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Abstract

Micro-Raman imaging has been used extensively for characterizing
semiconductors. This paper reviews recent developments in the use of Raman
microscopy for studying structural and electronic properties of semiconductor
crystals and composites. Some results for recent Raman imaging measurements
are outlined and discussed.

1. Introduction

Raman spectroscopy is a key technique for characterizing various materials. It provides
information about the vibrational and electronic properties of semiconductors that are sensitive
to crystalline quality, microstructure, strain, alloy composition and free carrier density. The
Raman microprobe [1] has been used widely to study local structural and electrical properties
in semiconductors. Point-by-point Raman mapping systems have recently been developed
into Raman imaging systems combined with CCD detectors that allow data to be acquired in
a short time. The Raman imaging technique has provided a useful way to characterize crystal
growth and processing in the fabrication of semiconductor devices. The spatial resolution of
conventional Raman microscopes using visible laser light as an excitation source has reached
the sub-micron scale.

Up to now Raman imaging (mapping) has been employed to examine spatial distributions
of physical properties in narrow-gap III-V semiconductors, IV-IV semiconductors such as
Ge, Si and diamond, wide-band-gap semiconductors including SiC and AlGaN and other
semiconductors. The micro-Raman imaging of semiconductors has important advantages
for characterizing crystal growth, device fabrication processing and the devices themselves.
A recent major subject for Raman imaging is the characterization of stress in composite
structures [2-14] and at the interface of hetero-epitaxial films such as epitaxial lateral
overgrown GaN films [15-19]. The evaluation of the stress in the interfaces of Si and insulators
has attracted the long-term interest of researchers [20-24]. The stress is also produced by
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defects in crystals. The measurement of the stress distribution is important for studies of the
stress generation mechanism. Characterization results for defect-induced strains are shown
later on.

Spatial distributions of impurity concentration and free carrier concentration have been
studied by Raman imaging [15, 25, 26]. The free carrier distribution in heterostructures has
also been studied by several researchers [27-29]. Intentionally doped semiconductor wafers
often have non-uniform impurity distributions. Micro-Raman spectroscopy has been used to
evaluate the uniformity of dopants. The inhomogeneous distribution of impurities has been
studied for SiC wafers [30]. Processing such as ion implantation, junction formation and
impurity diffusion also provides inhomogeneous impurity distributions that will be one of
the main subjects of Raman imaging. The profiles of residual damage in ion-implanted and
post-annealed Si crystals have been obtained by Raman imaging [31].

The present paper describes the fundamentals of characterization by Raman imaging and
the technical importance of Raman imaging. Some results for recent measurements are also
presented.

2. Raman imaging techniques

Micro-Raman imaging techniques are classified into three groups from the viewpoint of the
illumination method [32-34]. The first is point-by-point illumination. Two-dimensional
mapping is done by sequential translation of the sample stage or by scanning of the laser
beam. This method provides the best spatial resolution, but obtaining two-dimensional maps
is time consuming. The second method is line illumination [21, 31, 35] in which the laser beam
is expanded in one direction by a cylindrical lens placed in front of the microscope. The laser
beam simultaneously illuminates all the points in a rectangular region of the samples. In this
case, the intensity distribution along the line is not uniform, because the original laser beam
has a Gaussian profile. The non-uniform intensity distribution is corrected by normalizing the
intensity profile of the scattered light by the Raman intensity at each position of a reference
sample measured in advance. The one-dimensional Raman image is recorded by a CCD
detector. In an alternative method, which can obtain uniform line illumination, the laser beam
is deflected using a vibrating galvanometer mirror.

The third method is global (plane) illumination combined [27, 36] with a tunable spectral
filter and a two-dimensional CCD detector. This method needs no laser beam scanning
nor sample translation, and a two-dimensional image can be obtained quickly. However,
at present, the spectral resolution is not sufficient compared with other methods using a grating
spectrometer.

The three-dimensional Raman image requires the depth profiling of physical parameters
in addition to the imaging in the lateral direction. Several techniques have been employed for
depth profiling, as illustrated in figure 1.

The first uses laser light at different wavelengths for the samples examined. The
penetration depth of the excitation laser light varies with its wavelength. The depth profiles of
stress [6, 7, 10] and lattice damage in annealed GaAs [37] have been studied using different
wavelength excitations. In the deep ultraviolet (DUV) region the optical penetration depth
varies from only from a few to some tens of nanometres for Si, Ge, GaN, SiC, etc. This
enables the examination of nanoscale thin surface layers of semiconductors [10-14].

Another profiling technique uses a confocal microscope [38—42]. The depth profile is
obtained by moving the sample stage vertically. Confocal microscopy improves the depth as
well as lateral resolution. However, the spatial resolution of confocal Raman spectroscopy is
still on the sub-micron scale.
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Figure 1. Schematic representation of the methods for obtaining depth profiles.

The third technique uses bevelled specimens combined with line illumination. It has been
used to determine the depth profiles of stress [21], carrier density in ZnSe/GaAs interfaces [29]
and dopants in GaAs [43, 44]. Since the depth d corresponding to position x in the lateral
direction is given by d = x sin 6, the depth resolution can be improved by using small bevel
angle 6.

In the fourth method the depth profile is obtained by successively removing surface layers
and performing Raman measurements. This technique has been used to characterize damage
in machined silicon layers [45], the amorphous volume fraction in ion-implanted layers [46]
and damaged layers in ion-bombarded GaAs [47].

Another method used for obtaining Raman images in the depth direction is cross-sectional
measurement of samples with a Raman microscope. Free carrier concentration [15, 25] and
local strain [9, 15] have been evaluated.

The spatial resolution of the depth profiling techniques employed so far is generally
not sufficient to characterize recent semiconductor heterosystems and devices having fine
structures.

3. Results of Raman imaging measurements

3.1. Characterization of crystal growth process

Raman imaging gives us information about not only the spatial distribution of physical
quantities but also the dynamical processes such as crystal growth. An interesting example is
the result for thermally annealed thin Si films (TSFs) on insulators (SOI) [48]. The Si films
were deposited by low-pressure chemical vapour deposition using silane (SiH4) and disilane
(Si;He) as gas sources and were thermally annealed at 600 °C for 5 h. Intensity images of
polarized Raman bands were measured on these films using line illumination and translating the
sample stage. As shown in figure 2 the intensity profiles exhibited undulation. The undulation
may occur because the crystallographic orientation is different for different grains in the film
and the grains are tangled at the grain boundaries. In contrast, the intensity profiles of Si films
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Figure 2. Two-dimensional images of Raman intensity for the Si band at 520 cm~' for films
deposited by use of disilane (SizHg) (a) and silane (SiHy) (b) and post-annealed [48]. The films
are annealed at 600 °C for 5 h. The Raman spectra are measured with a polarization configuration.

grown in the liquid phase show an abrupt change at grain boundaries. The estimated average
grain size in the disilane—TSF samples is a few microns or larger than that in the silane—
TSF samples. The source gas dependence of the grain size is explained by the difference in
nucleation rate during the annealing. Since the silane—TSF samples have a large number of
nuclei for grain growth, the whole area of the TSF is perfectly crystallized quicker than in
the case of disilane—TSF samples, and consequently crystallites in the silane—TSF samples are
smaller than those in the disilane—TSF.

3.2. Distribution of stress and carrier density around micropipes

Defects have a strong influence on the structural and electronic properties of semiconductors.
Since Raman spectra are sensitive to these properties, they can be used to monitor defects.
Micro-Raman imaging is expected to provide novel information about the nature and
distribution of the defects. So far, the number of defects induced in the growth process
and damage in ion-implanted semiconductors have been evaluated by Raman imaging [31].
In this section we describe Raman imaging of defects in SiC crystals which are wide-gap
semiconductors that have attracted much interest due to their potential applications in high-
power and high-frequency devices.

SiC crystals often contain defects called micropipes which elongate along the (0001)
direction. Itis well known that defects of this kind deteriorate the performance of SiC devices.
The strains around micropipes have been measured using a polarizing optical microscope and
a Raman microscope [50]. We have taken Raman images of strains around micropipes by
line illumination. The two-dimensional Raman image is built up by successively moving the
sample under the line in 0.5 um steps. All spectra are carefully fitted to a single Lorentzian
line shape and the peak positions are precisely determined. Figure 3(a) shows a polarizing
optical microscope photograph in the vicinity of a micropipe. The interference pattern around
the micropipe is associated with the distribution of the birefringence formed by internal strain.
The Raman frequency images obtained around the micropipe are shown in figure 3(b). The
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Figure 3. (a) Polarizing optical photograph around a micropipe in 6H-SiC. (b) A two-dimensional
image of Raman peak frequency of the TO (E;) band in 6H-SiC.

frequency difference between the micropipe and the peripheral region is about one-tenth of the
wavenumber. The amount of the peak shift due to strain is different for different micropipes.
The maximum peak shift for this micropipe is £0.3 cm~!. Detecting such a small shift
is difficult by point-by-point measurement. The distribution of the strain has no rotational
symmetry with respect to the micropipe as shown in this figure. The stress is compressive on
one side and tensile on the other side and there are stress-free regions between the strained
regions. This strain profile seems to be related to the crystallographic orientations of the sample
and the direction of the micropipe. Further studies are required to understand the nature of
strains around the micropipes.

Raman images of the longitudinal optical phonon plasmon coupled (LOPC) mode in the
vicinity of a micropipe were taken for n-type 4H-SiC crystals with a free carrier concentration
of approximately 4 x 10'8 cm =3 [50]. The laser beam was expanded linearly to 400 zm x 10 zem
on the sample surface, covering the cross-section of the micropipe. Figure 4 shows an image of
the LOPC mode. The LOPC Raman band at point A (in the vicinity of the micropipe) lies at a
lower frequency than that of other positions. On the other hand, the E; (TO) band at 776 cm !
does not show any noticeable change around point A. This result indicates that the crystallinity
around the micropipe is almost the same as in the normal region, while the free carrier densities
determined by the line shape analysis of the LOPC mode are different, i.e. 3.2 x 10'7 cm~2 at
point A and 1.3 x 10'8 cm ™~ at point B in a micropipe-free region. The most likely explanation
is that free carriers are captured by deep traps existing around the micropipe.

3.3. Diodes and modulation-doped specimens

The free carriers density has an inhomogeneous distribution in p—n junction devices and
epitaxially grown materials and occasionally in heavily impurity-doped semiconductors. The
free carrier concentration can be determined by line shape analysis of the LOPC mode [51, 52].
The carrier concentration and mobility in p—n junctions of GaP diodes have been determined
by micro-Raman mapping [53].

Recently, we have obtained Raman images of SiC crystals having a carrier concentration
gradient, and examined the doping processes during crystal growth [54]. Samples with the
(0001) face were cut from an ingot of 4H-SiC grown by a modified-Lely method in the (1100)
direction. The modulation doping was made by repeated on—off switching of the N, gas supply,
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Figure 4. Raman image of LOPC node in n-type 4H-SiC crystal containing micropipes. The
micropipe is located at point A. Point B lies in a normal region [50].
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Figure 5. (a) Raman image of the LOPC mode in doped and undoped regions of modulation-doped
6H-SiC. (b) Typical spectra of the LOPC mode in the transition region.

so that the impurity concentration would have a boxcar-type distribution. One-dimensional
Raman images of the LOPC mode were obtained at room temperature by line illumination.
Figure 5(a) shows a Raman image of the LOPC mode in doped and undoped regions. The peak
frequency, intensity and half-width of this mode vary clearly in a transition region between the
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Figure 7. Distribution of the carrier concentration in modulation-doped 6H-SiC.

doped and undoped regions as shown in figure 5(b). The positional dependence of the peak
frequency is shown in figure 6. The experimental line shape of the LOPC mode was fitted to
the theoretical curve using plasma frequency wy, carrier damping y and LO phonon damping
I'; as adjustable parameters [55]. The carrier density n and mobility ; were obtained from
best fit values of the parameters using the relationship a)g =4an/(esxm™) and u = e/(m*y),
where m* is the carrier effective mass and e, is the optical dielectric constant.

The carrier (i.e. donor) concentration determined in this way is plotted as a function of
distance in figure 7. It rose steeply after doping gas was supplied and decreased slowly after
it was stopped. The transition region between the doped and undoped regions is 10-20 um
after the gas supply was tuned on and 70-80 um after it was turned off. The residual time
of the N, gas on the surface of the growing crystals inferred from the width of the transition
region and the growth rate (about 1 mm h=') is 250 s, which is longer than the residence time
of the N gas in the growth furnace (75 s) which was determined in advance from furnace
tests. This result indicates that, after the doping gas was shut off, nitrogen atoms attached to
the furnace wall and/or the source were gradually released into the furnace. The relationship
between the carrier concentration and mobility is also obtained by this analysis. In the line
shape analysis we can now determine the carrier concentration and mobility more accurately
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Figure 8. (a) Structure of bevelled SOI. (b) Raman image of the silicon phonon band in
recrystallized regions [21].

than before, taking into account that the above parameters vary continuously with position
in the sample used in this experiment. Our experimental results demonstrate that the Raman
microprobe imaging using samples with a carrier density gradient is useful for characterizing
local electrical properties more precisely.

4. Depth profiling

4.1. Bevelled specimens

The resolution of the depth profiling can be improved by using bevelled structures.
Laser-recrystallized silicon films on SiO, insulator (SOI) have also been examined by
Raman imaging using an angle-lapped specimen [21]. Figure 8(a) schematically shows
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the structure of the sample used. The polycrystalline layers were first amorphized by ion
implantation and subsequently annealed using a scanning Ar ion laser. Figure 8(b) shows
the Raman image of the recrystallized region in the frequency region including the silicon
phonon band at 520 cm~!. A periodic variation in the intensity and a slight frequency shift
were observed. The intensity profile of the SOI layer is shown in figure 9. The Raman signal
from the substrate Si can be separated by Raman polarization measurements and spectral
deconvolution. The observed fringe pattern for the Raman intensity arises from multiple
reflections and interference effects for the incident and scattered light waves in the recrystallized
Si film. The maxima and minima of the fringe pattern appear approximately at d = m\/2n
m = 1,2,3,..)and (m + 1/2)A/2n (m = 0,1,2,3,...), respectively, where n is the
refractive index of silicon and X is the wavelength of the laser light. Note that the Raman
intensity enhancement due to interference in the silicon film occurs for both incident and
scattered light. This interference effect is useful for obtaining high-precision depth profiles of
the films, because the film thickness is precisely determined and Raman signals with a high
signal-to-noise ratio are recorded at the high-intensity positions. In fact, the peak frequency
and width of the Si phonon band have been determined with a depth resolution of 17 nm [21].
These results indicate that the depth resolution is improved by using bevelled specimens.
Figure 10 shows the variation in the bandwidth and peak frequency of the silicon phonon band
versus SOI film thickness d. Near the interface region (d = 1-50 nm) the bandwidth increased
drastically as d was decreased, whereas the peak frequency did not change much. This result
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Figure 10. Variation of peak frequency and width of the Raman band as a function of thickness
d [21].

indicates a high defect density in the interface region between the Si and SiO, layers. The
variation in the peak frequency suggests that the stress relaxed closer to the interface. The
abrupt changes in bandwidth are ascribed to the presence of grain boundaries generated in the
SOI film.

4.2. Deep UV Raman microspectroscopy

Wide-gap semiconductors such as SiC and AlGaN are transparent to visible (VIS) light, so
Raman measurements of thin surface layers of these materials are difficult with the VIS
excitation. We have recently constructed a Raman microspectrometer using deep ultraviolet
(DUV) light, which allows us to detect signals from sub-micron thick surface layers of wide-gap
semiconductors [14].

Figure 11 compares the Raman spectra for a thin epitaxial layer of SiC taken with DUV
(244 nm) and VIS (488 nm) excitations, and a confocal system in the VIS region.

The thickness of the epitaxial layer is 0.5 «m and the free carrier concentrationis 5 x 108
and 5 x 10" cm™ for the substrate and epitaxial layer, respectively. For VIS excitation the
LOPC signals from the substrate appear strongly superimposed on the LO phonon band from
the epitaxial layer, while the substrate signal disappears completely for DUV excitation. When
a confocal system is used, the Raman intensity of the LO band relative to the LOPC band is
increased, but complete removal of the substrate signal is difficult. DUV Raman measurements
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Figure 11. Raman spectra of 0.5 um thick epitaxial layer of 4H-SiC taken at 244 and 488 nm
excitations.

were also carried out for ion-implanted layers of SiC with a projected range of 0.3 um. The
disappearance of signals from the substrate shows that the penetration depth of 244 nm light
is less than 0.2 um for SiC. The above results demonstrate that surface layers of SiC crystals
a few hundred nanometres thick can be characterized by the DUV Raman microprobe.

5. Conclusion

Some recent results for the Raman imaging characterization of semiconductors have been
described. Raman imaging provides information about not only the spatial distribution of
constituents but also the dynamic processes in crystal growth. It is still a growing field, and
novel techniques for image measurements and analyses are expected. In the near future this
technique should be more widely applied to the study of semiconductor materials.
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