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Silicon integrated circuits are fabricated by the creation of complex
layered structures. The complexity of these structures provides
many opportunities for impurities, improperly annealed dopants,
and stress effects to cause device contamination and failure. Non-
destructive metrology techniques that rapidly and noninvasively
screen for defects and relate silicon device structure to device per-
formance are of value. We describe the � rst use of a liquid crystal
tunable � lter (LCTF) Raman chemical imaging microscope to assess
the crystallinity of silicon semiconductor integrated circuits in a
rapid and nondestructive manner without the need for sample prep-
aration. The instrument has demonstrated lateral spatial resolving
power of better than 250 nm and is equipped with a tunable im-
aging spectrometer having a spectral bandpass of 7.6 cm21. The
instrument rapidly produces high-de� nition Raman images where
each image pixel contains a high-quality Raman spectrum. When
combined with powerful processing strategies , the Raman chemical
imaging system has demonstrated spectral resolving power of 0.03
cm21 in a test silicon semiconductor wafer fabricated by using ion
implantation. In addition, we have applied Raman chemical imag-
ing for volumetric Raman imaging by analyzing the surface distri-
bution of polycrystalline thin � lm structures. The approaches de-
scribed here for the � rst time are generally applicable to the non-
destructive metrology of silicon and compound semiconductor de-
vices.

Index Headings: Silicon semiconductors; Ion implantation; Polysili-
con; Chemical imaging; Raman imaging; Raman spectroscopy; Vol-
umetric imaging; Numerical confocal microscopy.

INTRODUCTION

Silicon-based integrated circuits (ICs) are used in ev-
erything from scienti� c-grade digital charge-coupled de-
vice (CCD) detectors to personal computers to automatic
drip coffee makers. Integrated circuits require the fabri-
cation of complex three-dimensional layered structures
using multi-step processes including ion implantation and
thermal annealing. The electronic performance of layered
silicon devices can be compromised at any number of
stages during the manufacturing process. For example,
impurities in the initial semiconductor starting material,
incomplete annealing of ion implantation sites, changes
in microcrystallinity, and strain can all lead to device
failure.1

Careful control of device fabrication to meet engineer-
ing speci� cations is critical. Nondestructive metrology
techniques that can rapidly measure IC device character-
istics, including chemical composition, crystalline struc-
ture, and three-dimensional (volumetric) architecture are
highly desirable, but not widely available. It is recognized
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that new analytical techniques are needed to assist IC
device research and development as critical dimensions
get smaller and new materials are evaluated for incor-
poration into ICs.2

Failure analysis methods are also needed that can char-
acterize the physical morphology and chemical compo-
sition of defective semiconductor devices. Analytical data
collected from the defective regions are compared with
those of a standard working device; morphological and
chemical differences between the two can be used to di-
agnose the cause of the failure.

One area where nondestructive metrology is essential
is in support of routine quality monitoring within fabri-
cation facilities. One opportunity for cost reduction in
device fabrication is through more effective screening of
defects at intermediate processing steps that can reject
devices that are likely to fail. Where feasible, automated
inspection is also desirable in manufacturing environ-
ments that are touch-labor intensive. Similarly, by un-
derstanding how chemical and morphological changes af-
fect performance in normal devices, manufacturers can
produce products with speci� c or improved properties.
Methods that can relate changes in a sample’s morpho-
logical and chemical composition to its performance are
of increasing importance in the semiconductor industry.

Raman spectroscopy is an established analytical tech-
nique for characterizing semiconductor properties.3–5 It
has been used to assess semiconductor quality on the ba-
sis of the crystallinity of the semiconductor,4,5 the pres-
ence of structural damage within a device,6 the damage
induced by ion implantation,7–10 the distribution of im-
purities,11 the effect of thermal annealing,12 and the extent
of stress.13–16

With the introduction of the Raman microprobe in
1975,17 measurements of silicon semiconductor lattice
properties on spatial dimensions relevant to miniaturized
ICs became possible. However, the Raman microprobe is
limited to providing microscale spectral information from
isolated spatial locations. In order to image the spatial
distribution of microstructures, the Raman microprobe
has limited ability to probe surfaces in an ef� cient man-
ner.

To address the inherent inef� ciency of the Raman mi-
croprobe as a spatial mapping instrument, a variety of
Raman chemical imaging instruments based on scan-
ning,17,18 spatial multiplexing,19 and tunable � lter20–23 ap-
proaches have been developed. Raman imaging instru-
ments combine Raman spectroscopy and digital imaging
technology to generate chemical composition and/or
structure speci� c image contrast. Contrast is derived from
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FIG. 1. Raman chemical imaging data sets comprise multiple dimensions of information, including two (or three) spatial dimensions and one
spectral dimension . The image describes sample morphology (top), while each point in the image is a complete Raman spectrum (bottom), which
describes sample chemistry.
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FIG. 2. Diagram of the surface test structure on a monocrystalline
silicon integrated circuit wafer.

FIG. 3. Raman microspectra of silicon IC test structure. (A) Re� ectance bright� eld image of test structure collected with a 503 (NA 5 0.80)
objective. Points labeled in the image correspond to microspectra collected by using dispersive Raman (B) and LCTF Raman (C ). The two Raman
spectrometers reveal consistent variability across the test structure showing deviation s from unstrained monocrystalline silicon (520.2 cm21). The
dotted lines in C represent positions for on-peak (518 cm21) and backgroun d (503 cm21) regions for ratiometric image processing shown in Fig. 5.
The shaded box shows the spectral range (507–534 cm21) that was employed for COM and FWHM image processing shown in Fig. 5.

spatially resolved Raman spectra, which reveal a semi-
conductor’s chemical bonding and atomic order. Further,
Raman chemical imaging is proving to be an attractive
technique for semiconductor analysis because images can
be generated rapidly and noninvasively on the basis of
the intrinsic scattering properties of the lattice without the
need for contrast agents or sample preparation.

Microcrystalline, polycrystalline, and single-crystal-
line silicon are important building blocks in the construc-
tion of semiconductor device architectures. Silicon crys-
tallinity can be characterized by probing for differences
in the Raman peak at 520.2 cm21, which arise from the
triply degenerate, � rst-order optical phonon mode. Peak
shifts and broadening can reveal information on the mi-
crocrystalline grain size and distribution thereof, but
these spectral changes can also be in� uenced by strain in
the material.

Raman microscopy employing liquid crystal tunable

� lters (LCTFs) is widely recognized as the most ef� cient
technological approach to Raman imaging.24 Liquid crys-
tal tunable � lter Raman chemical imaging provides spa-
tial information by globally illuminating the sample and
by using a two-dimensional CCD to record the image.
The spectral dimension is recorded by sequentially tuning
the wavelength of the LCTF between image acquisitions.
This procedure creates a three-dimensional (two spatial,
one spectral) Raman chemical image cube, as illustrated
in Fig. 1. The image cube can be conceptualized in two
ways: (1) as a series of images recorded at discreet spec-
tral bands; and (2) as a collection of spatially resolved
Raman spectra. The duality of the data can be exploited
by employing chemical image processing strategies to de-
rive a greater amount of information than is available
from a single image or spectrum alone.

In this paper, we describe the � rst use of an LCTF
Raman chemical imaging system to study the chemical
composition of a silicon semiconductor integrated circuit.
The microcrystallinity of polycrystalline silicon and/or
the presence of strain within the IC will be assessed by
using image processing methods based on spectral inten-
sity and peak band shape parameters, including center of
mass (COM) and full width at half-maximum (FWHM).
In addition we also describe the � rst extension of Raman
chemical imaging to volumetric analysis. LCTF Raman
chemical imaging is performed as a function of depth to
characterize the three-dimensional (volumetric) distribu-
tion of polycrystalline Si and oxide thin � lms near the
IC surface.

EXPERIMENTAL

The LCTF Raman chemical imaging system has been
described previously.20,25,26 Brie� y, an argon-ion laser op-
erating at 514.5 nm (Lexel 150) is coupled either directly
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FIG. 4. Fast Fourier transform image processing to suppress interference fringes from Raman intensity images. (A) Raw Raman image collected
at 518 cm21 showing the interference fringes. (B) Line intensity pro� le correspond ing to white line in 4A. (C ) Power spectrum of line pro� le
showing spatial frequencies responsible for the interference fringes. (D ) Inverse FFT image with interference fringes minimized .

or via a � ber optic (CeramOptic) to an optical microscope
(Olympus B-H2) for sample excitation. Raman scattered
radiation is collected by an in� nity-corrected objective
and is presented to holographic notch rejection � lters
(Kaiser Optical), which reject the Rayleigh light and pass
the Raman image. For nonimaging microspectral analy-
sis, a mirror directs the Raman scatter to a remote spec-
trometer (Chromex 500IS) via a focusing lens (Oriel) and
a Raman emission � ber optic (CeramOptic). In imaging
mode, the Raman light is presented to a high-resolution
LCTF (Cambridge Research & Instrumentation) for Ra-
man bandpass � ltering. Relay optics focus the � ltered
image onto a back-thinned, high-dynamic-range CCD de-
tector (Princeton Instruments, TEK512B).

Pentium-based personal computers are used for Raman
image collection and processing. Image acquisition and
LCTF control are provided by using a macro developed
for use in a commercial software package (Princeton In-
struments, WinView 1.6). Chemical image visualization
and processing are performed by using routines written
for the Matlab software environment (Mathworks). For

presentation, images are printed on a dye sublimation
printer (Tektronix, Phaser 450).

Raman microprobe spectroscopy and chemical imag-
ing were performed on a test pattern located on a silicon
IC. The test pattern is shown schematically in Fig. 2 and
contains single-crystal silicon with a thin oxide layer
( ; 900 AÊ ) and two forms of polycrystalline silicon de-
posited on a single-crystal silicon substrate that is cov-
ered by a � eld oxide layer ( ; 8500 AÊ ). The silicon IC
was examined with LCTF Raman chemical imaging to
distinguish different structural forms of silicon, including
single crystalline material vs. polycrystalline material, as
well as to visualize the stress associated with device fea-
tures, including oxide growth � lms.

RESULTS AND DISCUSSION

A bright� eld re� ectance image of the test pattern is
shown in Fig. 3A. Although device morphology is dis-
cernible in the image due to interference color differences
between the device structures having different thickness-
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FIG. 5. (A) Ratiometric Raman image (518 cm21 /503 cm21). (B) Band-
width Raman image pseudo-colored to denote the FWHM value in
wavenumbers. (C ) Band center of mass (COM) Raman image pseudo-
colored to denote peak position in wavenumbers.

es, it is not possible to assess the degree of crystallinity
or strain by using conventional bright� eld microscopy
alone.

Bright� eld microscopy, when used in conjunction with
Raman microprobing, can support survey assessments to
identify heterogeneities in grain size and strain distribu-
tions of the polycrystalline structures in the test pattern.
Conventional dispersive Raman microspectra of the sili-
con test pattern were collected by operating the micro-
scope in microprobe mode and using a 503 [0.80 nu-
merical aperture (NA)] objective. The spectra shown in
Fig. 3B, labeled to correspond to the sampling points in
Fig. 3A, consist of Raman bands restricted by the back-
scattering arrangement to the � rst order longitudinal op-
tical (LO) phonon mode. Spectrum F, acquired from the
silicon substrate, serves as the reference for unstrained
single crystal silicon. The peak maximum of the refer-
ence spectrum is located at 520.2 cm21 and is represented
by the dotted line in Fig. 3B. The presence of peak shifts
and band broadening, relative to spectrum F, provides ev-
idence for the existence of sample heterogeneity, which
can be indicative of changes in the degree of crystallinity
(i.e., grain size distribution) or the degree and orientation
of stress experienced by each structure. Raman micro-
probe analysis con� rms the heterogeneous nature of the
sample, but does not provide good sampling statistics on
the heterogeneity distribution. As a result, a detailed un-
derstanding of crystallinity architecture within the test
pattern cannot initially be obtained through Raman mi-
croprobe analysis alone. However, the interpretation of
Raman spectra, as they relate to strain and grain size, can
be established through a correlation to the results of trans-
mission electron microscopy performed on these materi-
als.

LCTF Raman chemical imaging provides a more com-
prehensive analysis than the Raman microprobe for mea-
suring the distribution of silicon crystallinity and stress
within the integrated circuit test pattern. Normalized
LCTF Raman spectra from the three-dimensional image
data sample are shown in Fig. 3C and are plotted from
the same locations sampled via the Raman microprobe.
Again, spectrum F corresponds to unstrained single-crys-
tal silicon. Peak shifts and band broadening can be ob-
served in the LCTF spectra that are consistent with the
Raman microprobe data. In the LCTF data set, 6400
spectra are collected in less than 14 min.

A representative raw Raman image from the LCTF
data set at 520 cm21 is shown in Fig. 4A. An interference
pattern can be seen in the image. This pattern degrades
the image quality and arises from the holographic notch
� lters (HNFs) when they are operated off their design
angle. These � lters were designed to be operated at nor-
mal (08) incidence. However, in this prototype instrument
con� guration they are operated at 118 off-axis. Employ-
ing holographic � lters optimized for the operating angle
eliminates the interference.

As an alternative to modifying the optical design in
order to minimize the contribution of the interference, we
have employed Fourier transform digital image process-
ing. The approach is illustrated in Fig. 4 for a single row
of the image. However, in the analysis all rows are treated
simultaneously. Figure 4B shows a line pro� le for a sin-
gle row of the image in which the sinusoidal periodicity
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of the interference fringes can be observed. A fast Fourier
transform (FFT) is applied to the line pro� le to transform
the data into frequency space and identify spatial fre-
quencies responsible for the interference pattern, as seen
in Fig. 4C. The responsible spatial frequencies are zero-
� lled to remove the interference pattern’s contribution to
the image, and an inverse FFT is performed on the pro-
cessed spatial frequency data to recover an image with
minimal interference, as seen in Fig. 4D. This method is
adequate for improving the appearance of the image and
performing the analysis discussed in this paper, but does
have its limitations. With zero-� lling, the interference is
minimized, but the approach imposes a degree of coher-
ence with respect to the spatial frequencies.

Spatial dimension image processing improves Raman
image contrast. However, spectral dimension processing is
even more effective. Spectral ratiometric image processing
is one of the simplest techniques used to generate and
enhance image contrast. Raman images at speci� c spectral
band positions are divided by a background Raman image
to suppress instrument response such as nonuniform illu-
mination. For example, Fig. 5A shows the ratio of Raman
images at 518 cm21 (indicative of polycrystalline Si) by 503
cm21 (background) . The resulting ratiometric Raman image
highlights the polycrystalline silicon regions. Because the
spectral differences between the polycrystalline and single-
crystal silicon are slight, with peak position differences
often ,2 cm21, ratiometric analysis is generally ineffective
for component differentiation. Strategies that employ more
of the spectrum have proven to be more effective.26 The
key is to gather and process enough of the spectrum but
not too much because of tradeoffs between speci� city and
speed. For example, univariate approaches are particularly
effective for semiconductors because of relatively simple
spectra encountered in monolithic materials. Changes in
silicon lattice properties are often manifested as subtle
changes in peak position and peak width. These band
shapes are characterized by center of mass and full width
at half maximum parameters. Unlike ratiometric techniques,
which use only one or two images at speci� c wavelengths,
band shape methods make use of the abundant information
present in the Raman spectrum that is available at each
pixel in the image. The analysis produces a new image
based solely on a band shape parameter and is intensity
independent, as long as a signi� cant signal-to-background
ratio is achieved. The new image is created by calculating
the FWHM or COM of the Raman spectrum at each pixel
and placing that value in the corresponding position in the
new image. Images based on the FWHM and COM can be
calculated from the raw data without data pretreatment (i.e.,
no FFT � ltering) by examining the offset-corrected Raman
spectral region from 507 to 534 cm21. Limiting the analysis
to this region minimizes the effect small � uctuations in the
background baseline have on the calculated FWHM or
COM value.

An image based on FWHM analysis is shown in Fig.
5B. Three distinct regions, corresponding to measured
peak widths of approximately 6.1, 6.8, and 7.4 cm21, can
be clearly observed in the image. The smallest peak
width corresponds to the single-crystal silicon, while the
largest peak width is associated with polycrystalline sil-
icon. We note that the measured peak widths are broader
than the natural linewidths. For example, the natural line-

width of single-crystal silicon is 3 cm21. The measured
broadening is due, in part, to the bandpass of the LCTF
imaging spectrometer. While the LCTF contributes
broadening to the measured bandwidth, it can still dif-
ferentiate subtle changes in the peak width and peak po-
sition. The 6.8 cm21 peak width appears to occur mainly
where the polycrystalline silicon overlaps the single-crys-
tal silicon substrate and may indicate a change in the
crystalline grain size, or the distribution of strain, or a
combination of both in these regions. Although the struc-
tures visible in FWHM image are similar to those seen
in the ratiometric image in Fig. 5A, the FWHM image
provides quantitative parameters that relate to the degree
of crystallinity and strain while the ratiometric image
does not. While the FWHM image provides information
on the degree of crystallinity/strain in the silicon test pat-
tern, it does not reveal the subtlest features in the sample.
A more powerful approach is shown in Fig. 5C in which
the peak COM is analyzed at each pixel location to dis-
criminate subtle spectral shifts. The COM image is not
only able to distinguish the major features of the test
pattern, with the polycrystalline regions (blue) clearly
differentiated from the single-crystal silicon regions (red/
orange), but also reveals more subtle features that are not
readily apparent in either the ratiometric or FWHM im-
ages, including the yellow region that seems to border all
the structures. The Raman bands from this region are, as
expected from microcrystalline silicon, shifted to lower
energy and broadened relative to the 520.2 cm21 band of
the single-crystal silicon substrate. Therefore, it seems
likely that the band broadening and shift to lower energy
arise from strain at the substrate/structure interface.

More surprisingly, single-crystal silicon with different
oxide layer thickness, labeled regions 1 and 2 in the inset
image in Fig. 6, is also observable in the COM image.
A graph of the mean COM and standard deviation for all
of the areas labeled in the image shows that the two sin-
gle-crystal silicon structures differ in their mean COM
by only 0.03 cm21. The statistical signi� cance of the
shifts seen in the COM image is analyzed by a t-test
comparison of two experimental means.27 The mean
COM, standard deviation of the mean, populations, and
calculated t values for regions whose mean COMs are
within one standard deviation are tabulated in Table I.
Comparing calculated t-values to literature values found
in standard statistical tables,27 it can be seen that in all
cases, except when comparing regions 6 and 8, the dif-
ference in the means is statistically signi� cant at the
99.9% con� dence interval. For regions 6 and 8, no sta-
tistically signi� cant difference between the two forms of
polycrystalline silicon can be seen, although both regions
do have statistically different mean COMs from the other
polycrystalline regions (regions 4, 5, and 7). These dif-
ferences are most likely due to a convolution of a change
in microcrystalline grain size and a distribution of strain.
By employing transmission electron microscopy, it would
be possible to differentiate and quantify grain size and
strain distributions.

It is not expected that the polycrystalline Si device
structures would exhibit different degrees of lattice order.
The only differences in the layered materials are the stage
in the fabrication process when they are patterned and
their subsequently different thermal histories. It was ini-
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FIG. 6. Plot of the mean center of mass and standard deviation for each region labeled in the inset COM image. Region of interest selection is
guided by image contrast and a priori knowledge about the test structure morphology.

TABLE I. Statistical comparison table for representative regions of interest (ROI) within the test structure. Most ROIs can be differentiated
based on their Raman COMs to within a 99.9% con� dence level by comparing the calculated t-value to the reference t-value (3.291). ROIs
6 and 7 do not exhibit statistically signi� cant differences in COM.

Region
no.

Mean
COM SD

No. of
spectra

Region
no.

Mean
COM SD

No. of
spectra

Degrees of
freedom

Calculated
t-value

1
4
4
4
4
5
5
6
6
7

520.265
518.491
518.491
518.491
518.491
518.594
518.594
518.829
518.829
518.654

0.0839
0.1279
0.1279
0.1279
0.1279
0.0876
0.0876
0.0730
0.0730
0.0971

716
346
346
346
346
773
773
197
197
251

2
5
6
7
8
6
8
7
8
8

520.297
518.594
518.829
518.654
518.827
518.829
518.827
518.654
518.827
518.827

0.1008
0.0876
0.0730
0.0971
0.0868
0.0730
0.0868
0.0971
0.0868
0.0868

1273
773
197
251
254
197
254
251
254
254

1715
496
543
596
596
356
436
447
448
497

7.566
53.226
39.138
17.643
38.321
10.704
10.554
21.766
0.174

21.182

tially surprising that regions 1 and 2, having a statistically
signi� cant difference in their mean COM of only 0.03
cm21, can be differentiated. However, these regions differ
in their respective oxide layer thickness, which can im-
part different degrees of strain on the underlying silicon
lattice. For example, strain-induced Raman shifts of 0.1
cm21 or less that are similar to those we report in this
study have been detected at the interface between crys-
talline Si and � eld oxide (SiO2).28 These � ndings are con-
sistent with our work.

The spectral resolving power of the LCTF Raman
chemical imaging system demonstrated here results from
the excellent sampling statistics of the experiment. Unlike

conventional mapping techniques that have relatively few
sampling points, the large number of points in the LCTF
Raman image data (6400) improves the con� dence inter-
val of the measurement by decreasing the standard error
of the mean and improving the signal-to-noise ratio, both
of which are dependent on the square root of the number
of sampling points. The t-test con� rmation that the mean
COMs of regions 1 and 2 are statistically different shows
that LCTF Raman chemical imaging with COM band
shape analysis provides sensitivity to spectral peak shifts
that are 253 times narrower than the LC imaging spec-
trometer bandpass.

The previous data have focused on two lateral spatial
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FIG. 7. Volumetric Raman chemica l imaging. (A) Volumetric image
collected at 518 cm21. Image blur is visible. (B) De-blurred volumetric
Raman image using nearest neighbor deblurring algorithm applied to
fringe-suppressed intensity images. (C ) Volumetric Raman chemical
imaging reconstruc ted from axial-resolved COM images.

dimensions and have neglected the depth spatial dimen-
sion. It is important to realize that in a wide� eld Raman
imaging experiment, this third spatial dimension can have
a profound in� uence on the spectrum of a structure being
probed since the penetration depth of the laser is not re-
stricted to a single focal plane, as in any optical micro-
scope. For example, the schematic diagram of the silicon
test pattern illustrates the three-dimensional structure of
the layered device. The Raman chemical imaging system
described here provides a means to image three-dimen-
sional structures rapidly and noninvasively without cross-
sectioning the sample. Volumetric Raman chemical im-
ages were generated by � xing the focal plane of the mi-
croscope at a range of focal depths and collecting Raman
chemical images at each focal plane. Figure 7A shows a
volumetric image composed of a series of six FFT cor-
rected images collected at 518 cm21, by adjusting the
focal position of the sample in 0.53 mm increments.

In performing volumetric imaging of silicon using vis-
ible laser excitation, the depth of penetration of the laser
should be considered. At 514.5 nm, the absorptivity of
crystalline Si is 15 080 cm21 and depth of penetration is
762 nm.29 The features that dominate the images of Fig.
7 are polysilicon layers that are only several hundred
nanometers thick. As a result of polysilicon’s increased
transparency, relative to crystalline Si, and the fact that
the polysilicon layers are so thin, the Raman imaging
focal plane can readily interrogate from the top of the
polysilicon to the crystalline Si substrate. Because the
laser source does not penetrate deep into the underlying
substrate, the focal plane discrimination is effectively en-
hanced.

The ability to generate chemically meaningful volu-
metric images requires that contributions from out-of-fo-
cus planes be minimized. Nearest neighbor deblurring
(NND) is a haze-subtraction algorithm that subtracts a
weighted percentage of the intensity of the image planes
above and below from the plane being analyzed. This is
done for each FFT � ltered image in the stack, except for
the � rst and last image planes, which are discarded. The
NDD volumetric image is shown in Fig. 7B and was
generated from eight initial image planes so that the pro-
cessed result is comparable to that in Fig. 7A. Signi� cant
improvements in the deblurred volume image contrast
can be observed relative to the blurred volume image
despite the simplicity of the NND algorithm relative to
more rigorous deconvolution approaches.30–32

Figures 7A and 7B are constructed from Raman im-
ages captured at a constant spectral band and provide
minimal insight into how microcrystallinity changes as a
function of depth. As we have shown, variations in crys-
tallinity and strain can be revealed by band COM anal-
ysis. By calculating a COM image for each focal plane,
one can create a volumetric COM image, shown in Fig.
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FIG. 8. Line pro� les extracted along the dotted line shown in the bright� eld image. The in-focus image of each volumetric image stack was
analyzed for improvement in edge contrast in the area denoted by the solid line in the image and the shaded box in the plot.

7C. The image distinguishes microcrystalline from poly-
crystalline silicon, as a function of sample depth.

We have explored a quantitative method that goes be-
yond visual assessment to more objectively evaluate the
performance of different volumetric processing methods.
By monitoring edge response, it is possible to determine
how the volumetric image processing methods affect the
enhancement of Raman contrast in the silicon IC test pat-
tern system. The in-focus image plane was selected for
both the FFT � ltered raw and NND stacks for analysis.
The analysis consisted of extracting line pro� les from the
representative images, which are shown in Fig. 8. The
line pro� les were extracted along the dotted line shown
in the bright� eld image and are concentrated on the area
around the boundary separating the substrate single crys-
tal and the polycrystalline silicon.

A simple and effective evaluation of edge response
involves calculating the � rst derivative of the boundary
of interest.33 The edge response is de� ned in Eq. 1, where
d(EP) is the derivative of the edge pro� le and Imax is the
average maximum intensity along the boundary region
and is used as a normalization factor.

d (EP)
% edge contrast 5 3 100 (1)1 2Imax

A comparison of the percent contrast between the FFT
� ltered raw and NND images shows that a modest 0.67%
improvement relative to the FFT � ltered raw images is
realized by employing the NND algorithm. This modest

improvement can be perceived visually. Similar to the
FFT corrected raw and NND volumetric stacks, a line
pro� le was extracted from the COM in-focus image plane
and is shown in Fig. 8. A substantial (41.4%) contrast
improvement relative to the FFT corrected raw image can
be measured.

CONCLUSION

LCTF Raman chemical imaging has demonstrated ca-
pacity for routine characterization and failure analysis of
semiconductor devices by visualizing the spatial distri-
bution of lattice microcrystallinity and strain in two and
three spatial dimensions. By applying COM analysis to
Raman chemical image data, we have demonstrated a
2533 enhancement in spectral resolving power relative
to the nominal spectral bandpass of the instrument. This
enhancement corresponds to an observable spectral dif-
ference of 0.03 cm21. The enhanced spectral sensitivity
allows LCTF Raman chemical imaging to identify ex-
tremely subtle spectral differences attributable to lattice
disorder and strain. This capability suggests the possibil-
ity that Raman chemical imaging can provide a nonde-
structive means for high throughput screening of defects
in Si ICs. This method has tremendous potential as the
basis of a noncontact, in-process semiconductor metrol-
ogy tool.
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