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Strained Silicon Technology:
Non-Destructive High-Lateral-Resolution
Characterization Through Tip-Enhanced
Raman Spectroscopy

Giancarlo La Penna1 , Chiara Mancini1, Anacleto Proietti1, Luca Buccini1,
Daniele Passeri1,2, Narciso Gambacorti3 , Jérôme Richy3 , and Marco Rossi1,2

Abstract
The semiconductor industry is undergoing a transformative phase, marked by the relentless drive for miniaturization and a

constant demand for higher performance and energy efficiency. However, the reduction of metal–oxide–semiconductor field-

effect transistor sizes for advanced technology nodes below 10 nm presents several challenges. In response, strained silicon

technology has emerged as a key player, exploiting strain induction in the silicon crystal lattice to improve device performance.

At the same time, there has been a growing need for characterization techniques that allow in-line monitoring of sample con-

ditions during semiconductor manufacturing, as an alternative to traditional methods such as transmission electron micros-

copy or high-resolution X-ray diffraction, which have several limitations in terms of measurement time and sample

destructiveness. This paper explores the application of advanced spectroscopic characterization techniques, in particular

µ-Raman spectroscopy and tip-enhanced Raman spectroscopy (TERS), to meet the evolving needs of the semiconductor

industry for quality control and failure analysis, increasingly requiring faster and non-destructive characterization techniques.

µ-Raman provides insight into strain values and distributions of strained layers with different thicknesses and germanium con-

centrations, but its lateral resolution is constrained by the Abbe diffraction limit. TERS, on the other hand, emerges as a pow-

erful non-destructive technique capable of overcoming diffraction limits by exploiting the combination of an atomic force

microscope with a Raman spectrometer. This breakthrough makes it possible to estimate the chemical composition and

induced strain in the lattice by evaluating the Raman peak position shifts in strained and unstrained silicon layers, providing

crucial insights for nanoscale strain control. In particular, this paper focuses on the TERS characterization of Si0.7Ge0.3 epitaxial

layers grown on a silicon-on-insulator device, demonstrating the effectiveness of this technique and the high lateral resolution

that can be achieved.
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Introduction
The continuing trend of shrinking and miniaturization of

semiconductor devices is driving information processing

technology into a wider range of new applications and capa-

bilities. Therefore, the current demands of the semiconduc-

tor industry to reduce the size of metal–oxide–
semiconductor field-effect transistor (MOSFET) transistors

below 10 nm1,2 leads to various consequences, ranging

from quantum mechanical and thermal effects to the growing

complexity of the device fabrication. To overcome these chal-

lenges, strained silicon technology is having a great impact in

the field of integrated circuits, offering major advantages, par-

ticularly in terms of miniaturization.3,4 This technology is
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based on introducing stress into the silicon crystal lattice in

specific regions of a MOSFET, to improve the performance

and energy efficiency of the device, such as significantly enhanced

carrier mobility, increased on-current, and reduced off-state

leakage current.5 One of the most common strained silicon

structures in the semiconductor industry is represented by

Si1–xGex thin epitaxial layers grown on silicon-on-insulator

(SOI) by chemical vapor deposition (CVD) or molecular beam

epitaxy techniques.6,7 This technology introduces compressive

or tensile mechanical stress in the grown layer and in the bulk

silicon underneath thanks to the lattice mismatch between silicon

and germanium, which has a larger lattice constant. During the

process, Si1–xGex directly on SOI is obtained by a controlled

amount (x) Ge-enrichment, introducing different levels of strain
into the structure. The stress imposed must not be excessive to

avoid self-relaxation defects in the silicon crystal, which would

lead to dislocations and degradation of the device.

Therefore, there is an increasing need for fine strain control

to predict the final properties of the device. The critical down-

scaling of nanoelectronic devices and the production of new

nanostructured materials require the use of advanced high-

resolution characterization techniques, as well as the develop-

ment of innovative measurement approaches and robust nano-

metrological protocols. Among the various techniques available,

those based on transmission electron microscopy8–10 and high-

resolution X-ray diffraction11–13 have been the reference stan-

dard for the analysis of nano-deformations thanks to their high

resolution, high sensitivity, and precision, but they also present

several drawbacks, e.g., they are destructive, expensive, require

long and precise protocols for sample preparation, and also

they can fail in the highly stressed active regions of devices.

For the reasons explained, especially in the case of nanoelec-

tronics devices, there has been a growing need to employ faster

and non-destructive characterization techniques in order to

guarantee an in-line monitoring of strained silicon structures

during the production processes while avoiding any kind of

additional artifacts. This paper aims to show how optical spec-

troscopic techniques such as µ-Raman and tip-enhanced Raman

spectroscopy (TERS) have excellent potential to be considered

reliable and precise non-destructive tools for strain characteri-

zation of strained silicon-based devices.14 The case study of this

work is a thin Si0.7Ge0.3 layer (17 nm) epitaxially grown on SOI.

It has been produced to investigate the effect of the process

parameters and has a certain industrial relevance as a standard

sample in the semiconductor industry for exploring new

device architectures and technologies. In fact, the SiGe on

SOI substrate structure is known for its ability to enhance

the performances of silicon-based devices since it shows supe-

rior carrier mobility compared to pure silicon, enables faster

switching speeds, improves transistor performances, reduces

parasitic capacitance, and lowers the power consumption,

while improving radiation hardness. Therefore, this sample

shows the ideal features to evaluate TERS as a potential tool

to be integrated as an in-line technique for real-time monitor-

ing of advanced semiconductor devices.

Indeed, the Raman Si–Ge vibrational modes are sensitive

to strain as a function of the penetration depth of the excita-

tion laser employed. However, the main drawback of the con-

ventional µ-Raman spectroscopy is represented by its lateral

resolution that is constrained by the Abbe diffraction limit,15

in which the diameter of the laser beam spot limits the char-

acterization to several hundreds of nanometers. For this rea-

son, TERS is employed to carry out strain detection.

Conceptually introduced for the first time in 1985 (demon-

strating how surface-confined optical fields permit a new

optical microscopy),16 but only experimentally developed in

2000,17–20 TERS is currently one of the most powerful meth-

ods for chemical analysis at the nanoscale in many different

fields of application.21,22 In this regard, in addition to the

importance of TERS as a valuable instrument for the charac-

terization of traditional semiconductor materials such as

those discussed in this paper (Si–SiGe-based devices), in

recent years, it has also proven to be an effective tool in

the context of the nanoscale characterization of novel semi-

conductor materials such as single layer transition metal

dichalcogenides and organic solar cells.23–25 This technique

combines the high spatial resolution of an atomic force

microscope (AFM) with the high chemical sensitivity of a

Raman spectrometer.26,27 The AFM–TERS tip, usually noble

metal-coated, acts as an antenna, both as a receiver of the

Raman spectrometer light source and as a transmitter of

the Raman signal from the region of the sample immediately

beneath the probe. In the small gap between the tip and the

sample (defined as a hotspot), not only a significant increase

in signal intensity can be achieved, but also a great enhance-

ment of the emission of the very surface of the sample, which

is otherwise masked by the signal of the deep, bulk material

underneath. The following analysis is composed of a prepara-

tory characterization of the Si0.7Ge0.3 epitaxial-on-SOI sam-

ple in µ-Raman configuration, performed with two different

wavelengths (532 and 355 nm) to unveil the physical limits

of the technique; then the analyses in TERS mode are pre-

sented, where the 532 nm laser is combined with a titanium

nitride (TiN)-coated TERS tip. It represents an innovative,

refractory, and promising alternative probe that shows the

plasmonic resonance frequency in the visible range of light

and is compatible with standard silicon manufacturing facili-

ties, i.e., clean room environments.28–32 In TERS, the shifts

of the Raman peak positions in the spectra of the strained

(SiGe) and unstrained (Si substrate) regions of the sample

are evaluated and analyzed in detail, demonstrating how

this technique can become extremely important, especially

in terms of lateral resolution and surface sensitivity.

Materials and Methods

Description of SiGe Epitaxial-on-SOI Device
The device analyzed, shown in Figure 1a, consists of a SOI

substrate with a 12 nm Si film and a 25 nm thin SiO2 BOX,
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on which a 17 nm thin Si1–xGex layer is grown by epitaxy

according to several patterns with a targeted Ge concentra-

tion (x) of 30% by CVD. The device features a (001) bulk sil-

icon substrate and the pattern consists of matrices of lines,

squares, or rectangles periodically repeated with different

dimensions and spacings (from 80 nm to 25 μm). For this

study, the analyses are focused on a precise section of the

sample, defined by parallel Si and SiGe lines with a width of

20 and 50 μm, respectively, as shown in Figure 1b.

Micro-Raman (μ-Raman) Spectroscopy
The sample was characterized using a confocal InVia Raman

Spectrometer (Renishaw), with a 250 mm focal length. The

analyses have been conducted at room temperature in the

100–700 cm–1 spectral range. The signal was dispersed by a

holographic grating of 1800 L/mm and collected by a

Peltier-cooled charge-coupled device detector. Two continuous-

wave diode-pumped solid-state lasers are used to excite

the sample: the first one at λ = 532.1 nm using a

neodymium-doped yttrium aluminum garnet (Nd:YAG)

laser (Renishaw) with a nominal power of 50 mW and

focused on the sample through a short distance working

objective N Plan 50×, with numerical aperture (NA) =
0.75 (Leica Microsystems); the second one at λ = 354.8 nm

(Zouk from the Cobolt 05-01 series) with a power of 7

mW, focused on the sample using a 40× short working dis-

tance objective with NA = 0.47 (ThorLabs). The spectra

have been normalized at 1 for a clearer interpretation of

results and comparisons. The normalization procedure has

been conducted on each spectrum with the software WiRE

(v.4.4, from Renishaw) performing the ratio between each

acquisition point and the value of its most intense peak.

Atomic Force Microscopy (AFM)
The topographies were acquired using a Dimension Icon

AFM (Bruker) in tapping mode with RTESPA-300 (Bruker)

tips with a spring constant of 40 N/m and a nominal first res-

onance frequency of 300 kHz. Gwyddion software (v.2.6,

www.gwyddion.net) was used to analyze the images and

reconstruct the three-dimensional structure. To reduce arti-

facts, the images were minimally processed by removing line

coupling, compensating for substrate tilt, and removing an

average plane.

Tip-Enhanced Raman Spectroscopy (TERS)
The TERS characterization was performed employing the

same spectrometer of the µ-Raman characterization and

532 nm beam but using a 50× M Plan Apo SL type long work-

ing distance magnification objective (NA = 0.42, Leica

Microsystems). The spectrometer is combined with a

Bruker Innova AFM.33 The TERS tips employed are innova-

tive material TiN-coated silicon cantilevers (ScanSens

GmbH), which are used in tapping mode. The Lorentzian fit-

ting performed on TERS spectra has been performed with

the software Origin Pro (2022 version).

Figure 1. (a) Schematic reproduction of the analyzed section of the Si0.7Ge0.3 epitaxial-on-SOI device; (b) three-dimensional view of the

topography of the section, with a detailed description of its features (SiGe and Si regions are 50 and 20 µm wide, respectively).
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Results and Discussion

Micro-Raman Spectroscopy Characterization
The first step of the work is the µ-Raman characterization of

the SiGe epitaxial-on-SOI device in order to easily evaluate

the standard technique capability, and so to demonstrate

why an advanced tool such as TERS is strictly needed. In a

typical Stokes Raman spectrum of the strained Si1–xGex
alloy, three well-defined peaks appear at ≈520, ≈411, and
≈300 cm–1 corresponding to the so-called Si–Si, Si–Ge, and
Ge–Ge vibrational stretching modes, respectively.34–36

Their presence, as well as their spectral position and inten-

sity, depend strongly on both the thickness of the layer and

its germanium content, thus on the induced strain.

Different models allow one to predict the shift those peaks

undergo because of the induced strain, depending on

whether the SiGe structure is fully relaxed or fully

strained.37–42 The most relevant Raman peak in this case

study is the one at ≈520 cm–1, which represents the main

vibrational mode of silicon in relaxed conditions. Its spectral

position enables the easy detection of strain, since it is a

vibrational mode sensitive to the presence (or absence) of

stress: in the case of compression, the main silicon band

appears at higher wavenumbers, while it is shifted to lower

values when tensile stress is applied to the silicon lattice.

The focus of this characterization is on the spectral region

below 520 cm–1, being the sample in a tensile state due to

the germanium concentration equal to 30% in the SiGe

layer. For this type of analysis, not only the resolution of

the instrument is critical, but also the choice of the excitation

wavelength, i.e., how deep the signal is collected in the sam-

ple, and its incident power. Two different excitation lasers

were used to carry out Raman acquisitions, one in the visible

(532 nm) and one in the near-ultraviolet (NUV; 355 nm)

range, because of their very different penetration depth in

this specific sample (≈200 nm in the case of the green

laser, few nanometers in the NUV).43 In both cases, the signal

was acquired with localized, point measurements on the two

distinct regions of the sample (Figure 2a). The point measure-

ments have been intentionally acquired in the center of the

Figure 2. (a) Schematic of the section and the position of the point measurements on the two different regions, i.e., SiGe (red spot) and Si

(black spot); (b, c) comparison between local Raman acquisitions collected from the two different regions (SiGe in red and Si in black) with

the 532 nm and 355 nm excitation wavelengths, respectively.
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two respective regions of the sample in order to avoid signal

contamination in the spectrum from neighboring areas. The

results obtained by employing the 532 nm laser are reported

in Figure 2b, as a comparison between two normalized spec-

tra. It can be easily seen that the acquisitions from the SiGe

(red spectrum) and Si (black spectrum) sections report one

distinct signal of the main vibrational mode of silicon, and

they almost overlap. Anyway, as expected, in the SiGe spec-

trum, there is indeed a broadened peak below 520 cm–1, indi-

cating the presence of strain in the silicon lattice.44,45 The

NUV excitation laser (355 nm) is then used, which is consid-

ered more suitable for characterizing such a thin film because

of its penetration depth.46 In this case, the contribution of

the strained layer is even more pronounced (Figure 2c):

the spectrum acquired from the SiGe region is characterized

by a very broad peak at ≈520 cm–1, suggesting clearly the

presence of a stress inside the lattice of the sample.

The results show that the interaction of this type of sam-

ple with the green and NUV excitation lasers produces spec-

tra containing all the characteristic peaks of a typical Stokes

Raman spectrum of Si1–xGex alloys with these features

(30% germanium content, 17 nm thickness). In particular,

even if the strained-silicon signal appears very weak, the

broadening of the main peak around 520 cm–1 indeed sug-

gests the presence of a deformation in the crystal structure,

more visible in the NUV case. In order to apply one of the

models available to correlate the Raman shift of the

strained-Si peak and strain percentage in the lattice, the accu-

rate spectral positions of both the unstrained and strained sil-

icon signals are required. A fitting procedure on the spectra

acquired with the two excitation wavelengths is performed

through Lorentzian curves in order to extract such data

from the spectra and uncover how both the main peak

broadening and position are affected by the stress imposed

(Figure S1 and S2, respectively, Supplemental Material).

What emerges from the fitting procedure is that two

Lorentzian curves are needed to fit the main silicon peak in

the spectra acquired from the unstrained-Si region, regard-

less of the excitation laser employed: both peaks are related

to the vibrational modes of relaxed-Si and appear at ≈521.7
and ≈519 cm–1 if the green laser is used, ≈525 and ≈521 cm–

1 in the NUV case. In the strained-Si region, an additional

Lorentzian curve has to be included in the fitting procedure,

being it is related to the strained lattice and with a frequency

position clearly shifted with respect to that of the main Si

peak: it appears at ≈509.1 or ≈511.8 cm–1 if the laser used

is the green or NUV one, respectively.

Pure silicon normally shows a dominant, sharp, and dis-

tinctive band at ≈520.7 cm–1 corresponding to the first-

order optical phonon vibrational mode; in this case, the

main peak appears broader and asymmetric in its right shoul-

der even in the unstrained Si region, most probably because

of the several surface manufacturing processes that silicon

undergoes during sample production, inducing defectivities

in its crystal structure.47 This effect emerges as a distinct

second peak under the main silicon band, more precisely at

≈521.7 cm–1 for the green laser and even more visible at

≈525 cm–1 for the NUV one, due to its sensitivity to the sur-

face of the sample. This interpretation explains the need to

employ two curves for peak fitting to capture the observed

spectral features accurately, in order to complete a purely

mathematical procedure.

These acquisitions show a limitation of conventional

µ-Raman spectroscopy, particularly concerning the penetra-

tion depth of the laser employed. The depth of the acquired

signal is primarily constrained by factors such as the wave-

length of the laser and its interaction with the sample,

which dictate the penetration depth of the incident photons.

Consequently, the Raman signal obtained reflects the scatter-

ing properties of a specific region within the sample. In this

case, higher wavelengths (i.e., green laser) result in greater

penetration depth, thereby reducing the surface sensitivity

of the acquisition process in the very thin SiGe epitaxial

layer-on-SOI structure; on the other hand, at lower wave-

lengths, i.e., NUV laser, the depth of the analysis is too low

to collect enough signal from both the unstrained- and

strained-Si regions for a reliable spectra comparison.

Thus, the laser employed clearly determines the Raman

scattering efficiency and consequently the detection limit in

samples based on SiGe alloys.48 A careful TERS analysis

could improve this characterization procedure and lead to

a better understanding of the intricate relationship between

germanium concentration and induced strain in the very

thin SiGe layer thanks to its surface sensitivity to crystallinity

deformations and lattice mismatches due to the device pro-

cessing. Lastly, it is also important to remember that another

main limitation of the conventional µ-Raman spectrometer is

the lateral resolution of the technique. Due to the wave

nature of light, diffraction defines the size of the laser spot

focused on the sample, thus imposing a lateral resolution of

several hundred nanometers,15 considering that the maxi-

mum theoretical limit is approximately half the value of the

excitation wavelength. For these reasons, the advanced

TERS technique is employed to overcome all the drawbacks

of standard µ-Raman spectroscopy.

Tip-Enhanced Raman Spectroscopy (TERS)
Characterization
The second part of this work is focused on the TERS charac-

terization of the device using a λ = 532 nm excitation wave-

length at 5% of laser power. These parameters proved to be a

suitable combination for the TiN-coated TERS tips, an inno-

vative, refractory, and promising plasmonic material.28–32 The

wavelength where the maximum plasmonic resonance of tita-

nium nitride is achieved is actually slightly higher than the

excitation line used. However, although the plasmonic effect

of TiN tips can be considered lower than that of conventional

noble metal-coated ones when excited by the green laser,30
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the properties of the probe employed, combined with its

sharp geometry (which also enables a strong lightening rod

effect), allow excellent performances in terms of field

enhancement and Raman signal yield. The common proce-

dure in TERS experiments is based on the acquisition of spec-

tra on the area of interest of the sample in two

configurations, “tip-in” and “tip-out”. The first one allows

us to collect the so-called near-field signal, which is emitted

by the sample when illuminated by the electromagnetic

field enhanced by the tip–laser interaction, being the probe

engaged to the sample. This signal is not only very intense,

but it is also emitted mostly from the surface of the sample,

which is the region where plasmonic resonance between tip

and laser takes place. On the other hand, the second config-

uration can be considered a conventional µ-Raman acquisi-

tion (far field), since the tip is removed from the line of

sight of the laser and withdrawn from the sample surface.

Still, the beam maintains the alignment on the sample of

the tip-in acquisition. In this way, two spectra are acquired

on the same point of the sample, containing two different

information, i.e., one sensitive to its surface (near-field) and

one related to the bulk composition (far-field).

The sample was subjected to TERS acquisition of different

maps, profiles, and local measurements in the different areas

to ensure repeatability and consistency of results. Figure 3a

shows the comparison between the tip-in and tip-out TERS

spectra acquired on the SiGe region. Here the spectra are

intentionally not normalized in order to fully appreciate the

enhancement in terms of signal intensity. In order to highlight

the surface sensitivity of TERS, a comparison between spec-

tra obtained from Si and SiGe regions in tip-in configuration

is shown in Figure 3b. The spectrum acquired on the strained

region shows the expected broadening below the main sili-

con band at ≈520 cm–1, demonstrating that TERS could be

able to detect the presence of stress. On the contrary, the

spectrum from the relaxed region is perfectly symmetrical,

as expected for pure silicon.

To accurately assess the performance of TERS tips for this

kind of characterization, two important factors can be used

to evaluate the effectiveness of electric field enhancement,

i.e., contrast (C) and enhancement factor (EF).21,49–51 The

contrast is described by the following Eq. 1:

Contrast (C) = Inear field
Ifar field

= Itotal
Ifar field

− 1 (1)

where Inear field is defined as the Raman peak intensity due

only to the interaction of the tip with the scattering material

and Ifar field is the intensity measured without the tip enhance-

ment. The same formula can be expressed in terms of Itotal, i.
e., the signal while the tip is interacting with the sample (Itip
−in), which describes the value of the sum of the near- and

far-field signal intensities.

Using the values obtained for Itotal and Ifar field into Eq. 1,

the resulting contrast is shown in Eq. 2:

Contrast(SiGe)(C) = Itotal
Ifar field

− 1 = 23 834

527
− 1 ≈ 44.23 (2)

Taking into consideration the contrast value, it is possible to

calculate the EF through the following Eq. 3:

EF = C
Vfar
Vnear

( )
(3)

The EF is therefore calculated as the product between the

contrast and the ratio between the scattering volume con-

tributing to the far field (Vfar, related to the radius of the

laser spot focused on the sample) and near field (Vnear,
related to the radius of the apex of the tip used) signal inten-

sities. In real working cases, as considered by Kumar et al.,49

for a sufficiently thin film, these volumes included in the EF

formula can be approximated to their corresponding areas,

Figure 3. (a) Comparison between tip-in (blue) and tip-out (red) TERS spectra on SiGe region (in the insert, a schematic representation of

tip-in/tip-out configuration); (b) comparison between tip-in point acquisitions collected with 532 nm laser on the relaxed (black) and

strained-silicon (red) regions, shown in detail in the insert.
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denoted as Afar and Anear, respectively. The radius of the exci-
tation laser beam spot (rlaser) depends on several factors,

which include the NA of the objective used and the TERS

configuration employed. Considering the side-illumination

of the current setup and the 50× long-working distance

objective, the laser spot can be assumed to be rlaser≈ 2 μm.

The tip radius is defined by the producer, and it is unrelated

to the coating thickness. For the innovative probe employed,

the radius is nominally identified to be rtip≈ 10 nm. With

these values, the EF can be evaluated through Eq. 4:

EF(SiGe) = C
Afar
Anear

( )
= C ×

π · r2laser
π · r2tip

≈ 1.769 × 106 (4)

The result shows that with the values taken into consider-

ation, the TERS setup achieves a signal amplification of six

orders of magnitude thanks to the combination of localized

surface plasmonic resonance and the lightning rod effect,

which led to an enhancement of the electromagnetic field

in the closed region between the sample and the engaged tip.

However, it should be highlighted that the EF not only is

strongly influenced by the wavelength of the excitation light

used, but its calculation involves several non-negligible

approximations that take into account unavoidable errors

due to both rlaser and rtip. The excitation laser spot geometry

and radius can just be approximated as already described,

considering that the TERS setup employed is in-side illumina-

tion. In addition, even though the probes’ datasheet from the

producer company is undebatable, the plasmonic tip radius

during the acquisition is far from being precisely known: sev-

eral processes mandatory to the measurement (such as the

laser-tip alignment or the test acquisitions) can largely affect

the shape and the diameter of the tip’s apex. For the reasons

explained, we consider contrast to be a more reliable param-

eter than EF, which turns out to have a higher value than

expected.21,49–51

Once confirmed, the TERS performances on a point,

localized acquisition, a map has been acquired around the

edge between the SiGe and Si regions (Figure 4a) in order

to test the lateral resolution of the setup. The acquisition

consists of 192 points with a step size of 195 nm, acquired

with the same parameters already described. Lorentzian fit-

tings have been performed on the map in order to extract

the information needed, i.e., strained and unstrained silicon

peak positions and width. The first step of the fitting process

involved the use of a single Lorentzian curve (Figure S3,

Supplemental Material), given the overall symmetry of the

main silicon peak at ≈520 cm–1.

In Figure 4b, the hyperspectral map of the distribution of

the full width half-maximum (FWHM) of all the acquired

spectra is shown: the main silicon band results wider in the

SiGe region, while it becomes sharper in the relaxed silicon

case. The FWHM trend reflects very accurately the structure

of the sample, but the single curve fitting does not represent

the overall map, mostly in the SiGe portion of the acquisition,

where a weak signal appears below the one at ≈520 cm–1.

This observation explains why the FWHM results are higher

in the strained region. In order to account for the differences

between Si and SiGe regions in terms of the spectra line

shape, the acquisitions have been averaged with respect to

the columns of the map, i.e., it is performed in a region

where the homogeneity of the signal along the direction par-

allel to the fins is guaranteed, so the average procedure does

not nullify the signal content. Forty-eight spectra result from

this procedure, each one being the average of four spectra.

With a careful look at these spectra, the required fitting pro-

cedure changes dramatically between relaxed (Si) and strained

(SiGe) regions: in the first case, two Lorentzian curves are

needed for an accurate reproduction of the spectra (for two

peaks at ≈520.5 and ≈518.4 cm–1, both coming from the

unstrained-Si region), while in the second case there is an addi-

tional signal to take into account (in total three peaks: two at

≈520.5 and ≈517.8 cm–1 for the relaxed-Si, and one at

≈515.6 cm–1, referred as the strained-Si peak).52,53 As already

said previously in the µ-Raman characterization section, the

peak at ≈518.4 cm–1, detected also in the unstrained-Si region

spectra, is presumably due to the various manufacturing and

epitaxial growth processes, that can induce an impure and

imperfect crystal silicon structure. The TERS fitting proce-

dures are reported in the spectra shown in Figure S4

(Supplemental Material).

In Figure 4c, the values of the sum of the areas related to

the peaks at ≈520.5 and ≈518 cm–1 of each averaged spec-

trum are reported with respect to the positions of the

acquired points: this parameter reproduces accurately the

shape of the SiGe and Si regions along the map. In particular,

the averaged acquisitions from point 25 on (green point), i.e.,

the first point acquired in the pure silicon region, show

how the area tends to grow rapidly, demonstrating how

the content of those spectra derives only from the two

peaks considered and there is no longer any influence from

the strained-Si peak. The presence of the strain-shifted Si

peak in the SiGe region is steady, as can be seen from the

trends in the plots in Figures 4d and 4e. More in particular,

in the first figure, the value of the Raman shift of the band

of the strained-Si peak has been plotted with respect to

the acquisition position of the points along x. All the values

acquired in the SiGe region up to point 24 (i.e., the last

one inside the strained region) oscillate between the values

515.2 and 516.1 cm–1 of the Raman shift. From point 25

onwards, once the boundary is passed, its value tends to

zero, since the strained-Si peak is no longer detected. The

strained-Si peak does not disappear right after the boundary

is crossed: in the pure silicon region, there is a residual strain

induced by the fabrication process, since the epitaxial growth

can produce minimal diffusion of strain at the edge.

The same interpretation can be applied to the plot in

Figure 4e, where the trend of the value of the area of the

strained Si peak has been plotted with respect to the acqui-

sition position along x. As expected, the result is similar to
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that obtained in Figure 4d in which once the edge is crossed,

the area quickly saturates to zero, since the strained-Si peak

is not detectable anymore.

Conclusion
The paper outlines the potential and reliability of the TERS

technique for the characterization of modern semiconductor

devices in the context of strained silicon technology, more in

particular a SiGe epitaxial-on-SOI device as a case study.

µ-Raman provides valuable insights about the strain of a

SiGe layer grown on SiO2 substrates, regardless of its thick-

nesses and germanium content, but at the same time the

achievable lateral resolution is constrained by diffraction lim-

its; on the other hand, the results obtained showed how

TERS not only allows one to collect higher signal from the

sample (when comparing tip-in and tip-out acquisitions),

but also exhibits the sensitivity to the sample surface. In addi-

tion to that, TERS proved to be a powerful non-contact and

non-destructive technique capable of overcoming the diffrac-

tion limit, offering high lateral resolution, and providing

detailed insights into strain-induced deformations of crystal

lattices. As a matter of fact, TERS in this case study demon-

strated to be able to detect the signal related to the strain

within the device a few nanometers deep in the SiGe layer,

and to distinguish the relaxed region from the strained one

with two-point acquisitions of just 195 nm apart. This result

allows us to state that the lateral resolution obtained with

TERS, in particular on samples of this type, unlocks the res-

olution capacity of the standard µ-Raman technique. In

Figure 4. (a) Tip-enhanced Raman spectroscopy (TERS) map on a 10 × 10 µm2 AFM topography acquired on the edge between the SiGe

and Si regions of the SiGe epitaxial-on-SOI device based on 192 points with a distance between each point of 195 nm (the blue and green

points represent the positions 24 and 25, respectively); (b) FWHM hyperspectral map obtained by performing a single Lorentzian curve

fitting on all the acquisitions; (c) plot of the values of the sum of the areas (peaks at ≈520.5 and ≈ 518 cm–1) obtained by performing a two

and three Lorentzian curves fitting to the averaged spectra for the Si and SiGe region, respectively; (d) plot of the spectral position of the

strained-Si peak of each averaged spectra; (e) plot of the value of the area of strained-Si peaks of each averaged spectra.
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addition to what has been said, TERS can also simultaneously

provide chemical information linked to the topographical

structure of the sample through AFM scans, thus allowing a

rapid assessment of the outcome of the production process

of the sample at the micro–nanometer scale. The results

obtained demonstrate how TERS can potentially be an in-line

integrated technique for direct and real-time monitoring of

the outcome of semiconductor manufacturers, allowing reli-

able analysis and quality control of the products during the

several steps of micro- and nano-electronic device produc-

tion. Furthermore, we have confirmed that the TiN-coated

TERS tips, designed for clean room environments, offer

high performance in terms of signal amplification, making

them an ideal solution for real-time quality control in

micro- and nano-electronics manufacturing facilities.

Despite the demonstrated huge potential of strain induced

in the silicon crystal structure, its integration into the com-

plementary metal–oxide semiconductor manufacturing

industry is hampered by the lack of real-time characterization

tools. Currently, stress/strain values are predetermined dur-

ing the product design; once the stress is externally induced,

the strain percentage in the final product is then revealed

indirectly through electrical measurements or functional test-

ing. An in-line TERS-based system for real-time measure-

ments can have a decisive impact on the early detection of

structural defects induced in a device during the production

process, reducing its costs and optimizing its yield and perfor-

mances, but mostly avoiding the need to resort to external

characterization tools outside the clean room or to destruc-

tive analyses.
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