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Here we examine what is commonly called a Raman image and discuss how it is rendered. We 
consider a Raman image to be a rendering as a result of processing and interpreting the origi-
nal hyperspectral data set. Building on the hyperspectral data rendering, we demonstrate the 
use of Raman imaging for the characterization of thin-film and ion-implanted silicon (Si) struc-
tures. A Raman image does not self-reveal solid-state structural effects and requires either the 
informed selection and assignation of the as-acquired hyperspectral data set by the spectrosco-
pist or the use of statistical software applications. High spectral resolution allows us to clearly 
resolve the substrate Si Raman scattering from that of the polysilicon film. Consequently, high 
spectral resolution allows us to strongly resolve (structurally, not spatially) or contrast the sub-
strate Si and polysilicon film in Raman images; that is, the spectral resolution contributes to the 
chemical or physical differentiation of spectrally similar materials in thin-film structures.

Raman Imaging of Silicon 
Structures 

Molecular Spectroscopy Workbench

The primary goals of this column installment are to 
first examine in more detail what is commonly called 
a “Raman image” and to discuss how it is “rendered,” 

and second to demonstrate the use of Raman imaging for 
the characterization of thin-film and ion-implanted silicon 
(Si) structures. The Raman images of Si and their render-
ing from the hyperspectral data sets presented here should 
encourage the reader to think more broadly of Raman imag-
ing applications of semiconductors in electronic and other 
devices, such as microelectromechanical systems (MEMS). 
Raman imaging is particularly useful for revealing the spa-
tial heterogeneity of solid-state structures in semiconductor 
devices. Here, test structures consisting of substrate silicon, 

silicon dioxide, polycrystalline silicon, and ion-implanted 
silicon are analyzed by Raman imaging to characterize the 
solid-state structure of the materials.

Before we begin our discussion on Raman imaging of 
silicon structures, we need to carefully consider and under-
stand what actually constitutes a “Raman image.” Consider 
the black and white photograph, perhaps the most basic type 
of image with which we are familiar. One can think of it 
as a three-coordinate system, with two spatial coordinates 
and one brightness (independent of wavelength) coordinate. 
Progressing to a color photograph, we now have a four-co-
ordinate system by adding a chromaticity coordinate to the 
original three of a black and white image. That chromaticity 
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coordinate in the color photograph is 
the key to thinking about hyperspec-
tral imaging in general and Raman im-
aging in particular. Whether color dis-
crimination is due to the cone cells in 
our eyes, the wavelength sensitive dyes 
in color photographic film, or the color 
filters fabricated onto charge-coupled 
device (CCD) sensors, a wavelength se-
lection is imposed on the image. That 
color discrimination may not faithfully 
render a color image that corresponds 
to the true color of the object; for ex-
ample, people who are color blind may 
not see the true colors of an object. In 
our daily lives, it is the combination 
of shape (two spatial coordinates), 
brightness (intensity coordinate), and 
color (chromaticity coordinate) that 
we interpret in the images we see to 
draw meaning and respond to the 
objects from which they originate. In 
that sense, image interpretation comes 
naturally to us and we begin to do it 
from a very early age without giving it 
much analytical thought.

When applying these same basic 
imaging principles of the four-
coordinate system to hyperspectral 
imaging, the interpretation of the 
spectral (chromaticity) and intensity 
(brightness) coordinates are no longer 
“natural” and require mathematical 

thinking for proper interpretation. 
This mathematical thinking by the 
spectroscopist comes in the form of 
direct selection of spectral band posi-
tion, width, shape, and resolution from 
closely spaced bands. The intensity 
coordinate is most often interpreted 
as the value at one particular peak or 
wavelength relative to that of another. 
However, even the simple application 
of an intensity coordinate requires the 
removal of background light unrelated 
to the spectroscopic phenomenon of 
interest. Furthermore, there are band-
fitting operations and width and shape 
measurements that can be made and 
plotted against the two spatial coor-
dinates to render an image. One can 
also apply any number of statistical 
and chemometric tools found in most 
scientific software. Therefore, whether 
the spectroscopist is directly engaged 
in the selection of spectral features and 
processing of the hyperspectral data 
set or simply uses statistical software 
operations, the spectral image is still 
the rendered product from a group of 
mathematical functions operating on 
the data.

Now let’s apply these hyperspectral 
imaging considerations to Raman 
imaging. We are all too familiar with 
the fluorescent background that often 

accompanies Raman scattering. In 
some instances, the spectroscopist 
will digitally subtract the fluorescent 
background before rendering a spec-
trum that consists almost exclusively 
of Raman data. By analogy, we might 
expect the same practice to hold if we 
wish to call an image a “Raman image” 
rather than a “spectral image” (one 
that includes data from all light from 
the object). For example, if the signal 
strength in a hyperspectral image de-
tected at a particular Raman shift con-
sists of 90% fluorescence and only 10% 
Raman scattering, it would not be cor-
rect to call that a Raman image. How-
ever, if the fluorescent background and 
any contribution from a light source 
other than Raman scattering is first re-
moved, then we have a Raman image. 
Having done that, we are not neces-
sarily finished rendering our Raman 
image. If we wish to spatially assign 
chemical identity or another physical 
characteristic to the image, the data 
must be interpreted either through 
a spectroscopist’s understanding of 
chemistry and physics or through the 
statistical treatment of the data. The 
spectral image data as acquired are 
not self-selecting or -interpreting. It is 
only after applying the spectroscopist’s 
judgment or statistical tools that one 
renders a color coded Raman image of 
compound A, compound B, and so on.

I hope that you can see (pun in-
tended) that Raman imaging is not an 
entirely simple matter or as intuitive as 
photography. Rather, it requires careful 
attention to the mathematical opera-
tion on the data and interpretation of 
the results. A Raman image is rendered 
as a result of processing and interpret-
ing the original hyperspectral data set. 
The proper interpretation of the data to 
render a Raman image requires an un-
derstanding or at least some knowledge 
of the processes by which the image 
was generated.

Imaging Strain and 
Microcrystallinity in Polysilicon
The development of Raman spec-
troscopy for the characterization of 
semiconductors began in earnest in 
the mid-1970s, and micro-Raman 
methods for spatially resolved semi-

Polysilicon A 

Polysilicon B 

Figure 1: Raman hyperspectral data set from a polysilicon test structure with white reflected 
light image in lower right corner. The Raman image (lower left) corresponds to the color-coded 
bracketed regions in the spectral traces. The single spectrum (upper right) corresponds to the 
crosshairs in the Raman and white reflected light images.
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conductor analysis were being used 
in the early 1980s. An account of the 
work in those early years can be found 
in the excellent book by Perkowitz 
(1). Perhaps even more surprising to 
young readers is the fact that one can 
find the words “Raman image” in ei-
ther the title or text of some of those 
1980s publications (2–4). Much of that 
early work involved the development 
of micro-Raman spectroscopy for the 
characterization of polycrystalline sili-
con (5–8), also known as polysilicon, 
which is still used extensively in fab-
ricated electronic devices. Theoretical 
and experimental work was directed 
toward an understanding of how 
strain, microcrystallinity, and crystal 
lattice defects or disorder can all affect 
the Raman band shape, position, and 
scattering strength of single and poly-
crystalline silicon (9–11). The presence 
of nanocrystalline Si in polysilicon was 
confirmed through the combination of 
transmission electron microscopy and 
Raman spectroscopy, and the effects 
of extremely small Si grain dimensions 
on the Raman spectra were attributed 
to phonon confinement (12–15). As 
the crystalline grain size becomes 
smaller, comparable to the wavelength 
of the incident laser light or less, the 
Raman band broadens and shifts rela-
tive to that obtained from a crystalline 
domain significantly larger than the 
excitation wavelength. This has been 
explained in part by phonon confine-
ment in which the location of the pho-
non becomes more certain as the grain 
size becomes smaller, and therefore the 
energy of the phonon measured must 
become less certain, consistent with the 
Heisenberg uncertainty principle. Now, 
with all that as historical background, 
let’s take a fresh look at the Raman im-
aging of Si structures with work done 
and Raman images rendered in the 
first months of 2013.

A collection of data from a polysili-
con test structure is shown in Figure 
1. A reflected white light image of the 
structure appears in the lower right-
hand corner and a Raman image corre-
sponding 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 acquired over the 

Ion-implanted Si

Figure 3: Raman hyperspectral data set from an ion-implanted polysilicon test structure with 
white reflected light image in the lower right corner. The Raman image (lower left) corresponds 
to the color-coded bracketed regions in the spectral traces. The single spectrum (upper right) 
corresponds to the lower left-hand corner of the Raman image. The ion-implanted Si yields only a 
weak Raman spectrum that resembles amorphous silicon, thereby appearing black in the Raman 
image. To get a better perspective on the importance of Raman imaging registration with the 
corresponding white light image see the YouTube video called “Raman Image Registration” (www.
youtube.com/watch?v=rhHCOz-YEtc&feature=youtu.be).
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Figure 2: The Raman image from Figure 1. Red corresponds to single crystal silicon, green is the 
strained and microcrystalline polysilicon, and blue is the nanocrystalline silicon. Polysilicon B (in 
the center) was deposited on the wider, underlying polysilicon A.
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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 Raman 
data were acquired using 532-nm exci-
tation and a 100 Olympus objective 
and by moving the stage in 200-nm 
increments over an approximate area 
of 25 µm  25 µm. Now we make our 
first selection and operation on the 
hyperspectral data set. In this particu-
lar case, the Raman image is rendered 
through a color-coded plot of Raman 
signal strength over the corresponding 
color-bracketed Raman shift positions 
in the two upper traces. 

Let’s discuss the reasoning behind 
our choice of the brackets and how 
they relate to differences in the solid-
state structure of Si. If we were to have 
a merely elemental compositional 
image of this particular structure, we 
would expect it to be entirely uniform 
without spatial variation because Si 
would appear in every pixel of the 
image. However, if we distinguish the 
different solid-state structures of the 
Si by identifying pristine Si with the 
Brillouin zone center Raman band 
of 520.7 cm-1 isolated in red brackets, 
microcrystalline and strained Si in 
green brackets, and a distribution of 
nanocrystallinity and strain in the blue 
brackets, we can render the Raman 
image in the lower left-hand corner. 
To some degree strain, microcrystal-
linity, and nanocrystallinity are com-
mingled in the polysilicon regions of 
our images; however, we can make a 
crude distinction by attributing the 
blue regions as primarily a result of the 
nanocrystalline grain size.

Now let’s take a close look at what 
our rendering reveals in our Raman 
image, expanded for more detailed ex-
amination in Figure 2. The red regions 
consist of either substrate Si or grown 
single-crystal Si 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 de-
fects seen in the reflected light image. 
Furthermore, because of the thinness 
of the polysilicon A alone, one can see 
through the green polysilicon A com-

ponent to the underlying red substrate 
Si, particularly on the left and right of 
the upper and lower portions of Figure 

2. The spatial variation of the micro-
crystalline or strained Si green com-
ponent signal strength corresponds 

Polysilicon B 

Polysilicon A 

Figure 5: Raman hyperspectral data set from a polysilicon test structure with white reflected 
light image in lower right corner. The Raman image (lower left) corresponds to the color-coded 
bracketed regions in the spectral traces. The single spectrum (upper right) corresponds to the 
upper right-hand corner of the Raman image.
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Ion-implanted Si'

Figure 4: The Raman image from Figure 3. Red corresponds to single-crystal silicon, green corresponds 
to strained and microcrystalline polysilicon, and blue corresponds to nanocrystalline silicon. The ion-
implanted Si yields only a weak Raman spectrum that resembles amorphous silicon, thereby appearing 
black in the Raman image. To get a better perspective on how ion implantation affects the Raman image 
and to view individual spectra in the implant region see the YouTube video called “Raman Imaging of 
Implanted Si and Polysilicon” (www.youtube.com/watch?v=Cf41DKhPzCs&feature=youtu.be).
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to both the central strip consisting of 
polysilicon B deposited on polysilicon 
A and the granular variation of poly-
silicon A seen in the reflected light im-
ages. Note that the polysilicon A bright 
green speckles in the Raman image 
correspond precisely to black speckles 
in the reflected 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.

Next let’s turn our attention to 
the blue nanocrystalline portion of 
the image. The formation of nano-
crystalline Si occurs almost exclu-
sively in polysilicon A and only on 
top of the central single-crystal Si 
structure and not the substrate Si. 
Note that the nanocrystallinity oc-
curs primarily along the edge of the 
polysilicon A, but disappears as the 
polysilicon A continues along the 
Si substrate. Also, we see that some 
of the polysilicon A speckles appear 
blue, thereby revealing nanocrystal-
linity over the central structure, but 
not over the Si substrate.

In summary, the intensity varia-
tions of the single-crystal Si comport 
with the physical optical effects 
of varying oxide film thickness 
and surface contaminants. Also, 
this Raman image reveals the spa-
tially varying nanocrystallinity, 
microcrystallinity, and strain in 
polysilicon. We can infer that these 
structural differences occur either as 
a result of processing conditions or 
from interactions with the adjacent 
or underlying materials in which 
the polysilicon is in contact. This 
exercise clearly demonstrates that 
a Raman image does not self-reveal 
solid-state structural effects without 
the informed selection and assigna-
tion of the as acquired hyperspectral 
data set.

Imaging Crystal Lattice  
Damage Induced by Ion 
Implantation
Next, we examine the Raman imag-
ing of that portion of our polysilicon 
test structure in which single-crystal 
silicon and polysilicon portions have 
been subjected to high energy ion 

implantation for the placement of 
dopants in the circuitry. The entire hy-
perspectral data set of one such region 
is shown in Figure 3. Again we have 
a structure consisting of Si substrate, 
isolated single-crystal Si, polysilicon A 
and B, silicon oxides, and a region im-
planted at high energy with As+. The 
Raman spectra were acquired over an 
area of approximately 30 µm  30 µm 
using a 100 Olympus objective with 
532-nm excitation and moving the 
electronically controlled stage in 200-
nm increments.

High energy ion implants dis-
rupt the crystal lattice to varying 
degrees depending on the atomic 
mass, dose, and kinetic energy of 
the implanted ions. In this case, the 
heavy arsenic ions have completely 
damaged the crystal lattice. The 
long-range translational symmetry 
of the Si has been disrupted such 
that the Raman scattering from 
the ion-implanted Si arises from 
phonons throughout the Brillouin 
zone and not just the Brillouin zone 
center as in crystals. Consequently, 
ion-implanted Si yields only a weak 
Raman spectrum that resembles 
amorphous silicon (16–20). For this 

reason, the implant appears dark in 
the Raman image. Note that ion im-
plantation affects the reflectance of 
the Si and that is why the implanted 
regions appear lighter than the ad-
jacent unimplanted Si in the white 
reflected light image. Therefore, we 
have a good way of confirming the 
accuracy of our Raman image ren-
dering by its registration with the 
white reflected light image. To get 
a better perspective on the impor-
tance of Raman imaging registration 
with the corresponding white light 
image see the YouTube video called 
“Raman Image Registration” (www.
youtube.com/watch?v=rhHCOz-
YEtc&feature=youtu.be).

Let’s more carefully examine 
the expanded Raman image of the 
implanted structure shown in Fig-
ure 4. The substrate and isolated 
single-crystal Si can be seen in the 
lower half of the image and can also 
be seen underneath the polysilicon 
structures in the upper half. The 
spatial variations of the red intensi-
ties correspond well to the edges 
and contaminants or defects in the 
white reflected light image. The ion-
implanted region contrasts strongly 
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Figure 6: The Raman image from Figure 5. Red corresponds to substrate silicon, green corresponds 
to strained and microcrystalline polysilicon, and blue corresponds to nanocrystalline silicon.
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with single-crystal Si and polysili-
con because of the weakness of the 
Raman signal from implanted, amor-
phized Si in all three of the bracketed 
spectral regions. Single-crystal Si 
and the lower edge of polysilicon A 
have both been implanted and the 
Raman image reveals the damage to 
the crystal lattice of both forms of 
Si. Also, note the sharpness of the 
Raman image and its registration 
with the reflected light image, which 
reveal the efficacy of Raman imaging 
as a means for ion implant place-
ment and registration. To get a better 
perspective on how ion implantation 
affects the Raman image and to view 
individual spectra in the implant 
region see the YouTube video called 
“Raman Imaging of Implanted Si and 
Polysilicon” (http://www.youtube.
com/watch?v=Cf41DKhPzCs&featur
e=youtu.be).

The polysilicon portions of the 
structure reveal the bright speckles 
from the polysilicon A that directly 
correspond to each of the black 
speckles in the white light reflected 
image. In contrast to the Si struc-
tures shown in Figures 1 and 2, 
the processes or adjacent materials 
have not induced the same degree of 
nanocrystallinity in this location of 
polysilicon A. Here, again, we have 
a structure with both forms of poly-
silicon and isolated Si, but the edges 
induced only a small amount of 
nanocrystallinity as revealed by the 
light blue streak along the polysili-
con edge. Also, we are again able to 
“see” through the polysilicon to the 
Si substrate or isolated single-crystal 
Si. Note that the low energy limit of 
the red bracket begins at 520 cm-1, 
and so the red region does reasonably 
differentiate substrate and isolated 
single-crystal Si from polysilicon. 
The Raman images in the next sec-
tion allow us more insight into this 
effect. 

Imaging and the Importance of 
Spectral Resolution
Now we address the importance of 
spectral resolution for the generation 
of Raman images of thin-film struc-
tures in general and diffusely reflect-

ing Si-based electronic devices in 
particular. Figure 5 shows the hyper-
spectral data set, the white reflected 
light image, and the approximately 
14 µm  22 µm Raman image from 
that portion of the test structure that 
consists only of polysilicon A and B 
on substrate Si. The L-shaped region 
of the images consists of (from bot-
tom to top) substrate Si, polysilicon 
A, and polysilicon B. Note that the 
Raman bands of the different forms 
of Si in the hyperspectral data set 
(upper left) are better resolved than 
those in Figures 1–4. This is entirely 
because of differences in the solid-
state structure of the polysilicon be-
cause the same spectrometer, grating 
(1800 gr/mm), and microscope objec-
tive were used for all data acquisition 
reported here. Raman spectra con-
sisting wholly of broad, low energy 
bands peaking between 490 and 510 
cm-1 clearly reveal the presence of 
nanocrystallinity in the polysilicon.

Let’s more carefully examine the 
material contrast in the expanded 
Raman image of the polysilicon 
structure shown in Figure 6. As we 
saw in the previous Raman images, 
polysilicon A shows a far greater 
propensity for forming nanocrystal-
line Si at the edges and distributed 
in some of the speckle. Polysilicon B 
also shows some nanocrystallinity at 
the edges; however, it is to a far lesser 
degree than in polysilicon A. The 
increased thickness of polysilicon B 
on top of A accounts for the bright 
green signal in the L-shaped region 
and the very dim red contribution 
from the underlying Si substrate. In 
that region, with only one layer of 
polysilicon A covering the substrate 
Si, the underlying red single-crystal 
Si signal emerges strongly through 
that of the green polysilicon A. The 
high spectral resolution allows us 
to clearly resolve the single-crystal 
Si Raman bands in the red bracket 
from those of the polysilicon in the 
green bracket. Consequently, in this 
particular structure of only polysili-
con on Si substrate, the high spec-
tral resolution allows us to strongly 
resolve (structurally, not spatially) 
or contrast the substrate Si and poly-

silicon in Raman images; that is, the 
spectral resolution contributes to the 
chemical or physical differentiation 
of spectrally similar materials in 
thin-film structures.

Excitation wavelength also plays 
an important role in depth profil-
ing semiconductor structures (19). 
An excitation wavelength shorter 
than 532 nm would have a shallower 
depth of penetration in Si (21), and so 
we might expect the Raman images 
generated using different excitation 
wavelengths to look different. At 
some shorter excitation wavelength, 
depending on the thickness of the 
polysilicon, one would no longer 
be able to detect the underlying Si 
substrate or single-crystal Si because 
of the shallow depth of penetration. 
We’ll have to save Raman image 
depth profiling by excitation wave-
length selection for another install-
ment of “Molecular Spectroscopy 
Workbench.”

Conclusions
We have examined in more detail 
what is commonly called a Raman 
image and discussed how it is ren-
dered. We claim that a Raman image 
is rendered as a result of process-
ing and interpreting the original 
hyperspectral data set. The proper 
interpretation of the data to render 
a Raman image requires an under-
standing or at least some knowledge 
of the processes by which the image 
was generated. Building on the hy-
perspectral data rendering, we dem-
onstrate the use of Raman imaging 
for the characterization of thin-film 
and ion-implanted silicon structures. 
We show that a Raman image does 
not self-reveal solid-state structural 
effects, but requires either the in-
formed selection and assignation of 
the as acquired hyperspectral data 
set by the spectroscopist or the use 
of statistical software applications. 
High spectral resolution allows us to 
clearly resolve the substrate Si Raman 
scattering from the polysilicon film. 
Consequently, high spectral resolu-
tion allows us to strongly resolve 
(structurally, not spatially) or con-
trast the substrate Si and polysilicon 
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film in Raman images; that is, the 
spectral resolution contributes to the 
chemical or physical differentiation 
of spectrally similar materials in 
thin-film structures.
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