing
on Si [24]. Raman analyses have shown stresses of
up to 4 GPa and 1.2 GPa for highly strained silicon-
on-insulator [25], 26] and stress-free substrates [6] [14]
15], respectively. This emphasizes the necessity for
meticulous examination of any external influences,
whether pre- or post-processing, given the significant
impact of observed stress levels. Such scrutiny is
essential, as these stresses can lead to variations of up
to 85 GPa in the elastic properties of Si NWs [6].

While the resonance technique facilitates controlled
testing, challenges arise in the fabrication of samples
and the operation of the devices under test (DUTS),
leading to a reduction in overall testing throughput.
Recent studies suggest the potential for integrating
fabrication and testing methodologies meticulously,
allowing for the acquisition of numerous testing results
for Si NWs fabricated within a single substrate [20].
This offers advantages for statistical analysis and the
efficacy of the developed technique [20]. Nonetheless,
further enhancements to testing and characterization
methodologies necessitate a more systematic and inter-
connected approach, where the introduction of stresses
to Si NWs can be accurately captured. Consequently,
examining stresses and their subsequent effects on
the mechanical properties of Si NWs becomes feasible
from both theoretical and experimental perspectives.

The current investigation presents a comprehensive
methodology for analyzing stresses induced in Si NWs
through a systematic, interconnected approach in-
volving thermal processes, Raman characterization,
and resonance testing. The main aim is to establish
a linked process for testing and characterizing Si NWs
fabricated on stress-free substrates, while subjecting
them to subsequent thermal steps to systematically
introduce intrinsic stresses. Building upon prior suc-
cessful studies by the authors, which focused on co-
fabrication of Si NWs integrated into micro-scale sup-
port pillars [6] (15} 20} 27], characterization of surface-
or fabrication-induced residual stresses [6] 14} [15],
and high-throughput resonance testing of Si NWs,
this research seeks to develop a methodology for intro-
ducing controlled stress and subsequently capturing
it through follow-up testing and measurement assess-
ments. This facilitates the analysis of vibrational
modes and intrinsic stresses post-fabrication and af-
ter the thermal process, enabling precise induction
and subsequent examination of thermal effects on
Si NWs. Notably, the co-fabrication process for creat-
ing double-clamped Si NWs within a single substrate
reduces sample-to-sample variations, enhancing the

statistical robustness of the findings. For detailed in-
sights into the fabrication method, testing procedure,
Raman characterization, and thermal process, refer
to Section [2} The outcomes of resonance testing and
Raman characterization are presented in Section [3}

2. MATERIALS AND METHODS

This section introduces the integrated methodology
for Raman characterization and resonance testing of
Si NWs fabricated in a double-clamped configuration.
Section provides detailed information on the spe-
cific design and fabrication of Si NWs connected to
the support pillars. Additionally, Section provides
details on the resonance testing method. Section [2.3]
discusses Raman characterization for quantifying in-
trinsic stress in Si NWs, while Section [2.4] outlines the
thermal process details, presenting the methodology
for inducing stress into Si NWs.

2.1. FABRICATION

The process of fabricating Si NWs begins with
a double-side polished < 100 > Si wafer, measur-
ing 525 pym in thickness, which is diced into multi-
ple fragments, each sized at 12mm x 12mm. The
method involves masking a specific region of these
fragments using a photoresist (PR) etch mask, fol-
lowed by deep Si etching. This allows for the creation
of suspended Si NW and its micro-scale accompany-
ing support structures. To initiate the fabrication,
the fragment undergoes a standard RCA1 cleaning
process, after which a dielectric etch mask is applied
via plasma-enhanced chemical vapor deposition. Sub-
sequently, photolithography is employed to define the
desired feature on the PR. Following the patterning
of the dielectric etch mask, deep reactive ion etching
(DRIE) is carried out to remove the Si beneath the
etch mask [27]. This allows for the release of Si NWs
upon etching process. Following this, Oq ashing and
selective vapor etching using hydrofluoric (HF) acid
are performed to remove the protective layers, en-
abling precise definition of < 110 >-oriented Si NWs
and micro-scale triangular supports within the sub-
strate.

2.2. RESONANCE TESTING

The frequency response of Si NWs is examined using
a Laser Doppler Vibrometer (LDV MSA-600, Polytec
GmbH). The experimental setup entails placing the
DUT onto a piezoelectric disk, secured with adhesive
tape for actuation. Vibrational spectra are captured
by activating the piezoelectric disk with a sinusoidal
chirp signal generated by the LDV system within the
specified frequency range. Subsequently, the device’s
response is analyzed using Fast Fourier Transform
(FFT) techniques. The LDV is capable of generating
an excitation signal ranging from 0 to 25 MHz, with
1.25kHz increments, to drive the piezoelectric disk.
This induces vibration in the sample positioned on
top of the piezoelectric disk. A piezo-ceramic actuator
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FIGURE 1. The experimental setup employs an LDV
for conducting resonance tests on Si NWs. DUT refers
to the Si fragment hosting Si NWs and accommodates
specific scanning points assigned to both the Si NWs
and support pillars, employing the MSA-LDV setup
for resonance testing.

disk is utilized to produce high-frequency excitation
via a periodic chirped signal. Figure [1|illustrates the
testing setup and relevant details for conducting res-
onance tests on the DUT hosting multiple Si NWs.
The scan points assigned using the MSA-LDV setup
undergo resonance testing for comprehensive analy-

sis [23].

2.3. RAMAN CHARACTERIZATION

After conducting dimensional analysis of Si NWs using
sca nning electron microscope (SEM), Raman spec-
troscopy is employed to quantify the intrinsic stress,
denoted as o, using Equations [T and

1
Aw = % [pS12 + q(Su + 512)] o= (SSC)U, (1)

Aw = —1.93 x 1079 x (o[Pad]), (2)

where S1; and Sps are the elastic constants, p and q are
the phonon deformation profiles. The stress shift coef-
ficient (SSC) is calculate using Sy = 7.68x 1072 Pa~!
and S;o = —2.14 x 10712 Pa~! for quantifying the
stress via Raman shift given as Aw (wg represents
unstrained Si peak). To accomplish this, line scans
are performed along both the Si NW and support
pillars, with the latter serving as a reference for bulk
measurement. The outcome of line scans for the sup-
port pillars and Si NW is used for the calculation of
the Raman shift. A Lorentz model is applied to fit the
Raman peaks of NWs under tension. Further details
concerning the determination of stress induced by na-
tive oxide formation and comparative computational
investigations can be found elsewhere [6], 14} [15].

2.4. THERMAL PROCESS

The thermal processing is conducted utilizing a Solaris
150 mm Rapid Thermal Process Oven. To guarantee
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FIGURE 2. A array of Si NWs connected to triangu-
lar supports with an etch depth of 5um (achieved
through the fabrication procedure detailed in Sec-
tion [2.1)), exhibiting consistent width, thickness, and
length. The Si NWs measure 500 nm in thickness,
1000 nm in height, and 15 pm in length.

temperature stability, preliminary processes are exe-
cuted without the sample before the actual processing
begins. Nitrogen gas is continuously introduced into
the chamber throughout the process at a flow rate
of 10sccm. The sample is subjected to heating at
400°C for 70 minutes, with an initial ramp rate of
150 °Csec™! until the desired temperature is attained.
The stress generated in Si NWs is anticipated due to
the confined size of the nanostructures when subjected
to heating in a double-clamped configuration [6] [14].
Its existence can be easily misinterpreted as an in-
crease or reduction of resonator modulus of elasticity
in the case of tensile or compressive stresses, respec-
tively.

3. RESULTS

The results of the Si NWs fabrication process are
detailed in Section [3.1} Furthermore, Section [3.2
presents discussions on Raman characterization and
resonance testing outcomes.

3.1. FABRICATION OF SI NWs

The co-fabrication method employed for Si NWs en-
ables the creation of multiple samples on a single chip,
allowing for subsequent resonance testing following
comprehensive structural and intrinsic stress charac-
terizations conducted using SEM and Raman setups.
This fabrication approach facilitates the production
of Si NWs with consistent geometric and lithographic
configurations on a single stress-free Si substrate, re-
ferred to as DUT, which in turn allows for detailed test-
ing and characterization. As illustrated in Figure 2]
Si NWs with uniform fabrication processes are pro-
duced in close proximity using the methodology out-
lined in Section [2:1] Here, the use of low-temperature
processes and the ability to achieve multiple sam-
ples within a single fabrication process, incorporating
MEMS-level structures as support pillars and NEMS-
level features as Si NWs, are critical aspects of this
methodology. Figure [2 showcases an array of Si NWs
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with dimensions of 500 nm in thickness, 1000 nm in
height, and 15 pum in length. These Si NW struc-
tures are co-fabricated with an etch depth of 5 pum,
allowing for sufficient space for subsequent testing
procedures. The developed process flow demonstrates
notable repeatability, resulting in a high-yield process
that facilitates the evaluation of Si NWs with desired
dimensions. The fabrication technique eliminates the
need for additional processes, ensuring that Si NWs
can undergo deformations in different directions rela-
tive to the modal resonance state. Furthermore, each
Si NW under examination undergoes SEM, resonance
testing, and Raman analysis before the thermal pro-
cessing step described in Section Subsequently,
these analyses are repeated after the thermal process
is conducted to induce residual stress into the Si NWs,
allowing for a thorough investigation of changes in
Raman and resonance frequency shifts, which will be
discussed in Section B2l Further details on the fabri-
cation of such Si NWs can be found elsewhere [27].

3.2. CHARACTERIZATION AND TESTING OF
St NWs

Following the dimensional analysis of Si NWs, Raman
spectroscopy is employed to quantify the intrinsic
stress, denoted as o, utilizing Equation [I] and Equa-
tion 2] Line scans are conducted along both the
Si NW and support pillars, with the latter serving
as a reference for bulk measurement. Figure il-
lustrates the results of these line scans, indicating
Raman shifts of 520.24cm ™! and 519.61cm ™' for the
support pillars and Si NW before the thermal process,
respectively, resulting in a downshift of 0.62cm™!.
The measurements are repeated on Si NWs once the
thermal process is completed. Figure[3billustrates the
results of these line scans, indicating Raman shifts of
520.63 cm ™! and 517.14cm™~" for the support pillars
and Si NW after the thermal process, respectively,
resulting in a downshift of 3.48 cm™!. Given the ob-
tained Raman shifts for the Si NW under investigation
before and after thermal processing, Figure [da] and
Figure [AD] represent the shifts obtained along the NW
longitudinal axis, depicting micropillar supports and
Si NWs, before and after the thermal process, respec-
tively. A Lorentz model is employed to fit the Raman
peaks experiencing tensile stress before and after ther-
mal processing with different magnitudes. The shift
towards lower wavenumbers indicates a tensile intrin-
sic stress along the NW axis, with a tensile stress of
325 MPa and 1.8 GPa before and after thermal pro-
cessing, respectively. In this respect, the standard
deviation in stresses characterized before and after
thermal processing are obtained for three Si NWs,
resulting in 90.7 MPa and 265.3 MPa, respectively.
The resulting stress, induced by a thermal pro-
cess and measured at 1.4 GPa, along with noticeable
changes in Raman shifts as shown in Figure[3]and Fig-
ure[d] confirms the introduction of thermal effects into
the double-clamped Si NW configuration. This also
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FIGURE 3. Raman spectra obtained via line scans
conducted on suspended Si NWs and micro-scale sup-
ports (a) before and (b) after thermal processing. The
averages associated with Raman shifts for Si NW and
supports are given in dashed lines.

underscores the accurate calibration of the Raman
analysis for detecting stresses present in the SINWs
under examination within this study. Furthermore,
resonance testing will serve as the subsequent char-
acterization method for a detailed investigation of
the residual stress introduced into Si NWs through
thermal processes. Further details regarding the deter-
mination of stress induced by native oxide formation
and comparative computational investigations involv-
ing intrinsic stresses utilizing atomistic modeling can
be found elsewhere [6] [14] [15]. The stress observed
in this study is consistent with previously reported
values for Si NWs, attributed to intrinsic or thermal
processes, including thermal expansion mismatch be-
tween the Si and surface layer [0 [I4]. The power
calibration of Raman spectroscopy is employed to con-
firm that the stress values are not influenced by phase
transitions or measurement artifacts, consistent with
prior experimental findings [14} [25] [26].
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FIGURE 4. Raman shifts derived from the data in
Figure [3] displayed along the Si NW (a) before and
(b) after thermal processing. The blue and violet

data points correspond to support and Si NW, respec-
tively.

To perform resonance testing, the Si NW under-
goes vibrational analysis following the methodology
detailed in Section 2.2} The results, illustrating dis-
placement versus frequency for the Si NW before and
after thermal processing, are presented in Figure
Lorentzian fits are applied to illustrate the peaks ob-
served in the responses, aiding in the identification
of the first mode of resonance for Si NW. This ap-
proach yields resonance frequencies of 14.27 MHz and
15.57 MHz for the Si NW before and after thermal
processing, respectively. Further calculations of the
quality factor (Q-factor) [28] for Si NW reveal an in-
crease from 37 to 117 for the Si NW before and after
the thermal process, respectively. The observed shift
in frequency response and Q-factor for the Si NW
under examination offers another independent obser-
vation of the stresses introduced into Si NWs through
the process outlined in Section

In this context, the introduction of intrinsic stress

78

O Before
After

w
e

Displacement (pm)

=

N
T

14 14.5 15 15.5 16
Frequency (MHz)

FIGURE 5. Displacement versus resonant frequency,
along with Lorentzian fits, depicted for Si NW before
and after thermal process. Resonance measurements
indicate the occurrence of the first mode (out-of-plane)
mechanical resonance at frequencies of 14.27 MHz and
15.57 MHz for the Si NW before and after thermal
processing.

into the Si NW under examination through thermal
processing is investigated via Raman characterization
and resonance testing. Both methodologies indepen-
dently validate the shifts observed in Raman data and
frequency responses. The results obtained herein offer
a dependable methodology for extending the approach
developed for examining multiple samples, facilitating
detailed statistical analysis and precise investigation
of intrinsic stresses and their subsequent impact on
the behavior of Si NWs.

4. CONCLUSIONS

In conclusion, this paper emphasizes the complex inter-
play between intrinsic stress and mechanical behavior
of Si NWs. Through a comprehensive examination
utilizing techniques including Raman characterization,
resonance testing, and thermal processing, the intrin-
sic stresses induced into Si NW under investigation is
analyzed. The integration of these methodologies pro-
vides valuable insights into the mechanical properties
of Si NWs and facilitates the development of a reliable
testing methodology for streamlining the examina-
tion of multiple samples. These findings underscore
the importance of understanding and controlling in-
trinsic stresses in Si NWs for the advancement of
next-generation electronics.
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