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Metal induced strain in the channel region of silicon (Si) fin-field effect transistor (FinFET) devices has been
characterized using Raman spectroscopy. The strain originates from the difference in thermal expansion
coefficient of Si and titanium-nitride. The Raman map of the device region is used to determine strain in
the channel after preparing the device with the focused ion beammilling. Using the Raman peak shift relative
to that of relaxed Si, compressive strain values up to –0.88% have been obtained for a 5 nm wide silicon fin.
The strain is found to increase with reducing fin width though it scales less than previously reported results
from holographic interferometry. In addition, finite-element method (FEM) simulations have been utilized to
analyze the amount of strain generated after thermal processing. It is shown that obtained FEM simulated
strain values are in good agreement with the calculated strain values obtained from Raman spectroscopy.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Because of the so-called short-channel effects caused by scaling
down conventional field effect transistors (FETs) in complementary
metal–oxide–semiconductor technology, multiple gate structures
are realized to be a good replacement of those devices [1]. The most
important advantage of multigate devices is their better electrostatic
control of the channel region which helps to reduce the off-current
(Ioff).

The FinFET as shown in Fig. 1, is in fact such a multiple gate device
comprising a narrow Si fin with a self-aligned double gate [2]. Its
multigate structure allows realization of smaller devices with improved
key properties such as a high on-current/off-current ratio (Ion/Ioff).
Therefore, this is currently one of the most promising structure to
achieve better performance. However, the FinFET still needs to reach
yet a higher Ion to meet the technology requirement. Employing strain
to the FinFET channel region is attracting a high interest to achieve
this goal [3–5]. The characterization of the generated strain in this rela-
tively small volume of silicon is essential to understand its effects and to
keep it under control.

In this work, strain induced by the TiN gate on Si FinFET devices
has been physically characterized. The actual strain originates from
the thermal expansion coefficient differences between the TiN and
the Si channel. This can be illustrated by the simulation example
performed using a multiphysics Finite-element-method (FEM) tool
(Comsol MultiPhysics 3.5a). In the simulations, we neglected the Si sub-
strate to decrease the computational load and applied fixed boundary
conditions below the buried oxide (BOX) layer to mimic the stiff Si
rights reserved.
substrate. We simplified our 5-fin device structure by simulating a single
fin device. Symmetric boundary conditions were applied to the sides of
the fins as well as at the source and drain regions. The rest of the bound-
aries were kept free to move. Fig. 2(b)–(d) show the simulated vertical
strain (εzz) in AA′ cross section of a 5 nm wide fin at 900 °C, 500 °C and
25 °C, respectively, after the device structure has been formed. The
other strain components, εxx and εyy are much smaller than εzz (up to
20%) and are therefore neglected in this work. A high temperature cycle
has been implemented on the built device structure to create strain as
would be present in the real case. During the thermal cycle of the stacked
structure, strain increases while the temperature increases. At elevated
temperatures plastic relaxation occurs and strain becomes zero. Our
simulations are referenced to this relaxed state. When the system is
cooling down, strain increases again and remains permanently in the Si
body or fin. Compressive strain in the range of 0.9% has been observed
for a 5 nm fin width (WFIN). The simulation for the 30 nm wide fin at
25 °C is also depicted (Fig. 2(a)) to show that generated strain decreases
when WFIN increases and also becomes less uniform in the silicon body.
In Fig. 3 the FEM simulated strain values are plotted againstWFIN.

In an earlier report the so-called holographic interferometry
method was used to physically characterize the strain for two WFIN

values [4,6]. This motivated us to perform physical strain characteriza-
tion of the silicon FinFETs employing an alternative methodology
called the Raman spectroscopy. Raman spectroscopy is a non-contact
and non-destructive technique that is most widely employed for this
purpose [7–10]. It yields valuable information about strain even in
aggressively scaled device configurations [11,12].

The paper is outlined as follows. In Section 2 the experimental
details will be briefly described. In Section 3 the obtained results
will be described and discussed. Finally in Section 4 the conclusions
will be drawn.
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Fig. 1. Schematic FinFET layout: (a) bird's eye view (b) cross-section taken from
line AA′.
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Fig. 3.Calculatedmaximumstrain (εzz) against thefinwidthobtainedwith FEMsimulations.
Inset shows the physical parameters used in the simulations.
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2. Experimental details

The FinFET devices used in thisworkwere realized atNXP-Research/
IMEC [13]. Fig. 1(b) shows the scanning electron microscope (SEM)
cross section of a FinFET on a silicon-on insulator (SOI) substrate. The
gate stack consists of SiO2+HfSiO as the gate dielectric layer and
TiN as the gate metal with poly-Si capping. A thermal cycle from
room temperature to 1340 °C and back to room temperature was
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Fig. 2. εzz strain values of the 30 nm and 5 nm wide FinFETs at different temperatures
during the temperature cycle obtained with multiphysics FEM simulations at (a) 25 °C
after a thermal cycle from T=25 °C to 1100 °C for WFIN=30 nm, (b) 900 °C, (c) 500 °C
and (d) 25 °C for WFIN=5 nm. The vertical bar indicates the strain values varying from
0 to −1.0 (compressive) strain. The thickness of the TiN film is 5 nm and the height of
Si fin is 60 nm.
implemented after gate deposition which resulted in permanent strain
on the channel. All of the devices characterized in thiswork comprised 5
fins with various fin widths (5 nm≤WFIN≤1000 nm), 10 μm gate
length and 60 nm fin height (HFIN) or SOI thickness. For more process-
ing details refer to [13].

The measurements have been carried out at room temperature
using confocal Raman microscope (alpha300R, Witech GmbH) with
0.8 cm−1 wavenumber resolution (which corresponds to about 0.15%
strain resolution) and a 532 nm laser source with output power of
47 mW. This wavelength will give a penetration depth in the silicon
of 800–1000 nm. This high penetration depth leads to a weak Raman
signal from the FinFET with respect to the strong signal from the
surrounding relaxed silicon. However, despite this penetration depth,
this tool has been utilized successfully for device analysis [12]. The
FinFET devices had metallic tiles on top of the device structure in the
back-end. Since the metal layers were very thick and Raman inactive,
they were removed using Focused Ion Beam (FIB) milling. Removal of
these layers was necessary to obtain a good Raman signal from the
area of interest.
3. Results and discussion

Fig. 4 shows the HR-SEM picture of the device before and after FIB
removal of the metal layers in the back-end. To prevent the damage
to the stressor TiN layer, FIB process parameters were optimized at
a 47 pA beam current and a 5 minute process time. A cross section
SEM image after FIB processing confirms that the stressor layer is
still present. Raman spectroscopy on these samples was done by
scanning the complete area of the channel region.

Fig. 5 shows the peak map of the scanned device region before and
after the FIB process. To identify the Si channel from this map, the
Raman peak at 520 cm−1 is highlighted. The contrast in this figure in-
dicates different peaks of the Raman spectrum obtained from the
channel. The Raman peak of the Si channel region was only detectable
after the FIB process. This map helps us to identify the Si fin region
from the rest of the substrate and it was used for extracting the
Raman spectrum of the strained channel region.

Fig. 6(a) shows the Raman spectrum of the Si substrate. Since the
Si layer is only 60 nm thick and the penetration depth of the laser is
larger than the sum of the Si fin and BOX layer thickness, the sub-
strate peak as well as the thin un-doped Si peak is present in the
Raman spectrum. Since both Raman peaks are from Si they appear
almost at the same wavenumber without stress (i.e. 520 cm−1). The
peaks are broadened because of the signal from the poly-Si layer on
top of the fins [14].
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Fig. 4. HR-SEM image of the device before (a) and after (b) FIB removal of the metal layers.
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Raman analysis has been performed for devices having 10 μm
gate length and different fin widths. The samples have been ana-
lyzed by fitting the obtained Raman peaks with Lorentzian function.
Except for the device with WFIN=1000 nm (Fig. 6(b)), Fig. 6(c)–(f)
shows a second peak next to the substrate peak in the spectrum.
The second peak is the Si fin peak which normally cannot be differ-
entiated from the substrate peak. It can be seen from Fig. 6 that the
Si fin peak shifts to higher wavenumbers when the fin width is
decreasing from 30 nm to 5 nm. The shift to higher wavenumbers
is an indication of compressive stress [15]. Since the stress is much
lower for the 1000 nm wide fin device, the second, stressed, Si
peak cannot be observed.

Strain values were calculated from the amount of Raman peak
shift using the 1000 nm wide fin peak in Fig. 6(b) as a reference.
The calculations are dependent on the stress calibration using
Raman shift data and the fitting of the peaks. In this way the strain
level and its evolution by fin width is provided. Fig. 7 shows the
extracted strain values using the Raman shift data together with the
Source
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Fig. 5. Raman peak map of the channel region (a) before FIB, (b) after FIB preparation. Th
520 cm−1 peak is highlighted with light colors to identify the Si channel region from the B
strain values obtained by N. Serra et al. [6]. The authors used the ho-
lographic interferometry method on the same set of devices to obtain
strain information. The strain was calculated using the Raman shift
according to the following relations [14]:

σ ¼ −250 MPa=cmð ÞΔω ð1Þ

ε ¼ σ
E

ð2Þ

where E=Young's modulus, σ=Stress, ε=Strain, Δω=Peak shift.
For the strain calculations the Young's modulus of silicon along the

Z axis is taken as Ez=130 GPa [16]. Table 1 shows the peak positions
and calculated strain values for each device. The strain value obtained
for WFIN=10 nm with the Raman spectroscopy method is compara-
ble to Serra's results while for WFIN=20 nm we find a larger strain
value. The strain dependency on the fin width is clearly observed in
both sets of data. The identical strain dependency on the fin width
520 cm-1 peak

520 cm-1 peak 2µm

2µm

e images on the right side shows the peak position map of the Raman spectrum. The
OX.



Fig. 6. Obtained Raman spectra of (a) the substrate, and that of the FinFET with a fin width of (b) 1000 nm, used as a reference, (c) 30 nm, (d) 20 nm, (e) 10 nm, (f) 5 nm. The blue
dotted curves are the obtained Lorentzian fits corresponding to Si substrate. The green dotted curves are after fitting the second peak due to increased strain. The total fits are
indicated by red dotted curves.
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has also been reported earlier by employing electrical measurements
on the FinFET devices used in this work [17]. Finally, Fig. 7 shows that
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Fig. 7. Extracted strain values in silicon FinFETs using Raman spectroscopy. For
comparison FEM simulation (see Fig. 3) and experimental data obtained from the
holographic interferometry method [6] have been plotted in the same graph. Note
that due to the limitation of the Raman microscope system, the strain resolution is
about 0.15% for the Raman method.
the strain values obtained from FEM simulations agree well with the
Raman spectroscopy data for a wide range of fin widths.
4. Conclusions

Metal induced strain on the channel of silicon FinFET devices has
been characterized using Raman spectroscopy and the results have
been compared to FEM simulation data. Raman peaks from Si fins
shift to higher wavenumbers for narrow fins indicating compressive
strain. Up to−0.88% strain has been calculated from our Raman spec-
troscopy data. The FEM simulated strain values after a thermal cycle
are in a good agreement with the measurements. In addition, the
metal induced strain on Si fins was found to increase with reducing
the fin width. However, the dependence is less than previously
reported using holographic interferometry method.
Table 1
Strain values obtained from a Lorentzian peak fit.

Fin width (nm) Peak position (cm−1) Strain (%)

1000 520.3 Reference
30 523.4 −0.60
20 524.2 −0.75
10 524.5 −0.80
5 524.9 −0.88

image of Fig.�7
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