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Raman Microscopy Applied to the Development and Characterization 
of Next Generation Cutting-Edge Semiconductor Devices
次世代最先端半導体デバイスの開発および特性評価へのラマン顕微鏡の応用

Fran ADAR
Raman spectroscopy has been used since the early 1960’s for the analysis of semi-

conductor materials, at a time when visible lasers became available and became the 

default source for Raman measurements. In the mid 1970’s the Raman microscope 

was introduced[1]. Consequently as the integrated circuit business was developing, the 

application of Raman microscopy to the characterization of the materials for the analy-

sis of device performance and engineering became important. Clearly applications to 

silicon were most relevant and included the measurement of stress, p-type doping (at 

high levels), crystallite size in polysilicon, and orientation as well as contaminant identifi-

cation. In compound semiconductors more phenomena were explored. These included 

composition in alloyed semiconductors, doping of all types, and surface electrical fields 

which affect the doping and the depth of the surface depletion layer. Consequently, by 

tuning the excitation laser wavelengths different depths of the materials could be 

probed because of the dependence of the light penetration depth on wavelength. This 

enables differentiation of the characteristics of the surface depletion layer from the bulk. 

In this article we will review these effects historically in order to suggest how these phe-

nomena can be pursued in wide bandgap semiconductors being developed for the 

next generation of devices. The article will also include a description of measurements 

on the nano scale, and the integration of photonics in integrated circuits.

ラマン分光法は1960年代初頭から半導体材料の分析に用いられてきた。当時は可
視レーザーが利用できるようになり，ラマン測定の励起光源として標準的に使われ
るようになった時期である。1970年代半ばにはラマン顕微鏡が開発され[1]，集積回
路の発展に伴って，デバイスの性能解析などにつながる材料の特性評価の分野で
重要な位置を占めるようになった。その典型例がシリコン半導体への応用であり，応
力測定，p型ドーピング（高濃度），ポリシリコン中の結晶サイズ，配向性評価，不純物
同定などが行われた。化合物半導体では合金組成や様 な々種類のドーピング，表面
空乏層の深さに影響を与える表面電解など，さらに多くの特性が評価されるように
なった。光が材料に浸透する深さは波長に依存するため，励起レーザーの波長を調
整することによって材料表面から深さ方向に異なる位置の分析が可能になり，表面
空乏層の特性をバルク特性と区別して評価できるようになった。本稿ではこれまで
の様々な評価とその効果についてレビューし，次世代半導体デバイスとして開発さ
れているワイドバンドギャップ半導体においてどのように適用できるのかを提案す
る。また，ナノスケールでの測定や集積回路における光集積化についても解説する。

Introduction

The title for this year’s Masao Horiba Award was “Analysis 
and measurement technologies that contribute to the 
development of next-generation semiconductor devices.” 
The next generation of semiconductor devices

1.  will be continuing reduction of the size of the device 
structures below μm resolution,

2.  will include optical integration on the integrated cir-
cuits, and
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power applications.

Sub μm technology

Sub μm lithography developments go back at least to 1983 
and were reviewed in 1986 when the field was still in the 
regime of university research[2]. The goal is to enable the 
production of a two-dimensional pattern of arbitrary 
structure with sharp sidewalls that are significantly 
smaller than what is possible with conventional optical 
methods that are determined and limited by the wave-
lengths of the light. Not only is the method of patterning 
the photoresist important but the ability of the photoresist 
itself to produce the desired pattern is considered. Several 
schemes for producing the lithographic images were 
reviewed in the above mentioned publication - optical 
projection photolithography, contact photolithography, 
holographic lithography, electron beam lithography, X-ray 
lithography, and ion lithography. Degradation of intensity 

contrast at the recording plane can result from diffraction, 
scattering, secondary electrons, penumbra, aberrations, 
distortions, etc. In addition, registration of subsequent 
masks can be a problem. This early work produced feature 
sizes of the order of 100 nm. Spatial resolution has been 
improved to better than 50 nm[3,4] using electron beam 
lithography and then 10 nm most recently[5]. For me tools 
of interference lithography are of particular interest 
because there are clever ways to pass coherent light 
through multiple transmission gratings and produce pat-
terns. Interestingly, this technique depends on diffraction 
gratings with short pitches, fabricated from, for example, 
metals on Si3N4 membranes, materials very different from 
the gratings that we use in our instruments. As an exam-
ple reference [4] discusses the use of electrohydrodynamic 
lithography (EHL) for sub-50 nm patterning and shows 
the successful use of a wedge geometry for varying hole 
patterns.

Figure 4 in that publication (reproduced here as Figure 1) 

Figure 1    (a) Experimental procedure for the fabrication of a ~30 nm wide GNR array and (b) SEM images of the fabrication process for GNR’s using core-
shell-like nanostructures. (c) Raman spectra of pristine graphene and GNR’s. D and D’ bands appear in the GNR’s. (d) 2D band is red-shifted 
owing to the strain in the GNR. Reproduced with permission from RSC Nanoscale 2017 00 1-3 Figure 4.
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shows the fabrication technology for a 30 nm wide gra-
phene nano-ribbon (GNR) array. Note that the ability to 
fabricate this pattern depends on the properties of the 
polymer photoresist as well as the patterning technology. 
And the Raman spectrum indicates the nano-ribbon 
structure (by the presence of the D band) and strain (by 
the shift of the 2D band).

Nanoscale Raman microscopy

Since the mid 1970’s the Raman microscope has been 
useful in analyzing spots as small as 0.5 μm in order to 
measure strain in silicon[6], and contaminating spots, 
among other things. In order to achieve comparable infor-
mation on this nano-spatial scale, an AFM (atomic force 
microscope) coupled to a Raman microscope has been 
employed. Especially when TERS (tip-enhanced Raman 
spectroscopy) is employed, Raman signals from a region 
comparable to the size of the tip have been recorded[7]. 
While this reference (7) reviews much of the work until 
then (2013), it does not show spectra of silicon although it 
does treat carbon nanotubes and photovoltaic materials. 
One of the awardees at the Masao Horiba Awards was one 
of the earliest innovators of this technology[8] in which 
metal dichalcogenide (MDC) films were studied, and a 
Raman microscope with an AFM “accessory” is now 
commercially available from HORIBA. Note that in order 
to achieve nm scale resolution in the Raman analysis it is 
necessary to implement TERS. A typical scheme in which 
TERS is implemented for opaque materials is shown in 
Figure 2, which has been extracted from reference [8]. 
The excitation laser impinges on the sample from the side 
so that the AFM probe with a SERS-active coating (surface 

enhanced Raman spectroscopy) of silver or gold can be 
brought into close proximity to the surface. Typically 
measurements are made with the TERS probe close to the 
surface and then retracted; with the tip retracted the 
signal is the standard far-field signal, but with the probe 
close to the surface, the signal contains the near field con-
tribution as well; the difference between the two signals is 
the TERS signal.

Because of the enhancement in carrier mobility when sili-
con is stressed, SixGe1-x buffer layers were introduced to 
produce strain in silicon active layers and enable produc-
tion of ultra-large integrated electronic circuits. But 
nanoscale fluctuations in the strain distribution were 
known to reduce the performance of the devices. 
Consequently, there was interest in recording Raman 
spectra on the nm scale in order to control the device 
quality. TERS Raman signals from strained silicon were 
reported in 2007[9]. Figure 3 is reproduced from that pub-
lication and the spatial resolution, in nm rather than μm, 
was determined by the diameter of the tip.

The following paragraphs describe various phenomena in 
silicon that can be studied by Raman and followed on the 
nm scale with TERS.

Figure 2    Experimental setup. Schematic diagram of the experimental setup used in the work of reference [8] to 
study the optoelectronic behavior of grain boundaries in 1L WSe2. In situ KPFM (Kelvin Probe Force 
Microscope) and TEOS (Tip Enhanced Optical Spectroscopy) measurements performed in the same 
experimental setup enable a direct correlation of topographical, excitonic, chemical, and electrical prop-
erties at the nanoscale. Reproduced with permission from W. Su, et.al, J. Phys. Chem. C 2021 125 
26883 Figure 1.
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Group IV Semiconductors, especially Si

With lasers in the visible part of the spectrum, scattering 
is always done in the back-scattering configuration, and 
this is always the case when using a microscope for exci-
tation. In Si, one can monitor the orientation (using polar-
ization conditions), strain (by measuring spectral shift 
due to the geometry of the integrated circuit), crystallite 
size in polysilicon (by measuring spectral shift and line-
width), and temperature (by taking the ratio of the anti-
Stokes to Stokes scattering). Information on this can be 
found in references [6 and 9].

There is one more phenomenon seen in silicon that is 
rather interesting and potentially useful. When Si is heav-
ily doped with ions producing p-type doping, there are 
possible electronic transitions between levels of the 
valence band. Because these transitions are of the order of 
500 cm-1 which is a value quite close to the phonon value, 
there is an interaction called the Fano interaction which 
describes coupling between a state with a narrow set of 
values (the phonon) and a continuum of states with a 
larger set of values (the electronic transitions). This phe-
nomenon has been known in Si for many years, and the 
result is a distorted lineshape of the phonon[10]. Figure 4 
is reproduced from reference 10 (Figure 2). The authors 
even discuss how Raman measurements can be used for 

diagnostics of doping in circuits as they are being 
fabricated.

The other Group IV semiconductor of interest is Ge. Even 
though the first transistor was made in Ge before 1950, 
since about 1960 all commercial transistors have been 
based on Si. That is until SiGe has been implemented. 
SiGe introduces strain which enhances carrier mobility, 
provides the ability to engineer the bandgap and to inte-
grate CMOS logic with heterojunction bipolar transistors 
allowing it to be used on mixed signal integrated circuits 
for applications such as telephones[11]. In principle the fre-
quency of the Raman bands should enable one to calculate 
the composition, but in this system, strain induced by the 
differences in atomic size and interatomic spacings also 
cause spectral shifts. However, using polarization 

Figure 3    TERS spectra of strained silicon and the far-field spectrum. The 
black line is the subtracted spectrum (near-field spectrum) 
between TERS and far-field spectrum. Dotted lines are the 
Lorentzian curve-fitting for the near-field spectrum. Reproduced 
with permission from N. Hayazawa, et.al,. J. Raman Spectrosco 
2007 38 684 Figure 6.

Figure 4    Raman lineshapes versus scattering wavelength for three ther-
mally diffused boron doped Si(100) samples at excitation wave-
lengths 632.8, 532, and 442 nm. The experimental data (discrete 
points) were fitted with the modified Fano function (solid lines) 
with a least-squares computer fit which used q and Γ as adjust-
able parameters, defined in the reference. The spectra were 
normalized by the maximum peak value of each concentration. 
Reproduced with permission from B.G. Burke, et.al., Raman 
study of Fano interference in p-type doped silicon J Raman 
Spectrosc. 2010 41 1759-1764 - Figure 2.
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measurements to separate the various effects, a calibration 
protocol based on intensities was established[12]. Figure 5 
shows the calibration curve of Ge in Si. 

Before leaving this review of Group IV semiconductors, 
there is another system that has to be mentioned. SiC is 
analogous to silicon, germanium, and diamond, except 
that one atom in the cubic unit cell is Si while the second 
is C. Like silicon, germanium and diamond, it is also an 
indirect gap material (Eg ~3eV) making it one of the wide 
bandgap materials that will be exploited in the next gen-
eration of semiconductor devices; its large bandgap makes 
it a good substrate for working at higher temperatures and 
consequently higher power.

SiC actually occurs in many polytypes that are related to 
each other by systematic rotations around the (111) axis of 
the cubic phase. The Raman spectra of these materials are 
quite interesting, and it is not difficult to differentiate 
them[13]. Figure 6 is extracted from reference 13 and rep-
resents a consolidated dispersion curve for several poly-
types. The X axis corresponds to the Brillouin zone of the 
cubic polytype. For each of the other polytypes the 
Brillouin zone of the cubic phase is folded to accommo-
date the number of layers in the identified phase. H indi-
cates a hexagonal phase and R indicates a rhombohedral 
phase. The mode derived from the cubic TO for all poly-
types is close to 800 cm-1 and would not easily enable 

identification. The mode derived from the cubic LO mode 
does vary from about 970 to 830 cm-1, but it can also be 
affected by doping[14]. Graded doping was used to study 
the interaction between carrier transport and phonon 
properties; it was shown that line shape analysis provided 
information on the damping of free carriers as well as 
carrier concentrations. The effects of doping in SiC are 
analogous to those in III-V semiconductors which will be 
discussed in the following section. (The meaning of TO, 
transverse optical, and LO, longitudinal optical, modes 
will become clear in the next section on III-V semicon-
ductors.) However, the folded acoustic modes, especially 
the LA (longitudinal acoustic) mode varies quite a bit in 
the different polytypes, in Figure 6 between about 240 
and 600 cm-1. Because of the ability to form polytypes 
easily by rotations around the cubic (111) axis, defects are 
common in engineered materials[15] and can be analyzed 
by their Raman spectra. This is actually discussed in 
detail in reference 15. The effects of strain[16] in SiC have 
also been documented.

III-V Semiconductors

While the longitudinal and transverse optical phonons in 
Group IV semiconductors (Si, Ge, and Diamond) are 
degenerate (ie,. they have the same energy), in III-V semi-
conductors the two are split because of the electric field 
that the inequivalent ions create during vibrational 

Figure 5    Calibration curve for x, the proportion of Ge in a SiGe alloy, 
based on IGe-Ge/ ISi-Si ratio obtained from curve-fitting of the 
unsubtracted: z(x.x)z’ ● and subtracted: [z(x.x)z’]-[z(x’,x’)z’] □ 
spectra. Reproduced with permission from S. Rath, et. al,. 
Semicond. Sci. Technol. 2003 18 566 Figure 10. Figure 6    Combined dispersion curves using data from four polytypes. 

For each polytype, the Raman accessible values of x=q/qmax are 
marked at the top of the figure. Reproduced with permission 
from D.W. Feldman, et.al., Phonon Dispersion Curves by 
Raman Scattering in SiC, Polytypes 3C, 4H, 6H, 15R and 21R 
Phys. Rev. 1968 173 3 787-793.
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motion. A good reference for many semiconductor materi-
als is the European Commission’s “Nostradamus” 
project[17]. From this reference the LO (longitudinal opti-
cal) and TO (transverse optical) frequencies of most of the 
semiconductors of interest can be found.

There is another effect in III-V semiconductors that results 
from the fact that free electrons from doping can shield 
the electric field of the LO phonons[18]. In fact, the free 
electrons form a plasmon in the material and the plasmon 
interacts with the LO phonon producing the L+ and L- 
modes seen on the left side of Figure 7. When the density 
of free electrons is very high, the frequency of the L- 
phonon collapses to that of the TO phonon and the fre-
quency of the L+ plasmon follows the trajectory of a free 
plasmon. The next figure, reproduced from reference 18 
shows the spectrum of a GaAs sample doped at 1.9x1018 
cm-3 (left, for different polarization conditions) and then 
the dependence of the energies of the LO phonon and 
plasmon on the square route of the dopant levels (right). 
This is the earliest measurement of the coupled LO pho-
non-plasmon modes of which I am aware. Note that the 
measurement was made with a Nd:YAG laser whose 
emission wavelength is below that of the bandgap; the 
measurements were made in the bulk and avoided surface 
field effects.

When using a visible laser investigating III-V semicon-
ductors, the depth of penetration of the laser and the 
thickness of the surface depletion layer will affect these 
measurements. Much of the information necessary for 
design and interpretation of such measurements are avail-
able in reference [17].

Semiconductor engineers often are interested in tuning 
the properties of semiconductors for devices by alloying 
materials that have (almost) equal interatomic spacings; 
InxGa1-xAs is a good example. The reason to select a pair 
with almost equal interatomic spacings is to minimize 
strain and to maintain single crystal structure, ie,. mini-
mize dislocations and avoid cracking. There is a good ref-
erence that discusses how alloying affects the phonons[19]. 
By alloying, the engineer can tailor the bandgap for a par-
ticular application. For instance, communication lasers 
use a bandgap that matches the wavelength where fiber 
optics that carry the laser signals have minimum losses 
(1.5 μm), and InGaAsP is used in the design of the laser.

In understanding the observed phonon behavior of III-V 
alloys there are two possibilities - two- mode and one-
mode behavior. Figure 8 reproduces the behavior for the 
two types of mixed phonons and is reproduced from refer-
ence [19].

Figure 7    Left: Intensity and polarization properties of the Raman-scattered light from GaAs at liquid He temperature for a sample with n=1.9x1018 cm-3. The 
scattering angle is 90° with the incident and scattered light propagating along a (100) direction. The || and | symbols indicate the polarization of 
the incident and scattered light with respect to the plane of scattering. These traces are uncorrected for the system response, and the gain in b is 
lower than the others. Right: Frequencies of the L+ and L- modes (mixed longitudinal phonon-plasmon modes) as a function of the square root of 
the carrier concentration. Reproduced with permission from A. Mooradian and A.L. McWhorter 1967, Polarization and Intensity of Raman 
Scattering from Plasmons and Phonons in Gallium Arsenide Phys. Rev. Let. 19 15 849-852 Figures 1 and 2.
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In both figures the measured phonon frequencies at the 
endpoints represent the pure materials. In the two-mode 
behavior of ZnS1-xSex at any x different from 0 or 1 there 
is a set of LO and TO phonons whose behavior represents 
a mixture of the two pure materials. In the one mode 
behavior of GaP1-xAsx there is only one TO mode and one 
LO mode for any value of x. The cited reference [19] 
describes the origins of these differences.

There is another phenomenon that the analyst needs to 
keep in mind. Because of pinning of electronic states at 
the surfaces of doped III-V semiconductors there is a 
layer depleted of electrons. Consequently if one measures 
a Raman signal with a laser that does not penetrate deeper 
than that surface depletion layer, the LO phonon fre-
quency will reflect a carrier-free material. If a longer 
wavelength laser is used that does penetrate through the 
surface depletion layer, then the contributions to the scat-
tering from that region will reflect the carrier concentra-
tion. The wavelength dependence of the absorption region 
and a means to calculate the space charge layer are 
included in reference [17].

Transition metal dichalcogenides

Probably the most exciting and active area in semiconduc-
tor research now is that of the transition metal dichalco-
genide (TMD) films. Because of the potential to tailor 
their electronic and optical properties they are being 

considered for design into the next generation of devices. 
Raman microscopy, including TERS, provides the ability 
to observe the effects of crystal edges and internal twin 
boundaries with up to ~15 nm spatial resolution, correlat-
ing spectral shifts with PL (photoluminescence intensity) 
and the exciton diffusion length[20].

Optical Integration on Integrated Circuits

The next generation of technology will make use of chips 
that integrate photonics with electronics in order to 
increase speed of data transfer, speed of calculations, 
simplify design, and reduce energy consumption. The 
goal is to perform all functions on a silicon substrate. But 
a major hurdle is the intrinsic characteristic of silicon, 
that it is an indirect gap material and therefore is not an 
immediate choice for light generation. In addition, the 
integration of materials not normally used on a silicon 
integrated circuit (IC) will also be a challenge.

While a final solution for full integration is not yet avail-
able, considerable strides have been made, and are 
reviewed in a 2024 publication[21]. The ultimate goals 
include the ability to fabricate in silicon foundries, to 
shrink the chips, to increase the number of devices that 
can be integrated on a chip, and to minimize power con-
sumption. Currently photonic integrated chips are domi-
nated by communications applications, but it is foreseen 
that such technology can accommodate quantum 

Figure 8    Left: Two mode behavior in ZnS1-xSex. The open circles O represent the measured LO phonons and Φ represents the 
measured TO phonons. Right: One Mode Behavior in GaP1-xAsx . The  solid lines in the figures, ———— indicate theo-
retical predictions explained in the publication. Reproduced with permission from I.F. Chang and S.S. Mitra. Application 
of a Modified Random-Element-Isodisplacement Model to Long-Wavelength Optic Phonons of Mixed Crystals Phys Rev 
1968 172 3 924-933 Figures 2 and 3.



Technical Reports

55No.58  May  2024

computing and sensors, especially for biomedical applica-
tion, while photonics provides data links, electronics 
control readout and digital signal processing. Because 
photons do not interact with each other, they transmit 
information with fidelity, but electrons do interact and can 
therefore be used for switching and computing. On the 
other hand, silicon photonics carrier waves are in the 
100’s of THz range whereas silicon electronics are in a 
range less than THz. Hurdles to be overcome include: 
Hurdles to be overcome include: 

•  identifying an appropriate laser source. If it will be 
something like InAsP, it has to be incorporated on the 
chip, and possibly designed as a comb for multiwave-
length output

•  designing the I/O for the photonics and incorporating 
them on the chip.

•  designing high confinement waveguides for modulation, 
integrating Wavelength Division Multiplexer (WDM) 
(for disentangling parallel transmission of multiple sig-
nals over different wavelengths) and incorporating focal 
plane array detector systems in order to detect simulta-
neously the various channels.

• Incorporating Si/Ge avalanche photodiodes (APD’s).

• integrating a variety of dissimilar materials.

Raman microscopy can assist in analyzing materials in all 
of the above. In addition to the excellent review of the 
engineering challenges described in reference [21] there 
are some developments that are worthy of note.

In 2004 it was reported that full optical control of light on 
a silicon chip was achieved by using an “all-optical gate 
based on a silicon micrometer-size planar ring resonator” 
operator with low pump-pulse energies[22]. A continuous 
wave laser was produced on silicon in 2005[23] by launch-
ing a pump laser into a low-loss silicon-on-insulator rib 
waveguide by using a p-i-n structure on either side of the 
waveguide to reduce the two-photon absorption losses 
due to free carriers. The origin of the lasing was the stim-
ulated Raman signal of the silicon of the waveguide. Note 
that this design requires a pump laser so the requirement 
for non-silicon materials is not eliminated.

Another innovation of note is inclusion of a Mode 
Division Multiplexer (MDM) in addition to the WDM; 
the MDM independently separates spatial modes of each 
wavelength and ultimately provides a multiplicative effect 
on the bandwidth of the optical link. Chip to chip 
transmission was demonstrated between separate silicon 

chips[24]. For sure there are, and will continue to emerge, 
new technologies that will further enable integrated elec-
tronics/photonics.

Next Generation Semiconductor Devices; 
Analysis by Raman Microscopy

The potential of Raman microscopy to the analysis and 
characterization of the next generation of semiconductor 
devices requires an understanding of what type of infor-
mation Raman spectroscopy can provide. This required 
an extensive review of the contributions of Raman spec-
troscopy to the analysis of classical semiconductors and 
which appeared earlier in this document.

One of the most important areas for the future of semi-
conductor devices is the use of high bandgap semiconduc-
tors for high power applications such as for electrical 
vehicles. This would include SiC, GaN or AlN, and 
Ga2O3. The last one is surprising because until now oxides 
have been considered insulators but the ability to fabricate 
field effect transistors has been demonstrated[25]. Polarized 
Raman spectra from single crystals of Ga2O3 have been 
recorded so it can be assumed that Raman is available for 
analysis of this material as well[26].

As was stated earlier in this document, work on thin layer 
metal dichalcogenides is active because of the potential to 
tune their properties which will provide new capabilities 
in devices (20). And the article cited above shows a clear 
path between Raman analysis and electronic properties.

In considering the production of nano-sized electronic 
devices, we should mention the potential of optical meta-
surface engineering for large scale production of devices 
with sub 50 nm scale in silicon foundaries. This is cur-
rently not a reality but is certainly being pursued (reference 
21).

One last area to be mentioned is the re-engineering of 
packaging to accommodate the coming requirements for 
performance, power (heat dissipation), and cost[27]. The 
trend is seen to be moving from polymeric materials to 
inorganic materials such as silicon and ceramics in addi-
tion to metals for the interconnects. Note that the Raman 
spectra of ceramics[28] are strong and quite diagnostic of 
crystallographic phase (which determines the properties 
of the materials) making Raman an appropriate analysis 
method.
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Conclusion

Raman analysis of semiconductors goes back at least to 
the late 1960’s, about the time that lasers first became 
available as excitation sources. The wealth of information 
and effects documented over the years provide fertile 
ground for the use of Raman microscopy in the design, 
characterization, and analysis of next generation devices. 
The phenomena that are amenable to detection by Raman 
microscopy are well known so it will be straightforward 
to know how the technology can aid in the characteriza-
tion of devices under development - whether that means 
measuring strain produced by the materials used or the 
local geometry of the device, or measuring composition 
of alloyed materials (SiGe or III-V semiconductors), or 
measuring the effects of free carriers which determine 
device performance. While proof of concept for these 
innovations is ongoing both in industry and academia, 
national efforts such as the Chip Act in the United States 
indicates the high level of awareness for the need for 
investment.

*  Editorial note: This content is based on HORIBA’s 
investigation at the year of issue unless otherwise stated.
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