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David Tuschel

Stress and strain are terms that are often used interchangeably when discussing the characteristics of materi-
als. Nevertheless, their meanings are different. Stress is a force per unit area applied to an object, and strain 
is the effect on the object from the stress. Specifically, strain is the change in the positions of the atoms or 
the lengths of the chemical bonds within the object that are induced by the application of stress. Here, we 
discuss the distinction of these terms, and their mathematical forms as applied to crystals. Strain is manifest 
in Raman spectra through changes in peak position and bandwidth. We present examples of the identifica-
tion of strain in crystals of several technologically important materials.

Stress, Strain, and  
Raman Spectroscopy

Molecular Spectroscopy Workbench

R eaders of Spectroscopy have often read how stress or strain 
can be detected by Raman spectroscopy through the shift-
ing or broadening of certain bands. In this installment of 

“Molecular Spectroscopy Workbench,” we delve more deeply into 
this topic, discussing the physics and mathematics of stress and 
strain, and demonstrating their effects on Raman spectra. We begin 
by carefully defining these two terms, and making the proper dis-
tinction between them. Readers interested in a deeper mathemati-
cal explanation of stress and strain are encouraged to read the two 
chapters on these subjects in the classic work by Nye (1).

When external forces are applied to an object that does not move, 
we say that it is under stress. Furthermore, if the forces on the ob-
ject do not vary spatially, then the object is subject to homogeneous 
stress. Stress normally occurs over an area of an object, and not 
just a point location. Therefore, stress is properly understood as 
the force per unit area applied to an object, and is described math-
ematically by the second rank tensor shown in equation 1, where 
σ represents stress:

 [1]

We may consider an ideal object such as a cube with the usual x, 
y, and z axes to better understand the components of the stress ten-
sor. The stress forces applied along the cube’s x, y, or z-axis are said 
to be the normal components of stress, and are associated with the 

tensor elements σxx, σyy, and σzz, respectively. These normal com-
ponent forces can be applied inward, directed towards the center of 
the object, or outward. The former is defined as a compressive stress, 
whereas the latter is a tensile stress. The sign convention that has 
been adopted is that a positive value of σxx, σyy, or σzz corresponds 
to a tensile stress, whereas a negative value indicates a compressive 
stress. Now, it is important to understand and appreciate that the 
stress forces applied to opposite faces of our ideal cube must be 
of equal magnitude, but from opposite directions, for our cube to 
not move. That is why we can describe stress as a static force. The 
magnitudes of the stress forces need not be the same on the x, y, 
or z faces, but they must be the same on the opposite pair of faces.

The diagonal tensor elements σxx, σyy, and σzz are the normal 
components of stress, whereas all of the other off-diagonal tensor 
elements such as σxy, σyx, and σzy are the shear components. The 
shear tensor elements are paired under a condition of static equi-
librium such that

 [2]

For example, σxy = σyx would be shear forces perpendicular to 
the normal component σzz. In summary, the stress tensor diagonal 
elements describe the force per unit area as compressive or tensile 
normal components, and the off-diagonal tensor elements describe 
the shear unit area forces.
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We have thus far discussed the stress 
tensor with respect to an ideal cubic object. 
We can now take those principles and begin 
to apply them to crystals of real chemical 
compounds or elements, and understand 
the strain induced in the crystal as a result 
of the application of the stress. It is criti-
cally important to understand how stress 
and strain differ. Strain is the change of the 
positions of the atoms, or the lengths of the 
chemical bonds within a crystal that are 
induced by the application of stress. Thus, 
for a cubic crystal such as silicon (Si), we can 
expect that a stress of a given magnitude ap-
plied along a crystallographic axis will pro-
duce the same degree of strain, whether it is 
applied along the x, y, or z crystallographic 
axis. However, for a uniaxial or biaxial crys-
tal where all three crystallographic axes are 
not identical, the amount of strain induced 
by a given magnitude of stress will depend 
on the chemical bonding and forces along 
a particular crystal axis. Therefore, it is ac-
tually the changes in atomic positions and 
chemical bond lengths commensurate with 
strain that are detected in the Raman spec-
trum through the changes in peak position 
or band broadening.

The relationship between a homoge-
neous stress and homogeneous strain as a 
generalized form of Hooke’s Law is given by

 [3]

where εij is the strain tensor and sijkl is the 
elastic compliance constant of the crystal-
line material. The strain tensor is a second 
rank 3 x 3 tensor of the same form as the 
stress tensor shown in equation 1. There-
fore, equation 3 consists of nine equations, 
each with nine components on the right 
hand side. For example, 

 [4]
 

Of course, there will be eight similar 
equations for the remaining εxy, εxz, εyx, 
εyy, εyz, εzx, εzy, and εzz tensor elements. The 
implication of equations 3 and 4 is that, if 
even only one component of the stress is 
nonzero, σyy for example, all of the strain 
elements may be nonzero. Consider what 
that last statement could mean applied to a 
rectangular or even cubic crystal. If a uniax-
ial stress is applied to one face of the crystal, 

it will stretch in the direction of the applied 
force, but may also undergo shearing such 
that the angles between faces may differ 
from the original 90 degrees. In other 
words, strain may be induced in a mate-
rial in a direction other than that of the 
applied stress.

We have discussed compressive and ten-
sile stress, and so we can now understand 
the compressive and tensile strain induced 
in a crystal or material as a result of the ap-
plication of the corresponding stress forces. 
If a crystal is subjected to a tensile stress, we 
can envision the atoms being pulled apart, 
or chemical bonds lengthened, relative to 
their normal positions and lengths in an 
unstressed crystal. As the chemical bond 
length increases, and the force constant 
remains the same, we should expect the 
vibrational frequency to decrease. A shift 
of the Raman peak position to lower fre-
quencies is exactly what is observed from 
materials that have been subjected to a 
tensile stress. Conversely, if a compres-
sive stress is applied, we would expect the 
atoms in a crystal to move closer together, 
or the chemical bond lengths to be short-
ened, relative to their normal positions and 
lengths in an unstressed crystal. The result-
ing compressive strain in the crystal results 
in Raman peak positions shifted to higher 
frequencies. The lesson to be learned here 
is that compressive and tensile stresses will 
induce corresponding strains in the crystal 
that can be observed as shifts of a Raman 
peak position to higher or lower frequen-
cies, respectively. The magnitude of the 
Raman peak shift will be commensurate 
with that of the stress and corresponding 
strain induced in the material. The degree 
to which the Raman band will shift is de-
pendent on the specific material under 
examination and the elastic compliance 
constant (sijkl) of that chemical compound 
or element and the specific crystallographic 
axes being probed.

As you can see, the stress–strain ten-
sor relationship in even the most simple 
crystal structures can be complex. Nev-
ertheless, quantitative analysis of stress 
or strain by Raman spectroscopy has 
been performed on a variety of materi-
als, including silicon (2–7), aluminum 
oxide (8–10), barium titanate (11–12), and 
aluminum nitride (13). Now that we have 
reviewed the fundamental physics of stress 
and strain, we can examine how they af-

fect the Raman spectra in various techno-
logically important materials.

Imaging Strain in Polysilicon
Much of the early work on microRaman 
spectroscopy of semiconductors involved 
the characterization of polycrystalline 
silicon (14–17), also known as polysilicon, 
which is still used extensively in fabricated 
electronic devices. Theoretical and ex-
perimental work was directed towards an 
understanding of how strain, microcrystal-
linity, and crystal lattice defects or disorder 
can all affect the Raman band shape, posi-
tion, and scattering strength of single and 
polycrystalline silicon (18–20). The presence 
of nanocrystalline silicon in polysilicon 
was confirmed through the combination 
of transmission electron microscopy and 
Raman spectroscopy, and the effects of ex-
tremely small silicon grain dimensions on 
the Raman spectra were attributed to pho-
non confinement (21–24). As the crystalline 
grain size becomes smaller, comparable to 
the wavelength of the incident laser light or 
less, the Raman band broadens and shifts 
relative to that obtained from a crystalline 
domain significantly larger than the excita-
tion wavelength. This has been explained in 
part by phonon confinement, in which the 
location of the phonon becomes more cer-
tain as the grain size becomes smaller, and 
therefore the energy of the phonon mea-
sured must become less certain consistent 
with the Heisenberg uncertainty principle.

It is important to understand the effects 
of nanocrystallinity on the Raman spec-
trum, so as not to wrongly attribute the 
spectral features of nanocrystals to strain 
in microcrystalline or larger grain sizes. Of 
course, strain can be present in nanocrys-
talline materials. If that is the case, then one 
will not be able to strictly differentiate the 
combined effects of strain and nanocrystal-
linity on the Raman spectrum.

A collection of data from a polysilicon 
test structure is shown in Figure 1. A re-
flected white light image of the structure 
appears in the lower right hand corner, 
and a Raman image corresponding to the 
central structure in the reflected light image 
appears to its left. The plot on the upper left 
consists of all of the Raman spectra ac-
quired over the image area and the upper 
right hand plot is of the single spectrum 
associated with the cursor location in the 
Raman and reflected light images. The 
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Raman data were acquired using 532 nm 
excitation and a 100x Olympus objective 
and by moving the stage in 200 nm incre-
ments over an approximate area of 25 µm 
x 25 µm. In this particular case, the Raman 
image is rendered through a color coded 
plot of Raman signal strength of the cor-
responding color bracketed Raman shift 
positions in the two upper traces. 

Raman spectra of the unstrained sub-
strate silicon, microcrystalline and strained 
polycrystalline silicon, and nanocrystalline 
silicon are shown in Figure 2. The substrate 
silicon spectrum consists of the Raman 
band at 521 cm-1 arising from the first 
order optical phonon at the Brillouin zone 
center. The Raman band in the spectrum 
of microcrystalline polysilicon appears at 
515 cm-1, a shift of –6 cm-1 relative to the 
peak position of the unstrained substrate 
silicon, thereby indicating the presence of 
tensile strain. The increased width of the 
polysilicon silicon Raman band indicates 
that there is a distribution of strains, and 
the band shift is not the result of a single 
uniaxial stress. The shoulder at 521 cm-1 
can be attributed to the substrate silicon 
underlying the polycrystalline silicon film. 
The spectrum of nanocrystalline silicon 
manifests substantial broadening with the 
peak centered at 502 cm-1. As a result, the 
substrate silicon signal at 521 cm-1 is now 
better resolved. The substantial broadening 
and peak center shift of approximately –19 
cm-1 are consistent with phonon confine-
ment associated with crystal grain sizes 
with nanometer dimensions. Of course, the 
nanocrystalline silicon can also be strained, 
but the effects of strain cannot be differenti-
ated from those of nanocrystallinity in the 
Raman spectrum.

With respect to our explanation of the 
Raman spectra in Figure 2, we now dis-
cuss the reasoning behind our choice of the 
color-coded brackets to render the Raman 
image, and how they relate to differences 
in the solid-state structure of silicon. If we 
were to have a merely elemental composi-
tional image of this particular structure, 
we would expect it to be entirely uniform 
without spatial variation, because silicon 
would appear in every pixel of the image. 
However, if we distinguish the different 
solid-state structures of the silicon by iden-
tifying unstrained silicon with the Brillouin 
zone center Raman band of 520.7 cm-1 iso-
lated in red brackets, microcrystalline and 

strained polycrystalline silicon in green 
brackets, and a distribution of nanocrys-
tallinity and strain in the blue brackets, we 
can render the Raman image in the lower 
left hand corner. To some degree strain, mi-
crocrystallinity, and nanocrystallinity are 
comingled in the polysilicon regions of our 
images; however, we can make a reasonable 
distinction by attributing the blue regions as 
primarily due to nanocrystalline grain size.

Now we consider what our rendering 
reveals in the Raman image, expanded for 
more detailed examination in Figure 3. The 
red regions consist of either substrate silicon 
or grown single crystal silicon with different 
oxide thicknesses. The spatial variation of 
the single crystal Raman signal strengths 
corresponds precisely with the physical 
optical effects of the oxide thicknesses and 
even small contaminants or defects seen 
in the reflected light image. Furthermore, 
because of the thinness of the polysilicon 
A alone, one can see through the green 
polysilicon A component to the underly-
ing red substrate silicon, particularly on 
the left and right of the upper and lower 
portions of Figure 3. The spatial variation 
of the microcrystalline and strained poly-
crystalline silicon green component signal 
strength corresponds to both the central 
strip consisting of polysilicon B deposited 
on polysilicon A and the granular variation 
of polysilicon A seen in the reflected light 
image. Note that the polysilicon A bright 
green speckles in the Raman image corre-
spond precisely to black speckles in the re-
flected light image. Careful examination of 
the central strip reveals these same speckles 
in the polysilicon A blurred somewhat by 
the polysilicon B deposited on top of it.

Now let’s turn our attention to the ap-
pearance of nanocrystalline silicon in the 
image. The formation of nanocrystalline 
silicon occurs almost exclusively in poly-
silicon A and only on top of the central 
single crystal silicon structure, and not the 
substrate silicon. Note that the nanocrystal-
linity occurs primarily along the edge of the 
polysilicon A, but is absent as the polysili-
con A continues along the silicon substrate. 
Also, we see that some of the polysilicon A 
speckles appear blue, thereby revealing 
nanocrystallinity over the central structure 
but not over the silicon substrate.

In summary, the intensity variations of 
the single crystal silicon comport with the 
physical optical effects of varying oxide 

film thickness and surface contaminants. 
Also, this Raman image reveals the spatially 
varying nanocrystallinity, microcrystallin-
ity and strain in polysilicon. We can infer 
that these structural differences occur ei-
ther as a result of processing conditions, 
or from interactions with the adjacent or 
underlying materials in which the polysili-
con is in contact. The use of narrow colored 
brackets with our hyperspectral mapping 
data set allows one to differentiate strain 
free, strained microcrystalline, and nano-
crystalline silicon and to render an image of 
these spatially varying solid state structures. 

Strain in Diamond
The fabrication of diamond films by chemi-
cal vapor deposition (CVD) has been under 
development for many years now for appli-
cations including hardened surfaces, opti-
cal windows, and electrodes. The solid-state 
structure of these films has a direct impact 
on the material properties and therefore 
figures of merit of the final product. Crys-
tallinity, single or poly, the number of de-
fects, strain, and even crystal face, can affect 
performance. Furthermore, the uniformity 
of such films can affect the overall utility 
of the final product. Therefore, analytical 
methods are called for that can character-
ize the spatially varying structure of CVD 
diamond films.

To that end, we have made use of Raman 
polarization selection rules for the pur-
pose of simply differentiating single from 
polycrystalline diamond, and to probe the 
extent of lattice defects, spatially varying 
strain, and the degree of disorder present 
in a crystal. We have applied polarization-
orientation (P-O) Raman spectroscopy to 
characterize diamond films for crystallinity 
and strain. The reader is referred to a pre-
vious publication on P-O Raman spectros-
copy to understand the theory and practical 
applications of this method (25).

The CVD films consisted of diamond 
clusters whose edge lengths ranged from 
approximately 5 µm to 15 µm. The faces 
of the diamonds are square and triangular 
and presumably correspond to the (100) 
and (111) faces, respectively. We performed 
P-O Raman spectroscopy on the isolated 
square faces for the characterization of 
CVD diamond crystallinity. A reflected 
light image of one such square face from 
which P-O microRaman spectra were ob-
tained is shown in Figure 4.
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We obtained P-O Raman spectra of di-
amond films prepared by chemical vapor 
deposition using a 1.6 mW, 488.0 nm laser 
beam focused to a 0.6 µm diameter with an 
Olympus MS Plan 100 (0.95 NA) objective. 
Raman scattered light was collected using 
the same microscope objective (backscat-
tering configuration). An analyzer was 
placed in front of the spectrometer entrance 
slit, and configured either parallel or per-
pendicular to the incident polarization. 
Individual spectra were collected at 5° ro-
tational increments for each analyzer polar-
ization configuration as the sample is then 
rotated within the focal plane. The sensi-
tivities of the microscope and spectrometer 
to the two, orthogonal polarizations were 
characterized against a depolarized white 

light source. Accordingly, corrections were 
made to the intensities of P-O Raman 
spectra obtained at the corresponding 
polarizations.

The P-O Raman spectra shown in 
Figure 5 indicate that the diamond is a 
single crystal that contains substantial 
defects. The orientational dependence of 
the Raman spectra manifest the expected 
sinusoidal response for a single crystal 
diamond rotated in a (100) plane with the 
parallel and perpendicular P-O spectral 
plots 45° out of phase with each other. 
However, the failure of the signal to van-
ish at the minima and the presence of an 
amorphous carbon band at approximately 
1560 cm-1 invariant with orientation reveal 
considerable defects in what is nominally 

a single crystal of diamond. 
In addition to the defect-induced dis-

order manifest in the spectra, crystal ori-
entation dependent strain can be identi-
fied through band fitting. The strain-free 
Raman band of diamond appears at 1333 
cm-1. Previous work by other authors has 
demonstrated the crystallographic orienta-
tional variation of strain in diamond films 
and the use of polarized Raman spectros-
copy to detect it (26−28). Figure 6 shows 
two Raman spectra from the perpendicu-
lar polarization set (Figure 5) separated by 
5 rotational degrees. Band fitting reveals a 
strain-free component at 1333 cm-1, and a 
second component at 1341 cm-1, thereby in-
dicating the presence of compressive strain. 
Note that the relative contributions of the 
strain-free to strained components of the 
diamond Raman band are inverted, even 
though the crystal has been rotated by only 
5°. Indeed, the 3D variation of the strain in 
this crystal contributes significantly to the 
deviation of the experimentally obtained 
P-O diagram from one calculated for an 
ideal crystal. Were the diamond to be free 
of defects and spatially varying strain, we 
would expect the Raman signal strengths 
to be zero at the minima in the P-O plots 
shown in Figure 5.

Strain in Two-Dimensional 
Molybdenum Disulfide
There is a great need for characterization 
of two-dimensional (2D) transition metal 
dichalcogenide crystals because of their 
experimental nature and structural vari-
ability, often within one film. We have dis-
cussed the resonance Raman and photolu-
minescence spectroscopy and imaging of 
few-layer molybdenum disulfide previously 
(29). The spatial variation of the number of 
atomic layers of 2D crystals can often be in-
ferred from the hue or color of the crystal 
when viewed using reflected white light mi-
croscopy, and so there have been develop-
ments to use optical microscopy to rapidly 
identify the number of stoichiometric layers 
that make up the 2D crystal (30). However, 
spatially varying strain in 2D crystals does 
not manifest itself in reflected white light 
images. In this article, we focus on spatially 
varying strain in exfoliated and chemical 
vapor deposition molybdenum disulfide 
revealed by Raman spectroscopy.

Several spectra and a Raman image of 
a large exfoliated molybdenum disulfide 

Figure 1: (a) Raman hyperspectral data set from a polysilicon test structure with (d) white 
reflected light image in lower right corner; (b) a Raman image generated from the spatially 
varying signal strengths between the color coded brackets in the spectral traces; (c) the single 
spectrum corresponding to the cross hairs in the Raman and white reflected light images.

Figure 2: Raman spectra of the substrate silicon (red), microcrystalline and strained polycrystalline 
silicon (green), and nanocrystalline silicon (blue).
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few-layer flake, and a smaller flake nearby, are shown in Figure 
7. The Raman data were acquired using 532 nm excitation and a 
100x Olympus objective and by moving the stage in 300 nm incre-
ments. The Raman image is a rendering of signal strength for a 
particular Raman band as a function of position on the sample. In 
this case, the Raman image is rendered through red correspond-
ing to the Raman band of substrate silicon at 521 cm-1, and green 
is associated with the Raman signal of the molybdenum disulfide 
A1g band at 408 cm-1.

Most of the large flake is strain free; however, substantial tensile 
strain is present along a portion of the perimeter. Raman spectros-
copy is most useful for identifying spatially varying and heteroge-
neous strain through the broadening and shifting of bands relative 
to those from areas free of strain. Here, the broadening and the 
shifting to lower wavenumber by 4 cm-1 of the E1

2g and A1g bands 
indicate the presence of tensile strain in the small flake and at the 
perimeter of the large flake. An interesting observation is that, very 
often, the structure of the perimeter of a few-layer molybdenum 
disulfide flake is quite different from that of the interior manifest-
ing differences in both Raman scattering and photoluminescence.

Strain is frequently observed at the perimeters of exfoliated mo-
lybdenum disulfide few-layer flakes. It can also be detected at the 
perimeters and interfaces of 2D crystals grown by chemical vapor 
deposition. A collection of hyperspectral data and the correspond-
ing Raman image from primarily single-layer molybdenum disul-
fide crystals grown on a silicon substrate are shown in Figure 8. 
The Raman data were acquired using 532 nm excitation and a 50x 
Olympus objective and by moving the stage in 1 µm increments 
over an area of approximately 120 µm x 90 µm. The spectra consist 
primarily of the E1

2g (382 cm-1) and A1g (402 cm-1) molybdenum di-
sulfide bands, and the first order optical phonon from silicon at 521 
cm-1. A reflected white light image of the sample area appears in the 
lower right hand corner, and a Raman image corresponding to the 
reflected light image appears to its left. The large triangular features 
in the white light image are single-layer molybdenum disulfide 
crystals, and the surrounding lighter area is the silicon substrate. 

The small dark area at the center of the upper triangle is two-layer 
molybdenum disulfide. The plot on the upper left consists of all of 
the Raman spectra acquired over the image area. The upper right 
hand plot is of the single spectrum associated with the cross hair 
location in the Raman and reflected light images; the line cursor 
is positioned at the E1

2g peak of strain-free molybdenum disulfide 
to reveal the strain at the cross hair location. The presence of shear 
E2

2g (21.2 cm-1) and inter-layer breathing B2
2g (37.5 cm-1) bands in 

the hyperspectral data set (upper left of Figure 8) from the small 
dark area confirms that it is two-layer molybdenum disulfide (31). 
These low frequency bands are absent in the spectra of single-layer 
molybdenum disulfide. 

The red Raman image in the lower left of Figure 8 corresponds 
to the E1

2g (382 cm-1) molybdenum disulfide band between the red 
brackets seen in the plot in the upper left. The Raman image is a 
rendering of signal strength between the brackets as a function of 
position on the sample. In this particular case, the red brackets have 
been made narrow, and placed around the E1

2g (382 cm-1) band as it 
appears in the interior of the crystal away from both the perimeter 
and crystal interfaces. Narrowing the brackets allows them to func-
tion as a spectral slit in the image generation; Raman bands that 
shift to lower or higher frequency will manifest decreased intensity 
as less of the band will appear between the narrow brackets. Con-
sequently, areas of strain will show diminished signal strength and 
appear darker in the Raman image, because the Raman band has 
shifted to either lower or higher frequency depending on whether 
the strain is tensile or compressive, respectively.

We need to carefully examine the spectra from the Raman map 
in Figure 8 to understand how the narrow brackets function as a 
spectral slit to reveal strain and even the two-layer molybdenum 
disulfide in the Raman image. Representative spectra of the inte-
rior single-layer molybdenum disulfide, perimeter, strained crystal 
interface, and dark two-layer molybdenum disulfide are shown in 
Figure 9. The Raman spectrum of the interior single-layer molyb-
denum disulfide free of strain consists of the E1

2g (381.6 cm-1) and 
A1g (402.1 cm-1) bands. The Raman spectrum of the dark two-
layer molybdenum disulfide consists of the E1

2g (379.9 cm-1) and 
A1g (403.3 cm-1) bands having peak positions -1.7 cm-1 and +1.2 

Figure 4: Reflected white light image of diamond prepared by chemical 
vapor deposition from which P-O microRaman spectra were obtained.

Figure 3: The Raman image from Figure 1b. Red corresponds to single 
crystal silicon, green to microcrystalline and strained polysilicon, 
and blue to nanocrystalline silicon. Polysilicon B (in the center) was 
deposited on the wider, underlying polysilicon A.
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cm-1, respectively, relative to those of the 
single-layer molybdenum disulfide. The 
increased separation of the E1

2g and A1g 
bands, along with the aforementioned 
presence of the low frequency bands, con-
firms that the small dark area in the upper 
triangle is two-layer molybdenum disul-
fide. The E1

2g (381.4 cm-1) and A1g (401.4 
cm-1) bands in the spectrum of the pe-
rimeter have shifted to -0.2 cm-1 and -0.7 
cm-1, respectively, thereby indicating the 
presence of a tensile strain at the perimeter. 
The E1

2g (382.9 cm-1) and A1g (402.7 cm-1) 
bands in the spectrum of the strained 
crystal interface (the dark areas between 
the crystals) have shifted to +1.3 cm-1 and 
+0.6 cm-1, respectively, thereby indicating 
the presence of a compressive strain. The 
E1

2g band shift is twice that of the A1g band 
and so the selection to bracket the E1

2g 
band makes it a better choice for reveal-
ing spatially varying strain at the crystal 
interfaces in the Raman image.

Now we consider what our rendering 
reveals in the Raman image expanded for 
more detailed examination in Figure 10. We 
choose a single spectral component color 
image with spectrally narrow brackets to 

reveal the spatially varying strain associ-
ated with the chosen Raman band. In this 
particular case, the red brackets have been 
made narrow, and placed around the E1

2g 
(382 cm-1) band as it appears in the interior 
of the crystal away from both the perim-
eter and crystal interface. Using a narrow 
bracket allows it to function as a spectral 
slit in the image generation, thereby dif-
ferentiating the strain-free single-layer 
molybdenum disulfide from the strained 
areas, as well as the two-layer molybde-
num disulfide. As explained above, areas 
of strain appear darker in the Raman 
image because the band has shifted and 
contributes less signal strength within the 
narrow spectral brackets. The spectra in 
Figure 9 revealed the compressive strain 
at the interfaces of the triangular molyb-
denum disulfide crystals where the E1

2g 
band has shifted by as much as +1.3 cm-1. 
Consequently, the Raman image of the ad-
joining single-layer molybdenum disulfide 
crystals appears darkest precisely at the in-
terfaces where the crystals met upon their 
individual growth. Note that the darkness 
at the interfaces projects diffusely for mi-
crometers into the crystal, thereby reveal-

ing the projection of spatially varying and 
diminishing strain at some distance from 
the interface into the interior of the crystal. 
Of course, the spatially varying strain seen 
in the Raman image is not detected in the 
reflected white light image. Raman imag-
ing has revealed a distribution of strain in 
the crystals that could not have been known 
based upon the appearance of the reflected 
white light image.

Another collection of hyperspectral 
data and the corresponding Raman image 
of single-layer, two-layer and three-layer 
molybdenum disulfide crystals grown on 
a silicon substrate are shown in Figure 11. 
The triangle in the center of the reflected 
white light image (lower right) consists of 
spatially varying two-layer, and three-layer 
molybdenum disulfide, the pink circle sur-
rounding the triangle is single-layer molyb-
denum disulfide, and the area outside of 
the circle is the bare silicon substrate. The 
red Raman image in the lower left of Fig-
ure 11 corresponds to the spatially varying 
signal strength of the E1

2g (382 cm-1) mo-
lybdenum disulfide band between the red 
brackets seen in the spectral plots. The plot 
on the upper right is of the single spectrum 
associated with the cross hair location at 
the interface of the multilayer triangle and 
single-layer molybdenum disulfide; note 
the splitting of the A1g band.

We examine the spectra from the 
Raman map in Figure 11 to understand 
the basis for the contrast between the sin-
gle-layer molybdenum disulfide and the 
spatially varying two- and three-layer mo-
lybdenum disulfide triangle and the bright 
interface around the multilayer molybde-
num disulfide triangle in the Raman image. 
Representative spectra of the single-layer 
molybdenum disulfide, triangle and sin-
gle-layer molybdenum disulfide interface, 
and three-layer molybdenum disulfide are 
shown in Figure 12. The Raman spectrum 
of the single-layer molybdenum disulfide 
free of strain consists of the E1

2g (382.1 cm-1) 
and A1g (402.3 cm-1) bands. The Raman 
spectrum of the triangular three-layer 
molybdenum disulfide consists of the E1

2g 
(378.2 cm-1) and A1g (404.1 cm-1) bands hav-
ing peak positions –3.9 cm-1 and +1.8 cm-1, 
respectively, relative to those of the single-
layer molybdenum disulfide. The increased 
separation of the E1

2g and A1g (–3.9 cm-1 and 
+1.8 cm-1) bands relative to the separation 
of the two-layer molybdenum disulfide in 

Figure 6: P-O Raman spectra separated by 5 rotational degrees for (a) versus (b). The spectra are 
fitted for strain-free diamond (~1333 cm-1) and a strain component.

Figure 5: P-O Raman spectra of a (100) face of the CVD diamond shown in Figure 4. The light 
collection analyzer was oriented (a) parallel and (b) perpendicular to the incident polarization.
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Figure 9 (–1.7 cm-1 and +1.2 cm-1) confirms 
that the area of the triangle from which this 
spectrum was generated is three-layer mo-
lybdenum disulfide. Further support for 
this interpretation is how much broader 
the E1

2g and A1g bands in the spectrum of 
three-layer molybdenum disulfide are rela-
tive to their counterparts in the two-layer 
molybdenum disulfide spectrum. The 
shift of the E1

2g band to lower wavenumber 
away from the narrow brackets centered at 
382.1 cm-1 is the basis for the diminished 
signal strength and dark appearance of the 
spatially varying two-layer and three-layer 
molybdenum disulfide triangle.

The interface of the spatially varying 
two-layer and three-layer molybdenum 
disulfide triangle adjoining the single 
layer molybdenum disulfide presents 
a structurally different case from the 
crystal interface of the single-layer mo-
lybdenum disulfide crystals that have 
grown to meet each other. Here, we see a 
splitting of the A1g band. The E1

2g (381.5 
cm-1) and A1g (402.6 and 406.6 cm-1) 
bands in the spectrum of the triangle 
and single-layer molybdenum disul-
fide interface have shifted to –0.6 cm-1 
and (+0.3 cm-1 and +4.3 cm-1) which is 
very different from either the perimeter 
or strained crystal interface spectra in 
Figure 9. The spectral interpretation at 
this interface is not as straightforward, 
because of the convolution of the mul-
tilayer and singlelayer molybdenum 
disulfide signals within the same spec-
trum. We may interpret the E1

2g (381.5 
cm-1) and A1g (402.6 cm-1) bands at the 
crystalline interface as consistent with a 
transition from the single-layer to two-
layer molybdenum disulfide. However, 
the second A1g (406.6 cm-1) band is sub-
stantially shifted, +4.3 cm-1, relative to 
the single-layer molybdenum disulfide 
A1g (402.3 cm-1) band, thereby indicat-
ing a compressive strain at the interface.

The symmetry species and the direc-
tions of the atomic motions of the phonon 
modes affected by stress can help us to 
understand the differences observed in 
the images and spectra of Figures 8–12. 
The E1

2g band arises from in plane (xy-
axes) atomic motions whereas the A1g 
band is associated with vibrations along 
the z-axis (31). Therefore, these bands 
will be sensitive to strain in orthogonal 
directions in the crystal, the doubly de-

Figure 7: Raman spectra of few-layer molybdendum disulfide from different locations on the 
two flakes shown in the inset Raman image. The spectrum from the center is not strained. Note 
the substantial shifts and broadening corresponding to strain in the perimeter and flake spectra.

Figure 8: (a) Raman hyperspectral data set from molybdendum disulfide grown on silicon 
with (d) white reflected light image in lower right corner. (b) Raman image generated from the 
spatially varying signal strengths between the red brackets in the hyperspectral plot. (c) The 
single spectrum corresponding to the cross hairs in the Raman and white reflected light images; 
the line cursor is positioned at the E12g peak of strain-free MoS2.

Figure 9: Raman spectra obtained from different locations of sample shown in Figure 8: Interior 
single-layer molybdendum disulfide (red), perimeter (green), strained crystal interface (blue), 
and dark two-layer molybdendum disulfide (brown).
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generate E1
2g band in the xy-plane and 

the A1g band along the z-axis (32–33). 
The large shift of +4.3 cm-1 for the second 
A1g band in the spectrum of the triangle 
multilayer–single-layer molybdenum di-
sulfide interface is indicative of a signifi-
cant compressive strain along the z-axis, 
whereas there is no indication of strain 
in the xy-plane based upon the peak 
position of the E1

2g band. This is quite 
different from the interfaces created by 
the growth of single-layer molybdenum 
disulfide crystals meeting each other. In 
the case of the contiguous single-layer 
molybdenum disulfide crystals, the E1

2g 
and A1g bands in the spectrum of the 
strained crystal interface (the dark area 
between the crystals) have shifted by as 
much as +1.3 cm-1 and +0.6 cm-1, respec-
tively, thereby indicating the presence of 
a compressive strain in the xy-plane and 
along the z axis. In contrast, a compres-
sive strain of far greater magnitude ap-
pears only along the z-axis at the triangle 
multilayer–single-layer molybdenum di-
sulfide interface.

Conclusion
Stress and strain were defined, and a 
mathematical description of their re-
lationship was provided, making the 
proper distinction between the two 
terms. Stress is a force per unit area 
applied to an object, and strain is the 
effect on the object from the stress. 
Specifically, strain is the change in the 
positions of the atoms, or the lengths of 
the chemical bonds within the object 
that are induced by the application of 
stress. Compressive and tensile stresses 
will induce corresponding strains in the 
crystal, which can be observed as shifts 
of a Raman peak position to higher or 
lower frequencies, respectively. The 
magnitude of the Raman peak shift will 
be commensurate with that of the stress 
and corresponding strain induced in 
the material. The degree to which the 
Raman band will shift is dependent 
upon the specific material under exami-
nation, the elastic compliance constant 
(sijkl) of that chemical compound or ele-
ment, and the specific crystallographic 
axes being probed.

Raman spectroscopy is sensitive to 
strain, and has therefore been success-
fully used for the characterization of 

Figure 11: (a) Raman hyperspectral data set from molybdendum disulfide grown on silicon with 
(d) white reflected light image in lower right corner. The Raman image (b) was generated from 
the spatially varying signal strengths between the red brackets in the spectral plots. (c) The single 
spectrum corresponds to the cross hairs in the Raman and white reflected light images.

Figure 12: Raman spectra obtained from different locations of sample shown in Figure 11: 
Surrounding single-layer molybdendum disulfide (red), triangle and single-layer molybdendum 
disulfide interface (blue), and three-layer molybdendum disulfide (green).

Figure 10: The Raman image from Figure 8. Red corresponds to the narrow bracketed E2
g2 band 

centered at 381.6 cm-1. The interfacial areas appear dark because the E2
g2 band has shifted to 

higher wavenumber due to compressive stress.
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strain in materials. Raman spectra of 
the unstrained substrate silicon, micro-
crystalline and strained polycrystalline 
silicon, and nanocrystalline silicon from 
a silicon device test structure were pre-
sented and formed the basis of a Raman 
image. The Raman image of the test 
structure revealed the spatially varying 
nanocrystallinity, microcrystallinity 
and strain in polysilicon. Strain was also 
identified in diamond films prepared 
by chemical vapor deposition. We have 
applied polarization-orientation Raman 
spectroscopy to characterize diamond 
films for crystallinity and strain. Band 
fitting reveals a strain-free component 
at 1333 cm-1 and a second component at 
1341 cm-1, thereby indicating the pres-
ence of compressive strain.

Lastly, we discussed spatially varying 
strain in exfoliated and chemical vapor 
deposition molybdenum disulfide re-
vealed by Raman spectroscopy. Most of 
the exfoliated flake is strain free; how-
ever, substantial tensile strain is present 
along a portion of the perimeter. Raman 
spectroscopy is useful for identifying spa-
tially varying and heterogeneous strain 
in exfoliated molybdenum disulfide 
through the broadening and shifting of 
bands relative to those from areas free 
of strain. Strain was also detected at the 
perimeters and interfaces of 2D crystals 
grown by chemical vapor deposition. The 
Raman image of adjoining single-layer 
molybdenum disulfide crystals revealed 
strain at the interfaces where the crystals 
met upon their individual growth. The 
strain projects diffusely for micrometers 
into the crystal. The strain is greatest at 
the crystal interface and spatially varies 
and diminishes at some distance from the 
interface into the interior of the crystal. 
Here, the E1

2g and A1g bands in the spec-
trum of the strained crystal interface have 
shifted by as much as +1.3 cm-1 and +0.6 
cm-1, respectively, thereby indicating the 
presence of a compressive strain in the 
xy-plane and along the z-axis. The spa-
tially varying strain seen in the Raman 
image is not detected in the reflected 
white light image. Contrast was observed 
in a second Raman image between the 
single-layer molybdenum disulfide and 
the spatially varying two- and three-layer 
molybdenum disulfide triangle and the 
bright interface around the multi-layer 

molybdenum disulfide triangle. We in-
terpret the E1

2g (381.5 cm-1) and A1g (402.6 
cm-1) bands at the crystalline interface 
as consistent with a transition from the 
single-layer to two-layer molybdenum di-
sulfide. However, the second A1g (406.6 
cm-1) band is substantially shifted, +4.3 
cm-1, relative to the single-layer molyb-
denum disulfide A1g (402.3 cm-1) band, 
thereby indicating a compressive strain at 
the interface. Compressive strain appears 
only along the z-axis at the triangle multi-
layer–single-layer molybdenum disulfide 
interface. This is quite different from the 
interface created by the growth of single-
layer molybdenum disulfide crystals 
meeting each other. 
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