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The continuing evolution of 
Semiconductor technologies 
has enabled the development 
of the digital society. Keys to 
further developments in faster 
information processing and 
increased calculation capacity 
include next generation 3D 
packaging technologies and the 
integration of 2D materials in 
integrated circuits. In this issue of 
the Readout, we will introduce you 
to the topics of the 2023 Masao 
Horiba Awards whose theme 
was "Analysis and measurement 
technologies that contribute to 
the development of the next 
generation of semiconductor 
devices"  and to  HORIBA's 
technologies and activities around 
semiconductor materials and 
process analysis.

On a beautiful sunny spring day, 
I visited a park in the mountains 
famous for its cherry blossoms. 
I could feel spring as Koinobori 
in the sky were swimming 
energetically in the wind and 
cherry blossom petals were 
floating on the river surface.
-Photographer MATSUI Hideo-
(Member of Nikakai Association 
of Photographers)

Name of this Journal

This Journal is named “ ”  
in the hope that “ the products 
and technology we have created 
and developed will be read out 
and so become widely known”.
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Analytical Instruments in
Semiconductor Development

In 1959 Jack Kilby of Texas Instruments and Robert Noyce of Fairchild developed 
and patented the basic concept and manufacturing technology of the integrated circuit. 
Soon after this, in the early 60’s, computers were being constructed with what we 
would consider this very basic technology.  The remarkable part of this semiconductor-
based device was the scalability of silicon with a simple planar structure. Currently 
with billions of transistors on a single die, a basic smartphone processor has far more 
power than a Cray Supercomputer of the late 70’s.  This revolution in materials and 
design has fundamentally changed the world and ushered in the age of information.  
One could compare how early electrification opened a new world of possibilities in a 
similar way to what is happening today. With the common use of the internet, 
smartphones and cloud computing, we are quickly entering the age of ubiquitous 
computing and our lives and world are defined by it. This now has enabled the 4th 
industrial revolution and with the advent of artificial intelligence (AI), it is easy to see 
how the world as we know it is completely dependent and defined by the 
computational capability of integrated circuits (IC’s).

The Semiconductor market has become a key strategic business for HORIBA.  
HORIBA is the leading company for the components of Fluid delivery to the Dry 
process chamber and Chemical Concentration monitoring in Wet processes with some 
products in metrology for reticle inspection. The Scientific segment has concentrated 
on high-end analytical benchtop equipment, thin film ellipsometry, and the original 
equipment manufacturer (OEM) end-point market with good results. One important 
aspect of the Semiconductor market is that it is constantly evolving.  The planar 
structure is no longer the basis of the most sophisticated IC’s such as 3D NAND flash 
memory and FinFet three dimensional (3D) transistors used in CMOS logic. These 
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Node shrink*1

2D materials*2

2D transistors*3

:  

:

: 

Refers to the reduction in distance between the Source and Gate in a transistor. 
The source provides electrons, while the drain collects them. 
A new family of materials characterized by a one-monolayer thickness (the size of one atom), 
such as Carbon Graphene.
Transistors composed of two-dimensional materials, offering efficient electron transfer and high flexibility.

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

devices require new materials and manufacturing techniques that are reshaping the 
demands of the Semiconductor industry. 

New technologies are needed as node shrink*1 comes to an end point with existing 
planar structures, in other words, one is no longer able to manufacture a semiconductor 
chip with reliable performance utilizing the techniques of the past. Moore’s law stated 
that the number of transistors on an IC will double every two years, and this was 
possible for many years but completely new approaches such as the FinFet 3D 
transistor and advanced packaging are required to keep Moore’s law relevant.  One of 
the key parameters for any semiconductor design is the bandgap which basically 
defines the parameters which causes a device transistor to turn on or off and as well as 
the transistor gate leakage. As transistors get smaller and smaller, using materials that 
provide the correct electron mobility and insulating properties for the gate no longer 
work correctly in a planar architecture. The gate area becomes so small that the 
transistor will not function. One way to continue to shrink the gate 2D area is to build a 
3D structure that provides a larger volume for the gate. This approach is beginning to 
reach its limit and a new structure called Gate All Around (GAA) will be required 
which brings with it many new processes and materials. Eventually a GAA transistor 
will reach its limits and new materials called 2D materials*2 will allow transistors to be 
stacked on top of each other allowing for a big improvement in transistor density. 
While GAA is being implemented in Semiconductor Fab’s now, 2D transistors*3 are at 
least 5 to 10 years away from mass production. This means that Moore’s law is still 
relevant and has a device roadmap even though the transistor count scaling per year 
has slowed down from the previous doubling rate.

To achieve the process results required, the OEM’s and integrated device 
manufacturers (IDM’s) need new measurement techniques that will feed into 
sophisticated machine learning control systems for advanced process control.  As new 
materials are developed for advanced processes these materials need precise 
characterization of their stability and purity for the process environment. From the 
point of view of a process or equipment engineer, every subsystem on the tool must 
work at such a high-level of precision that they cannot leave any factor uncontrolled or 
not understood. What this means for HORIBA is there are many areas where we can 
contribute to our customers’ success by integrating the Semiconductor and the 
Scientific segments approach to the market. Our vision is to develop a new way of 
understanding and executing in the Semiconductor market starting with the materials 
point of view all the way to process in a so called “Lab to Fab” approach.

The challenges that the semiconductor industry is facing can be addressed with 
HORIBA’s analytical tools and will be used to determine the key measurement 
techniques that will be needed to measure and control complex device structures. While 
thin film, wafer inspection and metrology solutions are evolving to keep up with new 
device dimensions and applications, the new challenge is taking on the increasingly 3D 
nature of structures as well as 2D materials. To meet the needs of these new materials and 
devices analytical technologies based on optical, X-ray, electron beam and scanning 
Atomic Force Microscopy (AFMs) techniques will be required.
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About Masao Horiba Awards
The Masao Horiba Award is an encouragement and recognition given to researchers 
and engineers who are making remarkable achievements in the field of science and 
technology related to analysis, measurement, and their applications at universities or 
public research institutions both domestically and internationally.

Eligible fields
Analytical and measurement technologies that contribute to the realization of next-generation semiconductor devices.

Comments

Congratulations to the winners of the Masao Horiba Awards. As the Chairman of the Screening Committee, I would 
like to report the selection process. We received a total of 33 applications for this year's Masao Horiba Awards, 18 
from Japan and 15 from abroad. We received many excellent applications from top ranked universities, and I believe 
that this shows the high level of interest in the Masao Horiba Awards from academia around the world. Seven screen-
ing committee members, including myself, scored all the applications according to the review procedure. The four 
main evaluation points were academic, novelty, originality, contribution to the research and development of next-gen-
eration semiconductor devices, the establishment of production processes, the applicant's future potential, and the in-
terdisciplinary and overarching perspective of the submitted research. In addition, since this award focuses on analyti-
cal and measuring technologies, contribution to the creation of new analytical and measuring technologies was also 
an important point. After reviewing the papers, the screening committee held a face-to-face meeting and selected the 
three winners through a rigorous process. Moreover, two honorable mentions were given this year for outstanding re-
search in the field of semiconductors and for applications that have great potential for future development in the field 
of analysis and measurement technology. The winners' research, ranging from excellent analysis and measurement 
technology to pioneering work guiding the future of basic research with AI, were selected for their promising potential 
in the field of semiconductors. Although unintended, the affiliations of the three winners spread across three geograph-
ical regions—Asia, Europe, and the United States. Serving as the Chairman of the screening committee allowed me to 
personally appreciate the significance of this international award, which has gained a history and tradition of 19 times. 
I would like to conclude this brief report by wishing all the award winners continued success in their future endeavors.

Screening Committee

Chairperson

Judges

: 

: 

SOMEYA Takao

Yung-Fu CHEN
FUJIMURA Norifumi

KOBAYASHI Masahiro
MASAHARA Meishoku

TANAKA Satoru
Fran ADAR

Professor, Department of Electrical and Electronic Engineering School of Engineering 

The University of Tokyo

Professor, Department of Electrophysics National Yang Ming Chiao Tung University (NYCU), Taiwan

Professor, Physics and Electronics Physics of novel device group Graduate School of Engineering 

Osaka Metropolitan University

Senior Fellow, Chief Engineer R&D Unit, Sumitomo Electric Industries, Ltd.

Deputy Director, Device Technology Research Institute

National Institute of Advanced Industrial Science and Technology

Manager, Analytical Technology Division HORIBA Techno Service Co., Ltd.

Principal Raman Applications Scientist Semi/Scientific Applications HORIBA Instruments Incorporated

2023 Masao Horiba Awards  Award Details

2023 Masao Horiba Awards Screening Committee Chairperson 
SOMEYA Takao

Professor, 
Department of Electrical and Electronic Engineering, 

School of Engineering, 
The University of Tokyo
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Masao Horiba Awards Winners

Honorable Mention Winner

　

Dr. ISHII Ryota
Assistant Professor
Department of Electronic Science and Engineering, Kyoto University
[Research Theme]
Exploring spatially and temporally resolved deep-ultraviolet spectroscopy toward under-
standing and controlling optoelectronic properties of ultrawide bandgap semiconductors

Dr. Naresh KUMAR
Senior Scientist
Department of Chemistry and Applied Biosciences, ETH Zurich
[Research Theme]
Nanoscale Chemical Characterization of Novel Semiconductor Materials using Tip-Enhanced 
Optical Spectroscopy

Dr. Ang-Yu LU
PhD Student
Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology
[Research Theme]
Unraveling the Correlation between Raman and Photoluminescence in Monolayer MoS2 
Machine Learning Models through Optical Spectroscopy

Dr. TAKENAKA Mitsuru
Professor
School of Engineering, Department of Electrical Engineering and Information Systems
The University of Tokyo
[Research Theme]
Electro-photonic Integrated Deep Learning Processor using Si Photonic Integrated Circuits

Dr. KUSHIMOTO Maki
Associate Professor/ Lecturer
Graduate School of Engineering, Nagoya University
[Research Theme]
Development of a compact deep-ultraviolet laser source for precision microstructure measurement

* Editorial note: This content in based on HORIBA’s investigation at the time of the award unless otherwise stated.

Award ceremony　Photo taken at Symposium Hall, International Science Innovation 
Building, Kyoto University, on October 17, 2023.

2023 Masao Horiba Awards  Award Details
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Exploring Optoelectronic Properties of Ultrawide Bandgap 
Semiconductors and Deep-Ultraviolet Spectroscopy

ISHII Ryota
Ultrawide bandgap (UWBG) semiconductors have attracted much attention for 

deep-ultraviolet (DUV) photonics and high-power electronics. However, the 

physical understanding is in infancy, preventing the potential capacities of UWBG 

semiconductors to be drawn out. The electronic and optical properties should be 

fully elucidated using such as DUV spectroscopy. However, one problem stands 

that DUV spectroscopy itself is immature. Therefore, we have been exploring 

both DUV spectroscopy and optoelectronic properties of UWBG semiconductors. 

Herein, we introduce the development of a deep-ultraviolet scanning near-field 

optical microscope operating at world’s shortest wavelength, and discovery of 

feasible p-type electric conductivity control by Mg doping in AlN using deep-

ultraviolet spectroscopy.

Introduction

 Figure 1 shows the relationship between the lattice con-
stant and bandgap (energy gap) in various semiconduc-
tors. In the early days of semiconductor research, 
materials with a small bandgap, such as Ge, Si, and GaAs, 
were main research targets. Today, thanks to the basic 
research on these materials, semiconductor industries 
have grown into a huge market, and semiconductor elec-
tronics has become an indispensable part of our modern 
society. From around 1970s, basic research on so-called 
“wide bandgap semiconductors”, such as SiC and GaN, 
began. Owing to the tireless efforts by researchers and 
engineers, low-loss/high-voltage power devices and 
high-efficiency white LEDs have been realized. These 
applications utilizing wide bandgap semiconductors sup-
port today’s and future energy-saving societies.

Currently, semiconducting materials with even wider 
bandgap, “ultrawide bandgap (UWBG) semiconductors” 
are attracting much attention as next-generation materials. 

Figure 1    Lattice constant vs energy gap.
(Deep-ultraviolet (DUV) ray: 200~300 nm).

Feature Article
 

Exploring Optoelectronic Properties of Ultrawide Bandgap Semiconductors and Deep-
Ultraviolet SpectroscopyFeature Article Masao Horiba Awards 
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As shown in Figure 1, from the viewpoint of optical 
devices, deep-ultraviolet (DUV) light-emitting devices 
can be fabricated using UWBG semiconductors. From the 
viewpoint of electronic devices, ultrahigh voltage power 
devices can be realized. Notably, DUV light-emitting 
devices are capable of inactivating influenza- and corona-
viruses, and purifying water (900 million people on earth 
cannot drink clean water). Therefore, DUV light-emitting 
devices using UWBG semiconductors are expected to 
dramatically improve the world’s sanitary environment.

However, the external quantum efficiency of DUV LEDs 
using UWBG semiconductors is currently low (Figure 2). 
The reasons should originate from such as the immaturity 
of the bulk crystal growth, epitaxial growth, and device 
processing technologies. In addition, our group focuses 
on the lack of the understanding of the optoelectronic 
properties of UWBG semiconductors such as aluminum 
nitride (AlN) and diamond.

To draw out the potential capacities of UWBG semicon-
ductors, the electronic and optical properties should be fully 
elucidated using such as DUV spectroscopy. However, one 
problem arises that DUV spectroscopy itself is immature[1]. 
Therefore, we have been studying DUV spectroscopy and 
optoelectronic properties of UWBG semiconductors. These 
include the development of a DUV scanning near-field 
optical microscope (SNOM)[2], intrinsic exciton physics[3] 
and donor/acceptor impurity physics in AlN[4], recombina-
tion processes in AlGaN DUV LEDs[5], and isotopic effects 
on excitons in diamond[6]. In this manuscript, we will intro-
duce some of our recent works[2,4]. 

Development of a deep-ultraviolet scanning 
near-field optical microscope (DUV SNOM)

Classical optics tells that the lateral resolution R is 
determined by R=k1 (λ ⁄ NA), where k1 is the experimental 
factor, λ is the optical wavelength, and NA is the 

numerical aperture[7]. Therefore, the lateral resolution of 
lithography has been enhanced by shortening the wave-
length of light sources. The immersion argon-fluoride 
technique (λ=193 nm) has achieved R as small as 40 nm[8]. 
On the other hand, the lateral resolution of DUV lumines-
cence (fluorescence) spectroscopy is limited at R>300 
nm[9]. This relatively large value stems from the fact that 
luminescence spectroscopy requires wider spectral band-
widths. In the DUV spectral region, it is very difficult to 
design an objective lens with a high NA and broadband 
chromatic-aberration correction[1].

One approach to resolve the issue is luminescence spec-
troscopy using a SNOM which can overcome the diffrac-
tion limit of light[10,11]. Table 1 summarizes the 
development history of DUV SNOM in literature. The 
previous DUV SNOM cannot investigate luminescence 
signals below λ=240 nm due to the constraints. Therefore, 
we developed a DUV SNOM with an excitation wave-
length of 210 nm to overcome the problem. Because of the 
immaturity of DUV spectroscopy, we designed and built 
a DUV SNOM from scratch: excitation optical system, 
objective optical system, scanning probe system, illumi-
nation optical system, imaging optical system, and detec-
tion optical system. 

We used a fourth harmonic generation of a continuous-
wave (CW) Ti:sapphire laser as an excitation source. The 
wavelength was adjusted to 210 nm. Unlike pulsed lasers, 
CW lasers realized luminescence measurements with a 
high signal-to-noise ratio. A serious problem in DUV 
spectroscopy was the temporal deterioration of transmission 
and reflection optics, which caused the power and point-
ing instability of the excitation beam. To solve the issue, 
we constructed a power and pointing stabilizing optical 
systems composed of two negative-feedback control.

The objective optical system consisted of a custom 
dichroic mirror and a reflective objective. The reflective 

Figure 2    Current status of ultraviolet and visible LEDs.

Table 1    Development history of DUV SNOM (l: illumination, C: collection,
PL:photoluminescence,EL: electroluminescence)

Feature Article Masao Horiba Awards 
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objective did not introduce chromatic aberrations which 
were ones of the most serial problems in DUV spectros-
copy. Compared to a conventional SNOM used in the vis-
ible and near-infrared spectral regions, we used a short (3 
mm) double-tapered[12] optical fiber probe to ensure a 
high-throughput transmission of DUV light. The distance 
between the optical fiber probe and the sample surface 
was controlled by the shear-force method[13].

The illumination optical system consisted of an incandes-
cent lamp and a liquid light guide with a large core diam-
eter. The beam was collimated by a visible achromatic 
lens and focused onto an optical fiber probe by a reflective 
objective. Thanks to the liquid light guide, the image of 
the optical fiber probe was clearly projected despite the 
critical illumination optical design.

A DUV imaging lens with a focal length of 105 mm was 
used in an imaging optical system. The magnification 
ratio of the imaging optical system was 5.4. The optical 
fiber probe and sample were imaged by a charged-coupled 
device camera with UV sensitivity.

The detection optical system consisted of a custom long 
pass filter and an apochromatic lens with a focal length of 
50 mm. The chromatic aberration of this refractive lens 
was corrected from the DUV to the near-infrared spectral 
region. The luminescence signals were focused onto the 
entrance slit of a monochromator, dispersed by a grating, 
and then electrically detected by a liquid-nitrogen cooled 
charge coupled device. The whole experimental setup is 
detailed elsewhere[2].

 Figure 3(a) shows the spectrally integrated photolumines-
cence (PL) intensity mapping images of an Al0.8Ga0.2N/AlN 
single quantum well structure taken by our DUV SNOM. The 
strong emission inhomogeneity was observed, which was 
consistent with the previous cathodoluminescence study[14]. 

The estimated lateral resolution from Figure 3(a) was better 
than 150 nm. Figure 3(b) shows the SNOM-PL spectra of 
the same sample at room temperature, demonstrating that 
our DUV-SNOM can detect luminescence signals below  
λ=240 nm with an excitation wavelength of 210 nm. In con-
clusion, we developed a DUV SNOM for luminescence 
spectroscopy which can operate at the shortest wavelength in 
the world.

P-type electric conductivity control of AlN

Bipolar (n- and p-type) electric conductivity control is at 
the heart of semiconductor technologies and has been a 
major challenge in UWBG semiconductors because of the 
very high donor and/or acceptor binding energies. In the 
case of AlN, the p-type electric conductivity control by 
Mg doping is believed to be unfeasible. We casted a doubt 
on the consensus and experimentally and theoretically 
revisited the substitutional Mg acceptor binding energy of 
AlN by means of DUV spectroscopy[4]. 

Bound exciton PL spectroscopy was conducted using a 
pulsed ArF excimer laser with an excitation wavelength 
of 193 nm. The PL signals were dispersed by a 50-cm 
monochromator and detected by a liquid-nitrogen-cooled 
charge-coupled device. The spectral resolution was better 
than 0.7 meV.

 Figure 4 shows the PL spectra of unintentionally doped 
(UID), Si-doped (Si#1), and Mg-doped (Mg#1, Mg#2, and 
Mg#3) AlN samples at 11 K. The 6.0262 eV (denoted as 
Γ5) and 6.039 eV (denoted as Γ1

L) peaks were assigned to 
free exciton (intrinsic) emissions, as can be understood 
from the fact that nearly the same emissions are observed 
irrespective to Si and Mg doping. On the contrary, the 
6.0110 eV peak (denoted as Si0X) is strongly observed for 
Si-doped AlN, indicating that the origin is extrinsic 
(assigned to a neutral Si donor bound exciton). We herein 

Figure 3   (a) Spectrally integrated PL intensity mapping images (2 μm × 2 μm) of an Al0.8Ga0.2N/AlN single quantum well 
structure. The red bar denotes 200 nm. (b) The SNOM-PL spectra at room temperature. The color of spectra 
corresponds to the positions in Figure 3(a).

Feature Article
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assigned the 6.0030 eV to a neutral Mg acceptor bound 
exciton transition (denoted as Mg0X). The energy differ-
ence between the neutral Mg acceptor bound exciton 
transition and the lowest free exciton transition (Γ5) was 
23.2 meV. Using a well-known empirical rule called 
Haynes’ rule, we tentatively estimated the Mg acceptor 
binding energy of AlN to 258-390 meV.

We also performed the impurity-related transition lumi-
nescence spectroscopy and acceptor-binding-energy 
calculation using variational methods. The detail is writ-
ten elsewhere[4]. Our three independent approaches esti-
mated the substitutional Mg acceptor binding energy of 
AlN to be 330±80 meV which was substantially smaller 
than the commonly accepted value of at least 500 meV.
 
 Figure 5 summarizes the relation between the room-tem-
perature bandgap and substitutional donor/acceptor binding 
energies of wide and ultrawide bandgap semiconductors. 
Because the high p-type electric conductivity has been 
achieved in diamond by boron doping whose acceptor 
binding energy is 370 meV, our estimated Mg acceptor 
binding energy of AlN suggested that the p-type electric 
conductivity control by Mg doping is feasible in AlN. 

Conclusion

We briefly introduced two of our recent works, the devel-
opment of a DUV SNOM operating at world’s shortest 
wavelength, and discovery of feasible p-type electric con-
ductivity control by Mg doping in AlN using DUV lumi-
nescence spectroscopy. We will continue to explore the 
optoelectronic properties of UWBG semiconductors and 
DUV spectroscopy to make our future better. 

Figure 4    PL spectra of UID, Si-doped, and Mg-doped AlN samples
                 at 11 K.

Figure 5    Relation between the room-temperature bandgap and 
substitutional donor/acceptor binding energies of select 
wide and ultrawide bandgap semiconductors.
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Nanoscale Chemical Characterization of Novel Semiconductor 
Materials using Tip-Enhanced Optical Spectroscopy

Naresh KUMAR
Advancement of next-generation optoelectronic devices and organic photovoltaic 

(OPV) technologies is underpinned by the development of innovative nanoana-

lytical tools. In this article, I discuss how our research tackles this challenge by 

focusing on nanoscale characterization of cutting-edge semiconductor materials 

including two-dimensional (2D) transition metal dichalcogenides (TMDs) and 

OPV devices with a unique combination of tip-enhanced optical spectroscopy 

(TEOS) and electrical-mode atomic force microscopy (AFM). For nanoanalysis of  

2D TMDs, we successfully applied TEOS to visualize the distribution of exciton 

and trion quasiparticles in semiconductors like single-layer (1L) MoS2, achieving 

20 nm-resolution for the first time. Furthermore, by combining TEOS with Kelvin 

probe force microscopy, we delved into the behavior of grain boundaries in 1L 

WSe2, uncovering how their orientation impacts electronic and excitonic proper-

ties. For nanoanalysis of OPV devices, we introduced a novel method called 

simultaneous topographical, electrical, and optical microscopy (STEOM) by com-

bining TEOS with photoconductive-AFM. This allowed us to simultaneously study 

the surface topography, chemical composition, and electrical properties with 

sub-20 nm spatial resolution. By applying STEOM to an operating OPV device, 

we demonstrated direct correlations between surface morphology, nanoscale 

molecular distribution, and macroscopic device performance. The novel results  

presented in this article expand the capabilities of optical nanospectroscopy and 

nanoimaging, shedding light on excitonic processes, material heterogeneity, and 

device behavior, offering insights crucial for the development of next-gen semi-

conductor devices. We believe our research in nanoanalytical technologies will 

facilitate rapid advancements in this field.

Feature Article Masao Horiba Awards Feature Article Masao Horiba Awards 
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Introduction

The field of semiconductor devices is rapidly advancing, 
driven by the demand for high-performance optoelec-
tronic technologies. Two-dimensional (2D) transition 
metal dichalcogenides (TMDs) and organic photovoltaic 
(OPV) devices are at the forefront of this revolution. 2D 
TMD semiconductor materials are composed of a single 
layer of transition metal atoms (Mo, W, Ga) sandwiched 
between two chalcogenide atoms (S, Se, Te). They possess 
unique physical properties, including high electron mobil-
ity, large exciton binding energy, and substantial spin-
orbit splitting energy. These characteristics make them 
highly promising candidates for applications in novel 
optoelectronic devices. Our research specifically focuses 
on two important members of the 2D TMD family: Single 
layer (1L) MoS2 and 1L WSe2. The exceptional electronic 
and optical properties of 1L MoS2 have generated enor-
mous interest for use in 2D optoelectronics, such as pho-
todetectors, solar cells, and light-emitting devices[1]. 
Unlike graphene, which is a zero band-gap material, MoS2 
exhibits a transition from an indirect band structure in 
bulk form to a direct band in its 1L structure. This transi-
tion results in strong photoluminescence (PL) through 
excitonic processes. However, the PL process  is strongly 
influenced by various factors, including the local environ-
ment, substrate, capping layers, adsorbed molecules, and 
defects. These factors create non-uniformity within and 
on the surface of 1L MoS2, leading to inhomogeneous 
charge transfer and significant impact on the local population 
of exciton (exciton) and trion (charged exciton) quasiparti-
cles. To investigate and map these excitonic processes at the 
nanoscale, we utilized a powerful nanoanalytical tool 

called tip-enhanced optical spectroscopy (TEOS) that 
surpasses the limitations of the conventional optical 
techniques.

Similarly, 1L WSe2 has attracted significant attention in 
recent years due to its outstanding optoelectronic proper-
ties, positioning it as a promising candidate for various 
applications, including ultrafast photodetectors, spintron-
ics, light harvesting, light-emitting diodes, and quantum 
light sources[2]. However, the 1L WSe2 sheets prepared 
using chemical vapor deposition are usually polycrystal-
line in which electronic and excitonic properties are criti-
cally influenced by grain boundaries (GBs). Moreover, 
visualization of the optoelectronic behavior of GBs in the 
TMDs at nanometer length-scales remains beyond the 
sensitivity and spatial resolution of the conventional ana-
lytical techniques.

Over the last two decades, TEOS, specifically tip-
enhanced Raman (TER) and tip-enhanced photolumines-
cence (TEPL) spectroscopies, have emerged as powerful 
nanoanalytical tools[3-5]. These techniques overcome the 
limitations of low sensitivity and spatial resolution of 
conventional optical analytical tools. By utilizing local-
ized surface plasmon resonance (LSPR) at the apex of a 
metallic tip, TEOS enhances and confines the electric 
field to a nanoscopic volume as illustrated in Figure 1. 
This enhancement enables the observation of excitonic 
and phononic processes at the nanoscale through intensi-
fied local PL and Raman signals. In our first study of 2D 
TMDs, we employed hyperspectral TEPL imaging to map 
excitonic processes, including excitons and trions in 1L 
MoS2

[6]. We achieved an unprecedented spatial resolution 

Figure 1    Principle of tip-enhanced optical spectroscopy. (a) A metallic atomic force microscopy (AFM) or scanning tunneling microscopy 
(STM) tip is placed in the excitation laser spot of an optical microscope. A highly intense electric field localized to a nanoscopic 
volume (also called near-field) is generated at the tip-apex via LSPR effect, which enhances Raman and PL signals from the 
sample underneath. By scanning the sample with the near-field, nanoscale Raman and PL images are generated. (b) Scanning 
electron microscopy image of a representative silver coated AFM TERS probe. (c) Simulated image of the electric field 
enhancement and localization at the apex of a silver tip. Excitation laser: 532 nm. Figure adapted from reference [8].
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of 20 nm, surpassing the confocal optical resolution by a 
factor of 18. In our second study, we went a step further 
and demonstrated in situ multiparameter investigation of 
the optoelectronic behavior of GBs in 1L WSe2 with 50 
nm resolution using an innovative combination of 
light-sensitive Kelvin probe force microscopy (KPFM) 
and TEOS[7].

In addition to 2D TMDs, our research also addresses the 
nanoscale characterization of OPV devices. OPV devices 
have experienced a significant increase in efficiency in 
recent years, driven by a growing recognition of the cru-
cial role played by the nanomorphology of the active layer 
in determining device performance[9]. An OPV device 
comprises two electrodes enclosing an active layer, which 
is a blend of organic semiconductor materials such as a 
conjugated polymer (Donor) and a fullerene derivative 
(Acceptor). Light absorption generates bound excitons 
that must be dissociated at the Donor-Acceptor hetero-
junction for efficient charge generation. However, the lim-
ited exciton diffusion length in organic semiconductors 
necessitates optimizing the domain structure within the 
Donor-Acceptor blend films. This optimization entails 
achieving efficient charge generation (via exciton dissocia-
tion) by controlling the domain structure while ensuring 
well-connected pathways for charge collection. Coarse 
phase-separated morphologies (>100 nm) in Donor-Acceptor 
blends yield low device efficiency due to inadequate charge 
generation. On the other hand, excessive intimate phase 
mixing hampers device performance due to inefficient charge 
collection.

Previous studies have utilized surface imaging techniques 
like AFM to correlate solar cell performance with the 
apparent size of observed phase-separated domains. 
However, the rationale behind relating domain size to 
device performance lacks consistency and is poorly 
understood due to the lack of correlative molecular infor-
mation. Furthermore, conventional optical techniques are 
limited in their sensitivity and spatial resolution, making 
it challenging to achieve nanoscale characterization. To 
address these challenges, we introduced a novel method-
ology called “simultaneous topographical, electrical, and 
optical microscopy” (STEOM), which combines TEOS 
with photoconductive- AFM (PC-AFM) enabling simulta-
neous characterization of the topographical, electrical, and 
optical properties of OPV devices at the nanoscale[10]. This 
innovative approach provides rich correlative information, 
enabling a comprehensive understanding of the intricate 
interplay between the local nanomorphology, chemical 
composition, and photocurrent generation.

Results and Discussion

  Nanoscale Characterization of 2D TMDs
In our first study of 2D TMDs, we applied hyperspectral 
TEPL and TERS imaging techniques to investigate 1L MoS2 
(Figure 2(a)) at the nanoscale for the first time[6]. In 1L MoS2, 
light absorption generates exciton and trion quasiparticles, 
which are schematically depicted in Figure 2(b). The relative 
population and energy of the excitons and trions can be mea-
sured from the optical spectrum of 1L MoS2, which is 
depicted in Figure 2(c). The optical spectrum also shows 
Raman bands, which provide fingerprint information about 
the vibrational modes. We first examined the effect of silver- 
and gold-coated AFM probes on the local excitonic pro-
cesses and electronic population in 1L MoS2. The silver-
coated probes exhibited enhanced trion signals in TEPL 
measurements, while the gold-coated probes displayed 
enhanced neutral exciton signals. These disparate behav-
iors resulted from the lower work function of silver (4.3 
eV) and the higher work function of gold (5.1 eV) com-
pared to 1L MoS2 (4.7 eV). 

Using hyperspectral TEOS imaging, we demonstrated 
combined nanoscale Raman and PL imaging of a 1L MoS2 
sheet for the first time as shown in Figures 2(d) and (e). 
Furthermore, hyperspectral TEPL imaging allowed visu-
alization of the spatial distribution of neutral excitons and 
trions in the 1L MoS2 sheet. Intriguingly, excitons and 
trions exhibited distinct spatial characteristics at the 
nanoscale. While trions appeared uniformly distributed 
across the pristine 1L MoS2 sheet (Figure 2(f)) excitons 
displayed significant spatial variations (Figure 2(g)). 
These results suggest that local environmental factors, 
including the substrate, adsorbates, and structural defects, 
contribute to non-uniform variations in exciton and trion 
populations in 1L MoS2 that can potentially impact the 
performance of excitonic devices such as excitonic inter-
connects. Furthermore, we achieved an unprecedented 
spatial resolution of 20 nm in TEPL imaging, highlighting 
the capability of this powerful nanoanalytical tool to pro-
vide valuable insights into local changes in the distribu-
tion of excitons and trions within 1L MoS2.

In our second study, we joined forces with Dr. Ophélie 
Lancry and Dr. Marc Chaigneau of Horiba Scientific, 
France to advance the current state-of-the-art in nanoscale 
characterization of 2D TMDs. We examined the in-situ 
light-sensitive electronic and excitonic behavior of GBs in 
merged 1L WSe2 sheets with a unique combination of 
TEOS and KPFM using the experimental setup depicted 
in Figure 3(a)[7]. An optical image of the 1L WSe2 sheets 
grown using chemical vapor deposition (CVD) is shown 
in Figure 3(b). Using in-situ TEOS and KPFM imaging, 
we were able to obtain correlative TEPL, topography, sur-
face potential and capacitance images of the same 1L 
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WSe2 sample as shown in Figures 3(c-f), respectively. A 
zoomed-in TEPL image of the 1L WSe2 sample is shown 
in Figure 3(g). Through correlative topographical, TEPL 
and electrical imaging with 50 nm spatial resolution, we 
discovered that the optoelectronic behavior of GBs in 1L 
WSe2 is governed by the orientation of the merged sheets. 
GBs exhibiting tilt angles of 14°, 18°, 38°, 40°, and 60° 
demonstrated different electronic and excitonic behaviors 
at the nanoscale. Specifically, the 14°, 38°, and 40° GBs 
exhibited a comparatively higher work function, lower 
capacitance, and greater PL quenching than the 18° and 
60° GBs. To comprehend this intriguing behavior, density 
functional theory (DFT) calculations of the GBs’ band 
structure and density of states were performed. The DFT 
calculations revealed that the 14°, 38°, and 40° GBs 
encompassed a larger number of midgap states between 
the valence and conduction bands (Figure 3(h)) compared 
to the 18° and 60° GBs (Figure 3(i)). These midgap states 
facilitate non-radiative recombination of excitons, leading to 

PL quenching, and the entrapment of charges, resulting in a 
relatively higher work function in the 14°, 38°, and 40° GBs.

Figure 2    Nanoscale imaging of excitonic processes in 1L MoS2. (a) Schematic illustration of a 1L MoS2 sheet, which consists of 
a layer of Mo atoms sandwiched between two layers of S atoms. (b) Schematic illustration of the exciton and trion for-
mation in 1L MoS2. Exciton formation occurs when photon absorption generates an electron-hole pair in the conduc-
tion and valence bands of 1L MoS2. Trion formation occurs when photon absorption generates a quasiparticle where 
two electrons in the conduction band are bound to one hole in the valence band. Trions are also called charged exci-
tons and have lower energy than excitons. (c) Optical spectrum of 1L MoS2 displaying Raman and PL bands. Raman 
bands provide fingerprint information about the vibrational modes, whereas PL bands provide information about the 
relative population and energy of excitons and trions in 1L MoS2. (d) AFM topography image of a 1L MoS2 sheet on 
glass substrate prepared via mechanical exfoliation. (e) Overlay of the TERS (red) and TEPL (green) images of the 1L 
Mos2 region shown in Panel d. A strong PL signal is observed at the location of 1L MoS2. TEPL images of the (f) exci-
ton and (g) trion signals in the 1L MoS2 region shown in Panel d. Figure adapted from reference [6].
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  Nanoscale Characterization of OPV Devices
For nanoscale characterization of OPV devices, we intro-
duced a novel non-destructive method called STEOM that 
combines plasmonic optical signal enhancement (TEOS) 
with electrical-mode scanning probe microscopy (PC-
AFM) using the setup shown in Figure 4(a)[10]. This novel 
technique enabled the mapping of morphology, chemical 
composition, and photoelectrical properties with sub-20 
nm spatial resolution. We applied STEOM to investigate 
an operating OPV device based on the blend of 
poly[(2,1,3-benzothiadiazole-4,7-diyl)-alt-(4,9-dihydro-
4,4,9,9-tetraoctylbenzo[1″,2″:4,5;4″,5″:4′,5′]bissilolo[3,2-
b:3′,2 b]dithiophene-2,7-diyl)] (C8SiIDT-BT) and 
1′,4′-dihydro-naphtho[2′,3′:1,2][5,6]fullerene-C60 (ICMA). 
The AFM topography image of the C8SiIDT-BT:ICMA solar 
cell active layer and the molecular structures of C8SiIDT-BT 
and ICMA are shown in Figures 4(b) and (c), respectively. 
In the active layer, the C8SiIDT-BT and ICMA molecules act 
as electron donor and acceptor, respectively. The optical 
spectrum of the solar cell is depicted in Figure 4(d), 
which shows Raman (yellow) and PL (green) signals of 
C8SiIDT-BT and PL (red) signals of ICMA.

STEOM allowed simultaneous imaging of the solar cell 
active layer topography, donor Raman, donor PL, acceptor 

PL and photocurrent signals as shown in Figures 4(e-i), 
respectively. The rich information provided by these multi-
parameter images revealed strong correlations between sur-
face and subsurface molecular distribution of C8SiIDT-BT 
and ICMA, local photocurrent generation, and macro-
scopic device performance. Our simultaneous topo-
graphic, spectroscopic, and electrical measurements 
unveiled a hierarchical blend nanostructure in the 
C8SiIDT-BT:ICMA solar cell, with nanoscale photocur-
rent hotspots and larger islands of high efficiency dis-
persed within a low-efficiency blend background. 
Interestingly, the topographic islands displayed high pho-
tocurrent generation due to the presence of large ICMA 
(acceptor) aggregates surrounded by the C8SiIDT-BT (donor) 
molecules as illustrated in Figure 5. The donor: acceptor 
interface provided efficient charge separation, whilst the 
large ICMA aggregates provided well-connected pathways 
for efficient charge collection.

Figure 3    Nanoscale investigation of GBs in 1L WSe2. (a) Schematic diagram of the experimental setup used to study 
optoelectronic behavior of GBs in 1L WSe2. In situ KPFM and TEOS measurements performed in the same 
experimental setup enabled a direct correlation of topographical, excitonic, chemical, and electrical properties at 
the nanoscale. (b) Optical image of the CVD-grown 1L WSe2 sheets. (c) TEPL, (d) AFM topography, (e) surface 
potential and (f) capacitance images of the 1L WSe2 sheets measured in the region marked in Panel b. (g) 
Zoomed-in TEPL image of the region marked in Panel c. DFT calculated band structure (left panel) and DOS (right 
panel) of GBs with tilt angles of (h) 38° and (i) 60°, which are visible in the blue and green contrast in Panel g. 
The mid-gap states generated in the 38° GB are highlighted. Figure adapted from reference [7].
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Furthermore, STEOM could distinguish between high 
purity and lower purity aggregates of ICMA, providing 
insights into their impact on photocurrent generation and 
collection. Importantly, we showed that the nanoscale 
multi-parameter measurements of C8SiIDT-BT:ICMA 
solar cell are consistent with and can successfully explain 
the macroscopic device performance. These results vali-
dated the ability of STEOM to directly correlate nanoscale 
characteristics with macroscopic device performance, 
thus providing a powerful tool for understanding and 
optimizing OPV devices.

Conclusions and Outlook

In summary, our work focuses on the nanoscale investiga-
tion of two classes of novel semiconductor materials, 
namely, 2D TMDs and OPV devices. As discussed in this 
article, through our research, we have discovered new 
insights into the nanoscale properties of these cutting-
edge semiconductor materials and demonstrated a novel 
nanoscale characterization methodology that has the 
potential to contribute significantly to the advancement of 
next-generation semiconductor devices.

In 2D TMDs, our research has provided valuable insights 
into the nanoscale properties of semiconductor materials 
like 1L MoS2 and 1L WSe2. By utilizing TEOS, we have 

Figure 4    Simultaneous topographical, electrical, and optical microscopy. (a) Schematic diagram of the optical setup used 
to study operating C8SiIDT-BT:ICMA organic solar cell. (b) AFM topography image of the solar cell active layer 
containing phase-separated domains of C8SiIDT-BT and ICMA. (c) Structures of C8SiIDT-BT and ICMA mole-
cules, which act as the donor and acceptor in the solar cell. (d) Optical spectrum of the C8SiIDT-BT:ICMA active 
layer. Raman (yellow) and PL (green) bands of C8SiIDT and PL (red) band of ICMA are highlighted. (e) 
Topography, (f) acceptor PL, (g) donor Raman, (h) donor PL and (i) photocurrent images measured simultane-
ously in the region marked in Panel b under operating conditions. Figure adapted from reference [10].

Figure 5    Schematic depiction of the chemical composition in and around 
a topographic island at the C8SiIDT-BT:ICMA active layer surface 
revealed using STEOM. Figure adapted from reference [10].
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overcome the limitations of conventional techniques and 
achieved unprecedented spatial resolutions, enabling the 
mapping of excitonic processes at the nanoscale. This 
breakthrough in understanding the behavior of excitons, 
trions, and grain boundaries in 2D TMDs paves the way 
for the development of high-performance optoelectronic 
devices. The ability to manipulate and control the exci-
tonic behavior at the nanoscale opens new avenues for 
applications in areas such as photodetectors, solar cells, 
light-emitting diodes, and quantum light sources. The 
insights gained from our research will likely inspire fur-
ther exploration and innovation in the field, leading to the 
design and fabrication of more efficient and advanced 
semiconductor devices.

Similarly, our research on the nanoscale characterization 
of OPV devices using STEOM has significant implica-
tions for the advancement of organic photovoltaic tech-
nologies. The ability to probe the morphology, chemical 
composition, and photoelectrical properties of OPV 
devices at the nanoscale provides a comprehensive under-
standing of the structure-property relationships crucial 
for device performance. This knowledge can drive the 
optimization of the active layer’s nanomorphology, lead-
ing to improved charge generation and collection effi-
ciency in OPV devices. By enabling a direct correlation 
between nanoscale characteristics and macroscopic device 
performance, STEOM offers a powerful tool for the ratio-
nal design and development of high-efficiency OPV 
devices.

The perspectives resulting from our research contribute to 
the broader scientific community and semiconductor 
industry. The innovative methodologies and techniques 
we have demonstrated push the boundaries of nanoscale 
characterization and provide researchers with new tools 
for investigating the properties and behavior of semicon-
ductor materials. The ability to visualize and understand 
excitonic processes in 2D TMDs and the nanoscale char-
acterization of OPV devices offer critical insights for 
optimizing their performance and pushing the limits of 
their efficiency. We anticipate that these advancements 
will facilitate the development of environmentally 
friendly and sustainable energy solutions, such as high-
performance solar cells and energy-efficient optoelec-
tronic technologies.
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Unraveling the Correlation Between Raman and Photoluminescence 
in Monolayer MoS2 Through Machine Learning Models

Ang-Yu LU
Transition metal dichalcogenides (TMDCs) show strong, tunable photolumines-

cence (PL), advancing optoelectronic applications. Raman spectroscopy, which is 

crucial for analyzing 2D materials, discerns crystallinity and material variations such 

as doping and strain. Nonetheless, the hidden PL-Raman correlations in MoS2 

monolayers are not fully studied. This work methodically investigates PL-Raman 

interconnections, clarifying the underlying physical mechanisms. Employing 

machine learning, we differentiate strain and doping effects in Raman data. A 

DenseNet model predicts PL from Raman maps, while gradient-boosted trees with 

SHAP assess Raman features’ PL influence, elucidating MoS2’s strain and doping. 

This research offers a machine learning-based methodology for 2D material char-

acterization and informs the tuning of semiconductors for enhanced PL.

Introduction to MoS2 Monolayers and Machine 
Learning Models

Two-dimensional (2D) materials, distinguished by their 
ultra-thin structure and high surface-to-volume ratio, 
exhibit unique physical and chemical characteristics. 
Among these, monolayer transition metal dichalcogenides 
(TMDCs) are 2D semiconductors known for their adjust-
able photoluminescence (PL). This PL can be altered 
through external factors like strain and doping. For 
instance, MoS2, a type of TMDC, shows adjustable band 
structures and broad-spectrum optical absorption when 
subjected to strain. These properties make it highly suit-
able for various advanced applications, such as cutting-
edge photovoltaic systems[1] and quantum information 
science technologies, including single-photon  emission[2]. 
Additionally, the near-perfect PL quantum yield in MoS2, 

achieved through either chemical[3] or electrostatic 
doping[4], paves the way for creating highly efficient light-
emitting diodes[5] and lasers[6]. To analyze these external 
influences, Raman spectroscopy is employed as an effec-
tive and non-invasive method to measure the impact of 
strain and doping on the properties of MoS2. While 
Raman and photoluminescence (PL) spectroscopy have 
been instrumental in exploring strain and doping effects 
in MoS2, the majority of research has treated these effects 
separately. Discovering the hidden correlations between 
Raman and PL spectra can enable us to understand the 
strain and doping effects comprehensively. Recently, the 
rise of machine learning has revolutionized fields such as 
computer vision and natural language processing and has 
made significant inroads in diverse scientific disciplines, 
including biology[7], mathematics[8], and material science[9]. 
Although machine learning approaches have been utilized 
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in research on 2D materials, these efforts remain in the 
nascent stage[10,11] and hold potential for groundbreaking 
discoveries.

In this study, we leveraged an array of machine learning 
algorithms to uncover the hidden patterns linking Raman 
and PL spectra in MoS2, providing insights into the physi-
cal mechanisms connecting PL and Raman features. Our 
approach started with the implementation of a DenseNet 
model, which demonstrated high predictive accuracy for 
PL features from Raman spectral maps. Subsequently, we 
integrated a gradient-boosted model with SHapley 
Additive exPlanations (SHAP) to correlate Raman and PL 
data, offering both global significance and local interpret-
ability in terms of feature contributions. Lastly, we pro-
jected MoS2 Raman features on frequency scatter plots to 
decompose strain and doping effects. Our findings illus-
trate the potent capability of machine learning tools in 
elucidating complex relationships across different material 
characterization techniques.

The conceptual illustration provided in Figure 1(a) shows 
the trajectory of knowledge acquisition through machine 
learning models (represented by the red line), commenc-
ing from the results of material characterization, progress-
ing through established material knowledge, and 
culminating in the understanding of external perturba-
tions and defect structures. This methodology enables the 
integration of prior investigations-those that examined 
changes in Raman and PL spectra due to single external 
effects such as strain (indicated by the green line) or 
doping (denoted by the blue line)-into a comprehensive 
understanding of MoS2 monolayers. Additionally, the 
employment of statistical data analysis within our frame-
work serves to reduce potential biases arising from 
sample selection and experimental setup. By integrating 
statistical analysis with machine learning, our model 

creates a robust connection between Raman and PL char-
acteristics, the crystalline and electronic structures, as 
well as the effects of strain and electrostatic doping.

Synthesis and Characterization of MoS2 
Monolayers

MoS2 monolayers are synthesized through chemical vapor 
deposition (CVD) on 300 nm SiO2/Si substrates, utilizing 
molybdenum trioxide (MoO3) and sulfur (S) powders, 
each weighing 20 mg, as source materials. Substrates are 
prepared with a spin-coated layer of Perylene-3,4,9,10-
tetracarboxylic acid tetrapotassium (PTAS) solution, 
which acts as a seeding promoter. To ensure an oxygen 
and moisture-free environment, the CVD system is 
flushed with an Argon (Ar) flow of 1000 sccm for 5 min-
utes. The temperature of the furnace is increased to 625℃ 
at a rate of 30℃ per minute. Concurrently, sulfur is main-
tained at 180℃ in an upstream position within the system. 
The growth of MoS2 monolayers occurs at 625℃ under 
atmospheric pressure for 3 minutes, with an Ar flow of 20 
sccm and an O2 flow ranging from 0 to 1 sccm, serving as 
the carrier and reactant gases, respectively. Post-growth, 
the furnace is allowed to cool to room temperature natu-
rally under a continuous Ar flow of 1000 sccm to avert 
any additional unintended chemical reactions. The MoS2 
crystals were obtained from SPI Supplies and 2D semi-
conductors, and then mechanically exfoliated and depos-
ited onto a 300 nm SiO2/Si substrate. The SPI crystals 
were naturally grown, while the 2D semiconductor crys-
tals were synthetic. The exfoliated flakes were termed 
natural and synthetic, accordingly.

We employed the HORIBA LabRAM HR800 spectrome-
ter for Raman and photoluminescence (PL) characteriza-
tions, utilizing a 532 nm (2.33 eV) laser source. Due to 
time constraints associated with each spectral mapping, 

Figure 1    (a) Overview of unraveling correlation between Raman and PL with external perturbations. The green and blue lines correspond to the studies of 
strain and doping effects, respectively. The red dashed line indicates the discovering path by the machine learning models in this work. (b-c) 
Raman and PL spectra of CVD-grown MoS2 monolayers. (b) Raman, and (c) PL spectra of CVD-grown (hexagonal, random, and triangle) and 
exfoliated (natural and synthetic) MoS2. The vertical dashed lines denote the Raman E´ and A´1 frequencies for the synthetic MoS2 in a and the 
MoS2 exciton energy of 1.86 and 1.89 eV for trion and exciton, respectively.
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the laser power was carefully maintained at approximately 
1 mW, and the acquisition time was set to 0.5 seconds.

For our spectral maps, we collected data across 1,600 
pixels, corresponding to a spatial dimension of 40 by 40. 
This process required approximately 30 minutes per spec-
tral map. Consequently, the complete measurement of a 
single MoS2 crystal, including the necessary system cali-
brations, amounted to over 1.5 hours. Our Raman and PL 
measurements utilized a 100X objective lens, which 
focuses the laser to a 1 μm diameter spot size. The nor-
malization of Raman spectra was conducted against the 
intensity of the silicon (Si) peak, with calibration referring 
to the Si Raman frequency established at 520.6 cm-1. We 
employed spectral gratings of 1,800 grooves per millime-
ter (gr/mm) for Raman and 300 gr/mm for PL measure-
ments to ensure high-resolution spectral data. The spatial 
dimensions for the Raman and PL mapping were tailored 
to match the domain size of the MoS2 flakes under investi-
gation, with a spatial resolution of 1 μm achieved through 
the precision control of a motorized stage.

The Raman spectra of MoS2 monolayers are characterized 
by three characteristic features as illustrated in 
Figure 1(b), which represent the in-plane E′ mode at 
approximately ~385 cm-1, the out-of-plane A′1 mode near 
405 cm-1, and the second-order double resonance 2LA 
mode around 450 cm-1. These vibrational modes are pre-
cisely defined using a Voigt profile for the extraction of 
key parameters: the frequency (Freq, ω), the full-width-
at-half-maximum (FWHM, Γ), and the intensity (Int, Ι). 
Figure 1(b) displays the frequency distribution for these 
modes across the MoS2 monolayers sampled, highlighting 
a trend of frequency softening for the ωA′1 mode in natu-
rally-grown MoS2 and for the ωE′ mode in hexagonal-
shaped MoS2, in comparison to those exfoliated from 
synthetic sources. In the context of PL characterization, 
trions appear to dominate the PL response from MoS2 due 
to the ~1 mW laser power utilized during our experi-
ments. A closer evaluation of Figure 1(c) indicates that 
MoS2 flakes with hexagonal and random shapes tend to 
show lower PL energy, wider FWHM, and reduced inten-
sity in contrast to triangle-shaped and mechanically exfo-
liated MoS2 crystals.

For the analysis of spectral data, a curve-fitting routine 
was executed within a Python environment. This routine 
involved the subtraction of background noise from the 
spectra by employing the BaselineRemoval package, spe-
cifically utilizing the ZhangFit method[12]. To accurately 
fit the spectral lines, we utilized the Voigt profile function, 
accessible from the Scipy library, which is defined by a 
quartet of parameters: the frequency of the Raman fea-
ture, σ (which is the standard deviation of the Gaussian 

component of the Voigt profile), γ (representing the half-
width at half-maximum of the Lorentzian component), 
and the intensity of the Raman feature. For optimization 
purposes, the least-squares optimization function from 
the Scipy library was engaged. The full width at half-
maximum (FWHM) is then computed by applying the 
following equation (1-3):

This equation effectively combines the contributions from 
both the Gaussian and Lorentzian components that make 
up the Voigt profile, giving a comprehensive measure of 
the spectral line’s width at its half-maximum intensity. 
Upon capturing the Raman and PL spectra, we channeled 
the data through a curve-fitting process. Each spectral 
peak was modeled with a Voigt profile, which yielded 
three primary parameters: the peak frequencies, the 
FWHM, and the intensities. We then normalized all char-
acteristic peaks using the intensity of the Raman signal at 
520.6 cm-1 from the silicon substrates. For MoS2 monolay-
ers with a normalized intensity of the A′1 mode (ΙA′1) less 
than 0.5, we applied a stringent threshold to demarcate 
regions attributed to multilayer MoS2. Meanwhile, outliers 
identified in the spectral maps were subsequently elimi-
nated using a binary opening operation.

In the development of our machine learning models - spe-
cifically XGBoost and the support vector machine 
(SVM)-we utilized a total of 7,023 data points. The 
DenseNet model’s training dataset comprised all pixel 
data, inclusive of those with and without Raman/PL sig-
nals. Data augmentation was performed by applying a 
90-degree rotation to the pixel maps, accumulating in a 
dataset encompassing 35,596 patched maps. Statistical 
analysis was conducted using Matlab and Python, incor-
porating libraries such as Pytorch, Scipy, and Numpy to 
facilitate the analysis.

Statistical Analysis for MoS2 Monolayers

To further elucidate the characteristics of PL in MoS2, we 
graphed the PL FWHM against the normalized PL inten-
sity, as depicted in Figure 2(a). This graph demonstrates 
a discernible trend: higher PL intensities are associated 
with narrower PL FWHMs, a pattern typically observed 
in synthetic and triangle-shaped MoS2 crystals, as shown 
in Figure 2(b). The PL FWHM (ΓPL) can be represented 
by a reciprocal relationship with PL intensity (ΙPL) as 
shown in Equation (4), which plots as the blue curve in 
Figure 2(a). When considering potential discrepancies 

(1)

(2)

(3)
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due to imperfect background subtractions in the spectral 
data, we adjusted the equation to include an offset for both 
intensity and FWHM, resulting in Equation (5). This 
adjusted model corresponds to the red curve seen in 
Figure 2(a) and aligns well with the distribution observed 
in Figure 2(b). In addition, we explored the relationship 
between PL energy (ΕPL) and intensity (ΙPL) as shown in 
Figure 2(c). As the PL spectrum was fitted using a Voigt 
profile with a fixed integrated area, a reverse reciprocal 
function illustrated by Equation (6) was employed, indi-
cating that stronger PL intensities are associated with 
higher PL energies. Moreover, a linear relationship 
between PL energy and FWHM is depicted in Equation (7), 
and this is graphically represented in Figure 2(d).

The collective interpretation of these findings suggests 
that the triangular, as well as natural and synthetic MoS2 
flakes, display PL peaks that are more intense, sharper, 
and exhibit a blue shift, signaling a higher crystal quality 
when compared to the random and hexagonal MoS2 
flakes.

High Performance of DenseNet

To unravel the hidden relationships within our Raman and 
PL data, we employed a variety of machine learning tech-
niques, particularly focusing on revealing hidden patterns 

and establishing connections to underlying physical phe-
nomena. Deep convolutional neural networks (CNNs), 
renowned for their proficiency in a multitude of visual 
recognition tasks, enable the extraction of valuable 
insights from diverse imaging systems, encompassing the 
biomedical[13] to the microscopic[14] and hyperspectral 
domains[15]. Viewing spectral maps as image-based datas-
ets with multiple channels, such as the number of spectral 
points. Using CNNs, we correlate the Raman spectra with 
the corresponding PL features for the CVD-grown and 
exfoliated MoS2 flakes.

We chose to deploy Dense Convolutional Networks 
(DenseNet)[16] for their efficiency in predicting three PL 
features from the Raman spectral images. DenseNet has 
been demonstrated to require fewer parameters and less 
down-sampling compared to other advanced CNN 
models, such as U-Net[17] and SegNet[18], while still deliv-
ering comparable accuracy. This characteristic makes 
DenseNet particularly advantageous for handling small 
datasets and small pixelated inputs, aligning perfectly 
with the scope of our research. The DenseNet architec-
ture[16] implemented in our study was a tailored version of 
the original design, adapted to comprise two dense 
blocks. Preceding the entry to the first dense block, the 
input image undergoes a convolution with an output of 12 
channels; the specifics of this step are illustrated in 
Figure 3(a). Each dense block is constructed with several 
layers: batch normalization, ReLU activation, convolu-
tions with 1x1 and 3x3 kernel sizes, and is followed by a 
dropout rate set at 0.1 to prevent overfitting. The transition 
layer that bridges the two dense blocks includes batch 

(4)
(5)
(6)
(7)

Figure 2    Scatter plots for PL features for MoS2 monolayers. (a) The correlation between FWHM and intensity in a Voigt function for a fixed area of 0.1 with-
out (blue, Equation (4)) and with (red, Equation (5)) the background. (b) PL FWHM as a function of the normalized intensity following the multipli-
cative inverse function (solid-black line) described by Equation (5). (c) PL energy as a function of the normalized intensity following the reverse 
multiplicative function (solid-black line) described by Equation (6). (d) PL energy as a function of the PL FWHM following a linear function (solid 
black) described by Equation (7).
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normalization, a ReLU layer, a convolutional layer with a 
1x1 kernel size, and concludes with an average pooling 
layer. Upon the completion of the final dense block, an 
adaptive average pooling operation is executed, output-
ting three channels, which are then connected to a linear 
layer designed to produce three final output values. The 
deployment of DenseNet was facilitated through the 
PyTorch framework. To evaluate the performance of 
DenseNet, we utilized the relative absolute error, articu-
lated by the following Equation (8):

In this equation, y′i represents the predicted values 
obtained from DenseNet, and yi denotes the actual experi-
mental values acquired from the PL measurements. This 
metric allows for the quantification of the prediction 
accuracy of the network relative to the true data values.

To explore the relationship between the spatial informa-
tion contained within Raman patched maps and the per-
formance of the DenseNet architecture, we experimented 
with various sizes of Raman patched maps. These ranged 
from a local spatial size of 1x1 to a more extensive spatial 
size of 11x11 for the intensity data of hexagonal MoS2, an 

example of which is shown in Figure 3(b-d). It was 
observed that the smaller 1x1 patch size yielded a higher 
error rate of 21.48%, which can be attributed to the lim-
ited spatial information provided by the Raman maps. On 
the other end of the spectrum, the 11x11 patch size 
resulted in a marginally increased relative error of 
11.86%, potentially due to zero padding implemented 
around the edges of the patched inputs. Out of all the 
patch sizes tested, the 5x5 configuration achieved the 
most favorable balance, exhibiting the lowest relative 
absolute error (RAE) of 10.31% for the PL intensity of a 
triangle-shaped MoS2. This particular patch size managed 
to integrate adjacent Raman signals while avoiding the 
inclusion of extraneous spatial information.

The central columns of Figure 3(e-g) illustrate typical 
predictions for PL energy, FWHM, and intensity as 
derived from the trained DenseNet model when applied to 
a random-shaped MoS2 using a 5x5 patch size. For model 
performance assessment, the experimentally measured PL 
maps were considered as the benchmark (ground truth), 
displayed in the left column. The relative errors computed 
are shown in the right column of Figure 3(e-g). The 
RAEs for the PL energy and FWHM were notably low, at 
0.25% and 4.61% respectively. However, the RAE for PL 
intensity was higher, recorded at 10.93%, which may be 

(8)

Figure 3    (a) Schematic illustration of a DenseNet model with two dense blocks. (b-d) PL predictions from the trained DenseNet. The patch size effect on 
the DenseNet for the predicted intensity of a triangle MoS2. (b) 1-by-1, (c) 5-by-5, and (d) 11-by-11 with 21.48%, 10.31 and 11.86% relative absolute 
errors, respectively. (e-g) The PL mapping predictions of (e) energy, (f) FWHM, and (g) intensity for CVD-grown MoS2 with random shape. Left: 
the measured PL maps as the ground truth for the DenseNet model. Middle: the predicted results by the trained DenseNet with 5-by-5 patch 
inputs. Right: the relative error between measured and predicted PL maps.
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indicative of non-ideal experimental conditions or errors 
in the data processing stages, including spectroscopic 
measurements, background spectral subtraction, and the 
fitting procedures.

XGBoost Model with SHAP Explainer

Although CNNs represent the state-of-the-art model to 
make inferences on image- or spectral-based tasks, their 
multilayer nonlinear structures are often criticized as 
non-transparent and non-explainable[19]. In response to 
this, we transformed spectral maps into a tabular dataset 
comprising roughly 7000 discrete data points. An extreme 
gradient boosting (XGBoost) model, trained on this tabu-
lar dataset, was utilized to discern the correlations 
between Raman characteristics and corresponding PL 
features in MoS2 monolayers.

XGBoost, an ensemble learning model constructed from 
decision trees[20], is widely recognized for its effectiveness 
in supervised learning tasks, especially when dealing 
with tabular datasets featuring individually significant 
attributes that do not incorporate temporal or spatial 
structures[20]. The optimization of the XGBoost regres-
sor’s hyperparameters was conducted via Bayesian 
Optimization[21], with the model configured to include 700 
gradient-boosted trees, a learning rate of 0.05, and a maxi-
mum tree depth of 15. Root mean square log error (RMSLE) 
was employed as the evaluative metric to minimize the 
impact of outliers on error calculation.

To interpret the XGBoost model predictions and link them 
to their physical underpinnings, we applied Shapley 
Additive exPlanations (SHAP)[22], which acts as a tree 

Figure 4    Correlation analysis for Raman and PL by XGBoost with SHAP values. (a) PL energy, (b) PL FWHM, and (c) PL intensity results are interpreted by 
the trained XGBoost model by Shapley additive explanations (SHAP). The Raman features are sorted in descending order according to global 
parameter importance. Left: the global importance of Raman features based on the average SHAP value magnitude for PL features. Right: a set 
of beeswarm plots corresponding to a single pair of Raman and PL. The vertical axis displays the sorted Raman features, while the horizontal 
axis shows the impact of the model output. Each data point represents a predicted output, and the color indicates the Raman features values.
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explainer. SHAP provides both local and global insights 
based on game theory principles, elucidating the connec-
tions between Raman and PL spectra.

In Figure 4, SHAP summary plots visualize the influence 
of specific Raman feature values on the predicted PL fea-
tures. Individual dots on these plots represent model pre-
dictions, with colors encoding the value of a particular 
Raman feature. For instance, a higher frequency of the E’ 
Raman mode (ωE′, indicated by a red color) correlates 
with an increased SHAP value, suggesting a heightened 
PL energy. Moreover, bar charts in Figure 4 detail the 
SHAP importance values, offering a global perspective on 
the contribution of each Raman parameter to the PL 
features.

Analysis of the SHAP values revealed that the Raman 
features, ωE′, ωA′1, and ΙE′ are the most impact factors in 
predicting PL features. The average SHAP importance for 
the E′, A′1, and 2LA modes with respect to the PL features 
are 67.6%, 25.5%, and 6.9%, respectively. This distribu-
tion of importance is consistent with prior studies indicat-
ing that the E′ Raman mode is sensitive to in-plane strain 
but less affected by doping[23], whereas the A′1 mode’s 

sensitivity is reversed, being more responsive to doping 
than to strain[23-25]. Given that the E′ mode exhibits the 
most significant SHAP importance (67.6%) for PL predic-
tion, we infer that the PL response within our dataset is 
predominantly influenced by strain effects rather than 
doping.

Scatter Plots for Decomposition of Raman 
Frequencies

The differentiation of strain and doping effects on the 
vibrational properties of graphene has been established 
through the shifting of G and 2D band frequencies. 
Extending this methodology to monolayer MoS2

[26,27], the 
SHAP importance results have highlighted that the fre-
quencies of the ωE′ and ωA′1 modes predominantly influ-
ence the PL characteristics. While similar strategies have 
been previously applied to MoS2, the hidden details of 
these physical phenomena have not been fully discerned 
from the Raman frequency analyses.

In our investigation, we demonstrated the decomposition 
of strain and doping effects as functions of ωE′ and ωA′1 in 
Figure 5(a). We begin by identifying the intrinsic point, 

Figure 5    (a) Schematic representation of strain and doping base vectors for (ωE´, ωA´1) coordinates. The red and black solid line corresponds to strain and 
doping, respectively. The orange circle is denoted as the intrinsic point, defined as the charge-neutral and unstrained state. (b-d) Scattered plots 
of CVD-grown and exfoliated MoS2 monolayers on Raman features of ωA´1 versus ωE´. The coded colors indicate (b) PL energy, (c) PL FWHM, and (d) 
PL intensity.
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which is characterized as the undoped and unstrained 
state of MoS2. The intrinsic Raman frequencies of the ωE′ 
and ωA′1 modes are somewhat elusive; however, by com-
paring a range of E′ and A′1 data from both literature and 
our own studies, we find that most data align with the 
established frequency difference of ωA′1  - ωE′= 19 cm-1[28], 
which is the recognized standard for monolayer MoS2. We 
have designated the Raman frequencies from exfoliated 
synthetic MoS2, located centrally within our data distribu-
tion, as the intrinsic point, marked at (385.3, 404.5) for (ωE′, 
ωA′1), respectively. This point is indicated by an orange 
circle in our representations. Regarding strain effects, we 
observe that tensile strain induces shifts in the ωE′ and ωA′1 
of 4.48 and 1.02 cm-1/%, respectively. This observation is 
aligned with the ratio of the Grüneisen parameters of the 
E′ and A′1 phonons[29]. The impact of compressive strain, 
for which Raman studies on MoS2 are scarce, has been 
inferred from literature, suggesting that Raman frequency 
shifts due to tensile strain are 1.56 times greater than 
those due to compressive strain[30]. Doping effects are rep-
resented by a black line, with recent studies indicating 
that the ωA′1 mode softens with electron accumulation but 
remains unaltered with hole doping[24]. Thus, the vector 
for electron doping in the low electron concentration 
region has been quantified as (ωE′, ωA′1) is (-0.15, -1.19) 
cm-1/1013 cm-2[25] as shown in Figure 5(a). The hardening 
of ωA′1, potentially caused by substitutional doping during 
the CVD growth process, is exemplified by shifts of -0.18 
and 0.2 cm-1/at% due to substitutional oxygen doping[31]. 
The scatter plot in Figure 5(b-d) of ωE′ and ωA′1 which 
considers both strain and doping effects, reveals that the 
intrinsic point corresponds to higher PL energy, increased 
intensity, and reduced FWHM. This relationship is visual-
ized with color coding that represents the PL energy, 
intensity, and FWHM across various data points.

Conclusion

In conclusion, we have demonstrated a framework for 
capturing the correlations between Raman and PL essen-
tial to tune MoS2 optical properties by external perturba-
tions to understand, predict, and design next-generation 
devices. We utilize the DenseNet model to build end-to-
end connections from Raman spectral maps to photolumi-
nescence. To gain more comprehensive insights into the 
physical mechanisms of strain and doping effects, we 
adopt the XGBoost model with the SHAP explainer and 
reveal that ωE′, ωA′1, and ΙE′ are the three dominant Raman 
characteristics for PL feature predictions, which further 
indicates that the strain effects govern the PL response 
more than the doping effects in our dataset. We further 
disentangle strain and doping effects and predict the loca-
tion of the intrinsic point on the Raman frequency plot. 
The proposed methodology establishes an analysis 

approach to comprehensively interpret experimental 
observations to explore novel physics, which is suitable 
for Raman spectra and PL on 2D materials and for many 
other types of spectroscopies and condensed matter.
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Deep Learning Processors Based on Si Photonic Circuits

TAKENAKA Mitsuru
We have conducted research on deep learning processors using programmable 

Si photonic integrated circuits. By integrating compound semiconductors and 

phase-change materials into Si photonic circuits, we have successfully achieved 

precise control and measurement of optical phase within the circuits, as well as 

highly sensitive optical intensity detection. This enables precise control of large-

scale programmable photonic circuits with high speed and low power consump-

tion. Additionally, by using the newly proposed photonic circuits, we have 

demonstrated the potential to accelerate learning through on-chip error back-

propagation, in addition to inference, greatly contributing to the early realization 

of deep learning processors based on Si photonic circuits. Here, we present our 

recent research on deep learning processors based on Si photonic circuits.

Introduction

Over the past 50 years, the miniaturization of transistors has 
progressed to the point of reaching 3 nm, and research and 
development for further miniaturization is ongoing world-
wide[1]. However, as semiconductor miniaturization becomes 
even more challenging, it is believed that improving com-
puting performance through optoelectronic fusion will be 
necessary for the beyond 2 nm generation. In particular, the 
development of artificial intelligence (AI), represented by 
ChatGPT, has been remarkable, and new computing tech-
nologies that go beyond conventional principles are truly 
sought after. Against this background, optical operations 
using large-scale Si photonic circuits has attracted much 
attention [2-3]. By using programmable Si photonic circuits[4], 
arithmetic operations such as multiply-accumulate (MAC) 
operation can be performed using light, and it is expected 

that the performance of deep learning will be significantly 
improved. Active research is being conducted worldwide for 
this purpose. However, various challenges remain to achieve 
large-scale programmable photonic circuits, as shown in Figure 1. 
In order to program photonic circuits, precise control of the 
phase of optical signals in the circuit is required. 
However, the currently mainstream optical phase shifter 
that uses heater heating consumes a large amount of 
power and is not suitable for large-scale integration[5]. In 
addition, in order to precisely control parameters such as 
optical phase, it is necessary to integrate numerous optical 
power monitors for measuring circuit operations, but 
there are challenges in sensitivity and optical insertion 
loss. High-speed and low-power operation is required for 
photodetectors that read out optical operations as electri-
cal signals, but sensitivity and parasitic capacitance are 
also challenges.
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To overcome these technological challenges, we have 
conducted research to establish precise control and mea-
surement techniques for photonic circuits by integrating 
compound semiconductors and phase-change materials 
heterogeneously into Si photonic circuits. Additionally, 
we have developed unique programmable photonic cir-
cuits capable of performing both learning and inference 
functions in the optical domain. In this paper, we present 
our recent research, which advances the early realization 
of deep learning processors through optoelectronic fusion.

Optical phase shifters

An optical phase shifter is a device that can manipulate the 
phase of an optical signal as it passes through a photonic 
circuit. Since the programming of a photonic circuit relies 
on optical phase tuning, it is essential to integrate numer-
ous optical phase shifters into the photonic circuit. To con-
trol optical phase, a thermo-optic phase shifter, as depicted 
in Figure 2(a), is widely employed in Si photonic circuits 
due to its simple fabrication procedure and low optical 
insertion loss[6]. When heating a Si waveguide by current 
injection, the refractive index of Si increases due to the 
thermo-optic effect, resulting in an optical phase shift. 
However, it requires approximately 10 – 20 mW of heating 
power to achieve a π phase shift, which hinders large-scale 
integration. Moreover, thermal crosstalk between neighbor-
ing thermo-optic phase shifters makes precise control of 
optical phase difficult. As a substitute for power-hungry 
thermo-optic phase shifters, various device candidates are 
being intensely investigated around the world[7-10].

As an energy-efficient optical phase shifter, we have 
investigated a metal-oxide-semiconductor (MOS) capacitor-
based device using heterogenous integration of III-V 
semiconductor on Si, as depicted in Figure 2(b)[11]. Using 
direct wafer bonding technology, a thin n-type InGaAsP 
is bonded onto a p-type Si rib waveguide with an Al2O3 
bonding interface[12]. We employed an Al2O3 layer depos-
ited through atomic layer deposition (ALD) to passivate 
the InGaAsP surface, which is essential for the MOS-
based optical phase shifter. The ALD Al2O3 layer also 
facilitates a hydrophilic surface, enabling wafer bonding 
without the need for a plasma surface activation process. 
When a gate voltage (Vg) is applied between the InGaAsP 
membrane and Si waveguide, electrons and holes accu-
mulate at the InGaAsP and Si MOS interfaces, respec-
tively. The electron-induced refractive index change in 
InGaAsP is more than ten times greater than in Si 
Moreover, the hole-induced absorption in InGaAsP, which 
is significantly greater than in Si, can be completely 
removed since hole accumulates only on the Si side. As a 
result, efficient, low-loss optical phase modulation is 
achieved using the InGaAsP/Si hybrid MOS capacitor. 
The energy consumption required to sustain a π phase 
shift, predominantly influenced by gate leakage current 
through a MOS capacitor, is less than 1 nW[13]. This value 
is more than one million times smaller than that of a 
thermo-optic phase shifter. Therefore, we anticipate a sig-
nificant reduction in the power consumption of a pro-
grammable PIC through the utilization of III-V/Si hybrid 
MOS optical phase shifters.

Figure 2    (a) Optical phase shifter based on thermo-optic effect. (b) Optical phase shifter based on heterogeneous 
integration of III-V compound semiconductor and Si. (c) Optical phase shifter using phase change material.

Figure 1   Tehcnology issues in programmable photonic circuits.

Figure 1    (a) Schematic of DUV LD. (b) Polarization in wurtzite structure. (c) Diagram of DPD.
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Non-volatile optical phase shift is also crucial to achieve 
in-memory computing, which can help overcome the von 
Neumann bottleneck. In addition to ferroelectric materi-
als, phase change materials are promising candidates for 
achieving non-volatile optical phase shift[14]. A significant 
contrast in optical constants exists between the amor-
phous and crystalline states of a phase-change material. 
By depositing a phase change material on a Si waveguide 
as shown in Figure 2(c), this large contrast in optical 
constants can be used for optical modulation. Ge2Sb2Te5 
(GST), widely employed in rewritable optical disks, was 
initially introduced into a Si waveguide for non-volatile 
optical intensity modulation at near-infrared wavelengths. 
However, optical phase modulation is not achievable due 
to the significant absorption in GST. To address this 
issue, we have proposed to use GST in mid-infrared 
(MIR) wavelengths  [15]. We experimentally demonstrated the 
band-edge absorption of GST can be reduced using a 
longer operating wavelength and achieved 2.6 dB loss for 
a p phase shifter at a 2.32 μm wavelength. To further 
reduce optical loss, we have developed Ge2Sb2Te3S2 (GSTS), 
where the bandgap energy of GSTS is increased through 
sulfur doping into GST[16]. Using GSTS, we achieved 0.29 
dB of π phase shift at a 2.34 μm wavelength, which is one 
of the lowest values among phase change material-based 
optical phase shifters. We applied the GSTS optical phase 
shifter to a ring resonator and successfully tuned the reso-
nance wavelength of the resonator without significant 
degradation in its Q-factor. Owing to the non-volatility in 
the phase change material-based optical phase shifter, the 
standby power consumption can be zero after tuning opti-
cal phase, enabling the large-scale integration of optical 
phase shifters into a programmable photonic circuit.

Optical power monitor and photodetector

The monitoring of optical power in a Si waveguide is cru-
cial for a programmable photonic circuit. Since initial 
phase errors are unavoidable due to fabrication variations 
in Si waveguides, the initial state of a programmable pho-
tonic circuit must be calibrated in some way. Monitoring 
optical outputs by tuning optical phase shifters on a chip 
is the most common method for indirectly estimating the 
circuit state. However, this method is applicable only to 
specific circuits. A more direct method of measuring the 
circuit state is to embed numerous optical power monitors 
directly into a photonic circuit. A Ge photodetector can be 
easily integrated with a Si photonic circuit; however, tap-
ping waveguides are additionally required for power 
monitoring, which increases optical loss and complicates 
the circuit further. Reading a small change in the conduc-
tance of a Si waveguide due to the increase in free carriers 
resulting from optical absorption is another potential 
method for power monitoring. This method enables low 
insertion loss; however, its low sensitivity necessitates a 
phase-sensitive detection circuit, which complicates the 
overall circuit design.

To address the challenges in power monitoring, we have 
proposed a waveguide-coupled phototransistor, as shown 
in Figure 3(a)[17]. A thin InGaAs membrane is bonded 
onto a Si waveguide to serve as an absorber. When the 
light signal propagates through the Si waveguide, the eva-
nescent light is absorbed in the InGaAs layer. The 
absorbed light generates photocarriers in the InGaAs 
layer, which are detected as a photocurrent between the 
source and drain terminals. Unlike conventional photode-
tectors, we propose utilizing the Si waveguide as a gate 

Figure 3   (a) Waveguide-coupled phototransistor for optical power monitoring. 
(b) Waveguide-coupled photodetector with InGaAs membrane on Si slot waveguide. 
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electrode by applying a gate voltage. Here, we employ an 
Al2O3 bonding interface between the InGaAs and Si 
layers to achieve superior surface passivation, enabling 
electron accumulation at the InGaAs MOS interface. By 
applying a positive gate voltage to the InGaAs layer 
through the Si gate electrode, the InGaAs layer functions 
as a transistor channel, controlling the drain current flow-
ing between the source and drain terminals. Through 
transistor operation, the photocurrent is amplified, leading 
to a significant increase in responsivity. Previously 
reported waveguide phototransistors have utilized metal 
gate electrodes, which are positioned far from the channel 
to minimize optical loss caused by the electrodes. 
Consequently, gate controllability is compromised. By 
employing a Si waveguide as a gate electrode, we can 
position the Si gate electrode underneath the InGaAs 
channel, enabling effective gating without a significant 
increase in optical loss. Leveraging these advantages in 
our proposal, we have achieved approximately 106 A/W 
responsivity, which represents the highest value among 
waveguide-coupled phototransistors. We found that the 
switching speed ranges from 1 μs to 100 μs, which is suffi-
cient for power monitor applications. Thanks to its high 
responsivity, we can reduce the device length to minimize 
optical insertion loss. Hence, we can achieve a high-
responsivity, transparent optical power monitor without 
the need for additional complicated electrical circuits.

To further reduce the optical insertion loss of the pre-
sented phototransistor, we proposed employing an InP 
membrane instead of an InGaAs membrane[18]. Since the 
bandgap energy of InP is greater than the photon energy 
of interest, InP is essentially transparent for light at a 1.55 
μm wavelength. Consequently, photodetection using InP 
is not feasible. However, we have observed substantial 
photocurrent in the InP/Si waveguide-coupled phototrans-
istor. We expect that a small optical absorption in InP 
related to the crystal defects in InP is amplified through 
the phototransistor operation. As a result, the responsivity 
of greater than 1 A/W is experimentally demonstrated 
even using InP. Since the strong band-edge absorption is 
not used, we achieved an optical insertion loss of less than 
0.25 dB. Since we do not rely on strong band-edge 
absorption, we have achieved an optical insertion loss of 
less than 0.25 dB. Additionally, we have monolithically 
integrated the waveguide-coupled phototransistor and 
MOS-based optical phase shifter by bonding the same InP 
membrane onto the Si waveguides. The output from a 
Mach-Zehnder interferometer controlled with the MOS-
based optical phase shifter is monitored by the InP/Si 
phototransistor, exhibiting the feasibility of power moni-
toring a programmable photonic circuit.

High-speed and low-power photodetectors are also crucial 
for reading the results of optical operations performed by 
a programmable photonic circuit. If low-power MOS or 
phase change material-based optical phase shifters are 
utilized, the power required for the optical operation itself 
becomes negligibly small. Consequently, the power con-
sumption of a programmable photonic circuit for deep 
learning is primarily dominated by optical input and 
output interfaces. Therefore, the low power consumption 
of the optical receiver system is crucial for reducing the 
operating power of deep learning. A conventional optical 
receiver system necessitates a transimpedance amplifier 
to convert photocurrent into a voltage signal, resulting in 
significant electricity consumption. To resolve this issue, 
the receiver-less system was proposed, in which a tran-
simpedance amplifier is replaced by a load resistor [19]. 
However, to obtain sufficient voltage across the load 
resistor, its resistance must be greater than 1 kΩ. In this 
scenario, the operation speed is greatly limited by the RC 
constant of the receiver system. To achieve an operation 
speed greater than 10 GHz, the capacitance of a photode-
tector must be reduced to approximately 1 fF. However, 
achieving such a small capacitance is challenging without 
compromising responsivity, as there is a trade-off rela-
tionship between responsivity and capacitance in a photo-
detector. To overcome this trade-off relationship, we have 
proposed a III-V/Si hybrid photodetector, wherein a thin 
InGaAs absorber is bonded onto a Si slot waveguide, as 
illustrated in Figure 3(b)[20]. A Si slot waveguide enables 
the confinement of propagating light into a narrow gap 
between two Si rails. Consequently, optical absorption in 
the InGaAs is enhanced, allowing us to reduce the device 
length to lower the capacitance without sacrificing 
responsivity. We experimentally demonstrated a low 
capacitance of 1.9 fF and a high responsivity of 1.0 A/W 
at a wavelength of 1.55 μm wavelength simultaneously. 
The capacitance is expected to be further reduced to less 
than 1 fF by eliminating the parasitic capacitance of the 
electrodes. Hence, the presented photodetector contributes 
to the realization of a receiver-less system for a low-power 
readout of a programmable photonic circuit.
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Photonic crossbar array

A programmable photonic circuit based on nested Mach-
Zehnder interferometers arranged in a triangle or rectan-
gular mesh is the most common circuit topology for deep 
learning applications because of its universality in optical 
operations. However, the size of a single Mach-Zehnder 
interferometer is large, which makes it unsuitable for 
large-scale integration. To overcome this issue, we have 
proposed photonic crossbar array based on ring resona-
tors, as depicted in Figure 4[21]. Add-drop ring resonators, 
which can selectively drop a specific wavelength signal 
into a drop waveguide, are arranged in a lattice fashion. 
As indicated in Figure 3(a), each ring resonator is tuned so 
that drop wavelengths do not overlap either in row and 
column. For the inference operation, a multiple-wave-
length optical signal serving as an input vector is injected 
from the left-hand side of the crossbar. Subsequently, each 
wavelength signal is dropped at its respective ring resona-
tor. Through optical phase shifters integrated with ring 
resonators, the amount of the dropped signal can be 
tuned, akin to the weight of a matrix for multiplication. 
Consequently, the multiplication between each input 
vector element and matrix weight can be executed. 
Finally, the dropped multiple-wavelength signal are 
simultaneously converted into electrical signal, which 

corresponds to the add operation. As a result, we can per-
form multiply-accumulation operation in optoelectronic 
fashion with the photonic crossbar array. One of the unique 
features of the proposed crossbar array is that it can be also 
used for accelerating learning[22]. As shown in Figure 4(b), 
when a multiple-wavelength optical signal serving as an error 
vector is injected from the top side of the crossbar, multiply-
accumulation operation between the error vector and trans-
posed matrix used for inference can be obtained from the 
right-hand side of the circuit. This multiply-accumulate opera-
tion is utilized in backpropagation for the learning of neural 
networks. Hence, the photonic crossbar array enables on-chip 
backpropagation in the optical domain. To show the feasibil-
ity of our proposal, we fabricated the photonic crossbar array 
using Si photonics platform as shown in Figure 4(c). We 
have successfully demonstrated inference and learning opera-
tions using this photonic crossbar array chip. In this dem-
onstration, we utilized thermo-optic phase shifters to tune 
the ring resonators on the crossbar array. To reduce the 
power consumption of the phase shifters and mitigate 
thermal crosstalk between the ring resonators, we are now 
aiming for the integration of MOS-based or phase change 
material-based optical phase shifters with the crossbar 
array.

Figure 4   Photonic crossbar array based on ring resonators.
(a)Inference operation. (b) Learning operation with on-chip backpropagation. (c)Photograph of photonic 
crossbar array chip fabricated by Si photonics platform.
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Conclusion

In this paper, we have explored the possibilities of a pro-
grammable photonic circuit based on Si photonics in 
advancing computing technologies, particularly in the 
domain of deep learning processors. As Moore’s law 
begins to slow down, the fusion of electronics and photon-
ics becomes increasingly crucial for overcoming the limi-
tations posed by conventional computing architectures. 
Our research, which is based on innovative materials 
integration and new circuit architectures such as a pho-
tonic crossbar array, will contribute to the realization of 
large-scale programmable photonic circuits. With ongoing 
research and development efforts, we anticipate the cre-
ation of deep learning processors that harness the power 
of light to redefine the boundaries of computational effi-
ciency and intelligence.
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Development of a Compact Deep-Ultraviolet Laser 
Source for Precision Microstructure Measurement

KUSHIMOTO Maki
This article presents advancements in deep-ultraviolet (DUV) laser diodes (LDs) 

based on nitride semiconductors, particularly focusing on achieving room-tem-

perature continuous-wave lasing. DUV LDs emitting in the UV-C wavelength 

range (<280 nm) hold promise for various applications, including disinfection, 

medical diagnostics, and industrial processes. Key breakthroughs in AlGaN-

based DUV LDs are discussed, including crystal quality improvement through 

pseudo-morphic AlGaN growth on single-crystal AlN substrates and electrical 

conductivity control using distributed polarization doping. The process of sup-

pressing process-induced crystal defects and achieving room-temperature con-

tinuous-wave lasing will also be discussed. This achievement is a successful 

realization of a room-temperature continuous-wave oscillation laser, which 

expands the possibilities of DUV LDs in various technological fields.

Introduction

Our research group is studying the deep-ultraviolet (DUV) 
laser diodes (LDs) based on nitride semiconductors. The 
DUV laser sources in the wavelength range of 280 nm or 
less, called UV-C, are attracting attention because of their 
high absorption property by biomolecules such as DNA. 
They can be applied to disinfection and in medical fields. 
UV-C-emitting lasers can also be used in a wide range of 
industrial applications, such as the detection of minute 
particles, high-accuracy distance measurement, and semi-
conductor exposure apparatuses. In addition, if the laser 
output is improved to watt levels, UV-C-emitting lasers 
may be used for laser machining apparatuses capable of 
printing and machining without causing thermal damage 
because of their high absorbance by materials. Our 
research group has been at the forefront of DUV LD 

technology; room-temperature pulsed oscillation with a 
wavelength of 271.8 nm was demonstrated in 2019[1] and 
room-temperature continuous-wave lasing was achieved 
in 2022[2]. In this article, we explain the key technologies 
employed to realize the room-temperature continuous-
wave lasing of DUV LDs and present the characteristics 
of the lasers used in the demonstration.

Breakthroughs in DUV LDs

The LDs in the UV range have been studied using 
AlGaN-based nitride semiconductors after the oscillation 
of InGaN-based blue-violet LDs was achieved. AlGaN is 
a direct transition semiconductor with high luminous effi-
ciency. Light emission in a wide wavelength range, 
including UV-C, can be obtained by controlling the mixed 
ratio of the crystals. Control of refractive index is also 
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possible. In addition, AlGaN is suitable for Fabry–Perot 
LDs because a resonator end face that is smooth at the 
atomic level can be formed by cleaving crystals. However, 
after the report of laser oscillation with a wavelength of 
336 nm in the UV-A range in 2008[3], there had been no 
report about the lasing of LDs with a shorter wavelength. 
The major issues preventing such an achievement were 
the quality of AlGaN crystals and inadequate control of 
the electrical conductivity.
 
 Figure 1(a) shows the DUV-LD structure we proposed to 
solve the above issues. First, we worked on the fabrication 
of LDs by the pseudo-lattice matching of AlGaN grown 
on a single-crystal AlN substrate with the aim of improv-
ing the crystal quality. The dislocation density of the sin-
gle-crystal AlN substrate is less than 104/cm2. The 
dislocation density of pseudo-morphic AlGaN grown on 
this substrate was equal to that of the substrate, which 
meant a high-quality laser structure. The results of the 
characteristic evaluation by optical excitation showed that 
the threshold excitation power density was significantly 
reduced in the laser structure fabricated on the single-
crystal AlN substrate compared with the laser structure 
fabricated on a dissimilar substrate.
 
The main point of the issue of electrical conductivity control 
was whether a sufficient hole density can be achieved in the 
p-cladding layer. A sufficient hole density was not achieved 
by conventional electrical conductivity control using doping 
owing to the limitation of the material properties. To solve 

this issue, we applied distributed polarization doping 
(DPD)[4] to the p-cladding layer. This technique used the 
polarization generated in AlN and GaN crystals and 
AlGaN crystals as a result of distortion from a regular 
tetrahedral structure, as shown in Figure 1(b). The 
amount of polarization differs among AlGaN crystals 
with different AlN molar fraction. The higher the AlN 
molar fraction, the greater the polarization. This means 
that there is a polarization difference on the interface 
between the AlGaN crystals with different AlN molar 
fractions. As a result, an amount of free carriers corre-
sponding to the difference in the amount of polarization 
accumulates on the interface so that the charge neutral 
condition is satisfied. As shown in Figure 1(c), the polar-
ization charge is dispersed in the thickness direction when 
the amount of polarization is distributed in the thickness 
direction (the direction toward [0001]) by continuously 
varying the AlN molar fraction of AlGaN crystals. 
Because the accumulation of free carriers is also dis-
persed in the thickness direction corresponding to the 
dispersion of polarization charge, a state where free carri-
ers exist across the entire film is produced effectively 
(Figure 1(c) shows the accumulation of holes). We 
became the first in the world to demonstrate the room-
temperature pulsed oscillation of the DUV LD through 
the development of technologies and the design of laser 
structures based on the above concepts[1].

Figure 1    (a) Schematic of DUV LD. (b) Polarization in wurtzite structure. (c) Diagram of DPD.
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Barrier to continuous-wave lasing : process-
induced formation of crystal defects

Although we demonstrated the pulsed lasing of the DUV 
LD, we could not achieve the continuous-wave lasing 
because of the high driving power of the DUV LD. The 
major cause was the process-induced formation of crystal 
defects. While the generation of new dislocations was 
suppressed in the thin AlGaN film grown pseudo-
morphically, strain remained in the thin film. The DUV 
LD was fabricated by the AlGaN with a large lattice con-
stant on a single-crystal AlN substrate with a small lattice 
constant. Therefore, new crystal defects were not formed 
at the time of film growth. However, the strain in AlGaN 
was relaxed by the heat treatment during the DUV LD 
fabrication process, resulting in the formation of crystal 
defects. The upper panel of Figure 2(a) shows the plan-
view TEM image of the mesa stripe formed perpendicular 
to the wafer plane. Numerous dislocation lines were 
observed in the range of ~12 µm from near the mesa edge 
to the center of the mesa stripe. Some of the defects 
passed through the emission layer, which significantly 
deteriorated the emission properties. The threshold cur-
rent of the LD with its p-electrode placed in an area con-
taining the dislocation was higher than that of the LD 
with its p-electrode placed in an area without the disloca-
tion[5]. DUV LDs must have a horizontal conductive 
device structure with the electrodes placed on the surface 
side because no fabrication technology for a conductive 
single-crystal AlN substrate has been established. The 
current pathway from the p-electrode to the n-electrode is 
extended if the electrode arrangement is constrained by 
the presence of crystal defects, which results in increased 
device resistance. As explained above, the LDs that we 
developed to demonstrate the pulsed lasing had the prob-
lem of a trade-off between threshold current density and 
driving voltage because of the crystal defects.

Improvement of device properties by sup-
pressing crystal defect

With the aim of suppressing the formation of crystal 
defects, we controlled the distribution of the residual-
strain-induced stress in the mesa stripe[6]. Figure 2(b) 
shows the results of the simulation of stress distribution 
by the finite element method and the maximum shear 
stress concentrating at the bottom edge of the mesa at 
each slope angle of the edge of the mesa stripe. The 
restrain of the mesa edge was released when the mesa 
stripe was formed by etching. At that time, the shear 
stress induced by the residual strain in the AlGaN thin 
film concentrated at the bottom edge of the mesa in the 
n-cladding layer. The results of the simulation showed 
that the maximum shear stress reached 9 GPa in the verti-
cally etched mesa stripe. On the other hand, the shear 
stress was dispersed when the slope angle of the mesa 
stripe was small, indicating that the stress concentration 
at the bottom edge of the mesa can be reduced.

Considering the above finding, we fabricated a mesa struc-
ture with a slope angle of 15°. Although the stress concentra-
tion can be reduced as the slope angle decreases, the 
disadvantage of the small slope angle is the increased dis-
tance between electrodes. The lower panel of Figure 2(a) 
shows the plan-view TEM image of the LD subjected to heat 
treatment after the formation of the sloped mesa. The crystal 
defects observed in the vertical mesa structure were not 
observed in the sloped mesa structure. These results indi-
cated that the process-induced crystal defects was suppressed 
by controlling the stress distribution by means of the sloped 
mesa.

Figure 2   (a) Difference in slope angle of mesa stripes. (a) Plan-view TEM images at the edge of mesa stripe. 
(b) Schematics of UV-C LD and conceptual images of residual-film-stress-induced basal plane slip.
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Characteristics of DUV LDs

From the results of the calculation in which the character-
istic temperature of threshold current and the thermal 
resistance of the package were taken into account, it was 
estimated that the driving power should be reduced to 1 
W or lower to achieve room-temperature continuous-wave 
lasing[2]. To reduce the threshold current density, the dis-
tance between p- and n-electrodes, d, in the conventional 
vertical mesa structure should be 20 μm. The resistance 
of the n-cladding layer was proportional to d and 
accounted for at least half of the device resistance of the 
LD with a cavity length of 600 μm. On the other hand, d 
was reduced to 5 μm in the sloped mesa structure in 
which the formation of crystal defects was suppressed. As 
a result, the resistance in LD with the sloped mesa struc-
ture was significantly reduced. Also, the n-electrodes 
were placed on both sides of the mesa stripe in order to 
reduce the resistance compared with the LD with the 
n-electrode placed on one side. We significantly reduced 
the device resistance from the initial value of 16 Ω to 8.3 
Ω by adopting those resistance reduction methods in the 
device design. Finally, we achieved the lasing of DUV LD 
under DC at room temperature. Figure 3 shows the L–I–
V characteristics of DUV LDs. The room-temperature 
continuous-wave lasing of the LD with a sloped mesa 
structure was observed with threshold current Ith = 125 
mA, threshold voltage Vth = 8.7 V, and lasing wavelength 
of 274 nm. The input power at that time was 1.1 W, which 
is close to 1 W, the target value mentioned at the begin-
ning of this section.

Conclusion

In this article, we explained two key technologies in real-
izing AlGaN-based DUV LDs. The improvement of crys-
tal quality by means of pseudo-morphic growth of AlGaN 
on a single-crystal AlN substrate and electrical conduc-
tivity control in the p-cladding layer of high-Al-composi-
tion AlGaN using DPD significantly contributed to the 
realization of the long-desired DUV LDs. Then, we 
described the process-induced crystal defects, which had 
prevented the room-temperature continuous-wave lasing 
of DUV LDs. The crystal defects were induced by the 
shear stress distribution after LD fabrication, which was 
caused by residual stress in the thin film. The formation 
of crystal defects was suppressed by controlling the stress 
distribution using a sloped mesa structure. The control of 
residual stress in the pseudo-morphic grown film is an 
important issue not only in LDs but also in the design of 
device structures. We were able to reduce the device 
resistance and realize the continuous-wave lasing of DUV 
LDs by adopting the measures described above. DUV 
LDs are brand-new laser sources that can be implemented 
in a variety of applications. Further improvement of the 
LD characteristics and increasing the output by using a 
combination of LDs are expected. 
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Figure 3    L–I–V characteristics of DUV LDs under DC and pulsed current drive.
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Optical Smart Sensing

Introduction

During the last 70 years, HORIBA has developed a large portfolio of optical 
technologies to meet the specific needs of the automotive industry, the envi-
ronment, medical and material research. From Xray to Infrared, these tech-
nologies are widely used all over the world by leading end-users and 
organizations. Today, emerging applications, driven by the demand for faster 
data communication along with powerful artificial intelligence (AI) capabili-
ties, high-performance and low-cost power conversion products for longer 
battery life, faster phones charging and electric vehicles (EVs) batteries, are 
creating new demand to the semiconductor industry.

Previously, these demands have been met through the continuous miniaturiza-
tion of silicon-based complementary metal–oxide–semiconductor (CMOS) 
integrated circuits and by the development of a new generation of compound 
semiconductors. While for integrated circuits the technology enters the sub-2 
nm node, with a lateral size of silicon transistors rapidly approaching its physi-
cal limits, leading to increased leakage current and degradation of mobility, 
the power and high frequency devices require a technology which is able to 
reduce the size of the devices, produced in large volume in existing fab.

These limitations of conventional silicon-based devices led to the exploration 
of new materials, such as 2D materials for the expansion below 2nm node and 
wide band gap compound semiconductors for the production of low-cost 
power and high frequency devices. For many field experts, the semiconductor 
industry is changing era from node era to the “Material Era”.

Adopting new materials in the semiconductor industry is a disruptive process. 
Thus, achieving desired yields and equivalent product quality requires smart 
manufacturing processes, which must include process control, chamber health 
monitoring and metrology.

While semiconductor metrology and inspection are essential for the manage-
ment of the manufacturing process at all stages from R&D in the laboratory to 
prototyping, fabrication, assembly and packaging, and performance verifica-
tion prior to final deployment, process monitoring is focused on yield 
improvement by monitoring the tool/chamber health, preventive maintenance 
for fault detection and for matching the performance of parallel tools/cham-
bers at all production steps.

The production of the latest generation of devices requires sophisticated depo-
sition, etching, lithography and chemical mechanical polishing tools. To sup-
port the deployment of smart processes in the semiconductor industry, 
HORIBA decided to leverage all its technologies for the development of a 
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wide range of “Optical Smart Sensing“ probes, by using the expertise of its global 
R&D organization (America, France, Japan and Germany) and by collaborating 
with leading research centers for semiconductors. These probes address the needs 
of the current and future needs for process monitoring and metrology. Some of 
them, will be briefly described in this readout.

Etching process

Dry etch is a critical step in the production of Semiconductor, MEMS, 
Photonics devices, Display and others. The production of the latest generation 
of devices requires sophisticated etching tools and involve complex processes. 
To avoid ordinary tool fluctuations, tool-to-tool variations, and tool/process 
variations after chamber maintenance, routine endpoint detection and chamber 
health monitoring are required to increase the yield.

Optical Emission Spectroscopy (OES) is a very flexible endpoint detection and 
plasma monitoring method, which measures the amplitude or amplitude-ratio 
changes of emission lines emitted by a plasma. OES is the technique with the 
greatest potential to satisfy the present and future requirements of plasma 
technology as all plasmas emit radiation depending on their gas composition 
and plasma parameters.

Because it is a rich real-time source of information for plasma etch and depo-
sition monitoring, OES has been used for years by the Semiconductor indus-
try. In reactive ion etching (RIE), induced coupled plasma (ICP) and deep 
reactive ion etching (DRIE) processes where endpoint monitoring is critical, 
OES is the preferred technique. It is noninvasive and easily adjusted for any 
chemistry or film to be etched. In addition to Endpoint monitoring, OES is 
used for detailed diagnostics such as tool fluctuations, tool-to-tool variations, 
and tool/ process variations after routine chamber maintenance or repair by 
means of plasma process-spectra matching.

Typical OES systems involve three main components, a spectrometer, a 
CCD array detector for recording emission intensity, and software for data 
processing. A fiber optic probe is used to collect the light at the window of 
a plasma chamber and transmit that light to the spectrometer. OES data is 
normally very high in dimensionality and volume, and data analysis and 
processing methods are required. Effective OES data processing methods 
could provide significant benefits for prediction of crucial system parame-
ters, system condition monitoring, amongst other etch process control 
applications. 

Because the open area becoming smaller and smaller (below 0.5%) OES spec-
trometers need to provide high throughput and high spectral resolution. To 
achieve this, specific gratings and optimized optical coupling are required. 
HORIBA with its long experience and leadership in designing diffraction 
gratings and optical design, developed a new compact generation of OES 
(Figure 1). Combined with a patented optical coupling and advance data pro-
cessing, this new system is the right tool for end point detection and chamber 
health monitoring.

Besides, HORIBA is also working on other technologies such as Non-
Dispersive InfraRed absorption, to improve endpoint detection for low 
open area. This new technology will be described later in a separate paper.

Figure 1     High throughput and high resolution 
optical emission spectrometer.

Figure 2     Optical fibered chemical concentration.



Technical Reports

43English Edition No.58  June  2024

A dry etch process is always followed by a photoresist stripping and cleaning 
step. Photoresist stripping, or simply ‘resist stripping’, is the removal of 
unwanted photoresist layers from the wafer by using a chemical. The objective 
is to eliminate the unwanted remaining photoresist material from the wafer as 
quickly as possible, without allowing any surface materials under the resist to 
get attacked by the chemicals used.  To monitor the cleaning and resist strip-
ping process, HORIBA developed a wide range of chemical concentration 
monitors to measure the concentration of various chemical. HORIBA’s chemi-
cal concentration monitors can measure single components as well as up to 
eight components simultaneously (Figure 2).

Deposition Process

Atomic layer deposition (ALD) is rapidly becoming a standard technique for a 
wide range of thin film materials and is an essential tool in the semiconductor 
industry. ALD relies on self-limiting surface reactions of two gaseous reac-
tants in sequential mode to obtain sub-nanometer control of the thickness and 
conformity of a thin film. The physicochemical properties of the deposited 
films depend mainly on surface decomposition reactions and growth mecha-
nisms. Therefore, it is important to monitor the flow rate of the reactant gases 
and fully characterize and understand these processes by utilizing metrology 
tools that shorten the process optimization cycle and provide real-time moni-
toring and control in a production environment.

Spectroscopic ellipsometry is a sensitive non-destructive, noncontact, and non-inva-
sive optical technique which is based on the change in the polarization state of light 
as it is reflected obliquely from a thin film sample. Ellipsometry uses a model-based 
approach to determine thin film, interface, and surface roughness thicknesses, as 
well as optical properties (and much more!) for thin films ranging in thickness from 
a few A to several tens of microns. Spectroscopic Ellipsometry is widely used in the 
semiconductor industry for the quality check of the different material used during 
the manufacturing process of a device. It is also used for real time growth monitor-
ing for process optimization and development of new materials.

To monitor the ALD deposition process, traditional spectroscopic ellipsome-
ters are facing some limitations due to the data acquisition rate (0.5 s per 
spectra) which is not compatible with the frequency of the sequential mode 
used in this process. To overcome this, HORIBA with its long experience in 
spectroscopic ellipsometry developed a new generation of spectroscopic ellip-
someters capable of acquiring data with a high accuracy at a high speed down 
to 5 ms per spectra.  This new patented technology based on spectral polarim-
etry (Figure 3) has the merit of no moving parts and fast data acquisition. 
Currently at a research level, this technology was used to monitor the growth 
of Al2O3on saphire. Preliminary results are shown in Figure 4.

Figure 3     Schematic diagram of the fast ellipsometer. Figure 4     Real time of the Ellipsometric parameters (Y, D) during 
the ALD deposition of Al2O3 on saphire.1&2 are depo-
sition step and 3&4 are passivation step
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Lithography process

A pellicle is a membrane used to protect the photomask from contamination 
during high-volume semiconductor manufacturing. It is mounted a few milli-
meters above the surface of the photomask. Highly particle free and transpar-
ent pellicle is critical to enable high yield and throughput in advanced 
semiconductor manufacturing. While for Deep Ultraviolet (DUV) lithography, 
there are established material for the pellicle, Extreme Ultraviolet (EUV) pro-
cess requires the development of new materials as 13.5nm light is absorbed by 
most of them. In addition to transparency, stringent thermal, chemical, and 
mechanical requirements must be achieved. We have seen tremendous prog-
ress in carbon nanotube membrane development in the past year and, based on 
our strong collaborations with our partners, we believe that it will result in a 
high-performance pellicle solution in the near future. Beside the transparency, 
one of the challenges during the lithography process, is the particle inspection 
onto the pellicle and frame and the pellicle health monitoring during the life-
time of its use. To improve the lithography process yield, HORIBA, after more 
than 40-year experience in photomask inspection by laser scattering technol-
ogy, has developed a new Particle detection system integrating several propri-
etary technologies to count, localize and identify the particles, while at the 
same time evaluating the health of the pellicle. This system (Figure 5) is 
based on a modular design approach, combining several HORIBA proprietary 
technologies such Laser scattering, Raman Spectroscopy and Spectroscopic 
Ellipsometry. It allows the user to evaluate the particle distribution on a pelli-
cle with a high efficiency (minimizing the false detection), to identify the par-
ticles location and composition and to evaluate the health of the pellicle. 

Figure 5     Photomask inspection system with particle remover and metrology probes.
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Chemical Mechanical Polishing

The chemical mechanical polishing (CMP) is a polishing process which uses 
a chemical slurry formulation and mechanical polishing process to remove 
unwanted conductive or dielectric materials on the silicon wafer, achieving a 
near perfect flat and smooth surface upon which layers of integrated cir-
cuitry are built. The process involves both chemical attack and abrasive 
removal by using CMP slurry. The CMP slurry, a polishing powder, can be 
divided into oxide slurry and metal slurry depending on the film to be pol-
ished. The use of CMP slurries, and number of CMP steps in Integrated 
Circuit processing is growing exponentially. As, it is becoming a critical 
step for the manufacturing leading edge devices, slurry quality control is 
critical to achieving the lowest defectivity and cost of ownership. To monitor 
the quality of the slurry, HORIBA by using its expertise in Laser scattering 
and Dynamic scattering technologies (Figure 6) has developed a smart par-
ticle size analyzer which integrated in the CMP tool provide in real time the 
particle size distribution form few tenth of nm to several microns. 
Traditional laser scattering method is limited to particle bigger than 80 nm 
and not able to analyze multi-model size distributions with a high resolution 
as most CMP slurries contain a mixture of particle sizes. To overcome this 
challenge, HORIBA developed a new sensor based on the measurement in 
real time of the optical absorption of a solution under Centrifugal sedimen-
tation. The dynamic measurement of the light optical absorbance variation 
due to a particle crossing the light beam is correlated to the particle size dis-
tribution by using a dedicated mathematical model. This new technology 
allows the quality control of the slurry with a high accuracy. In Figure 7, is 
displayed the picture of the system.

Material characterization

High quality materials are necessary to improve the performance and reliabil-
ity of the devices. The reliability of the devices is tightly related to the pres-
ence of defects such as dislocations, stacking faults or non-uniformity of 
thickness, composition and properties, which can be created during the differ-
ent technological steps followed to build up the device.
 
Raman Spectroscopy and photoluminescence are non-destructive and non-
invasive light scattering technique, whereby a sample scatters incident light 
from a high intensity laser light source (Figure 8). Most of the scattered light 
is at the same wavelength (or color) as the laser source and does not provide 
useful information. However, a small amount of light is scattered at different 

Figure 6     Dynamic Light Scattering particle size 
analyzer.

Figure 7     Dynamic absorption particle size analyzer.

Figure 8     Schematic diagram of the Raman/PL probe.
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wavelengths (or colors). While in Raman spectroscopy, the emitted spectrum 
is a fingerprint of the chemical structure, phase, polymorph, crystallinity, and
molecular structure of the sample, in photoluminescence the emitted light is a 
fingerprint of the bandgap and electronic properties of the materials. Both 
techniques are analytically very powerful, as they provide information with 
submicrometric spatial resolution on defects and material properties. While in 
R&D both technologies are used for process optimization and the development 
of new materials, in production only low throughput photoluminescence sys-
tems are used for quality control of compound semiconductors. To be used in 
production for screening 2D materials at the different steps of the devices pro-
duction without damaging the sample, high sensitivity Raman spectroscopy, 
and high throughput (fast measurement time) system is required.

To achieve these requirements, HORIBA by using its long experience in 
Raman spectroscopy, is developing a new generation of Raman and photolu-
minescence probes which combined with a fast data acquisition system, 
allows the user to evaluate the composition and localize defects on a large 
wafer at a high speed with a high sensitivity and without damaging the 
sample.

These new probes are compact and fully automated. They are based on the use 
of patented HORIBA technologies for fast laser scanning and on the fly data 
acquisition processing. Performances like evaluating the quality of 2D materi-
als deposited on a 12” wafer size have been achieved in less than 100s for 49 
points. Such performances, allow the user to optimize their deposition process 
and can also be used for screening defects in the production line with a high 
throughput. In Figure 9,10 are displayed the distribution of the composition 
of germanium composition in a film of Si(1-x)Gex deposited on a 8” c-Si wafer 
size and  the intensity of the Raman D band of a graphene film deposited on a 
12” wafer size have been achieved in less than 100 s, to be replaced by 12” 
wafer size have been achieved in less than 2 nm. 

As the current yield of the deposition tools of 2D, is not very well controlled, 
Integrated metrology is needed to monitor the quality of the deposited mate-
rial. Thanks to the compactness of these probes, they use as integrated metrol-
ogy can be considered.

Besides the defects, contamination and impurities which might happened 
during the different step of the manufacturing process, are also a concern in 
the semiconductor industry. X-ray fluorescence (XRF) is a non-destructive 
elemental analytical technique to identify what elements are contained and to 
determine how much concentration of the elements are contained in a mate-
rial. It is based on the measurement of the fluorescence signals emitted from a 
material under X-Ray excitation. Among XRF analyzers, energy dispersive 
X-ray fluorescence (EDXRF) analyzers are more suitable for screening mate-
rials from the initial stage to the end.

Since 1956, HORIBA continuously developed Energy Dispersive XRF analyz-
ers. HORIBA XRF analyzers can be used for metal film thickness, failure 
analysis and for the detection of impurities and contamination. HORIBA XRF 
technology can be used in-line and off-line. In Figure 11, is provided an 
image of the bench-top system used for failure analysis.

Figure 9     Germanium composition in Si(1-x)Gex as 
measured by Raman spectroscopy

Figure 11     Bench-top Micro-XRF analyzer.

Figure 10     Defects distribution of a graphene film 
deposited on c-Si as measured by 
Raman spectroscopy (D band intensity)
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Conclusion

In this material “era” where integration of new materials is required, the con-
trol of the different processes involved in the manufacturing of semiconductor 
devices is critical. HORIBA with its long expertise in developing solutions for 
flow control and material characterization are addressing these new needs 
with innovation. For each step of the production process, HORIBA is able to 
provide a solution capable to provide valuable information on the process tool 
by collecting data around the process chamber and by analyzing the results of 
the process with analytical technologies. To achieve this, HORIBA is 
strengthening its global R&D organization and collaboration with key R&D 
organizations and will continue to look for innovative technologies.

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

Ramdane BENFERHAT
OSS Manager,
Corporate Strategy Division
HORIBA STEC, Co., Ltd.
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Raman Microscopy Applied to the Development and Characterization 
of Next Generation Cutting-Edge Semiconductor Devices

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.

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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3.  will include the use of high bandgap materials for high 

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.
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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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Characterization Methods Shaping the Future of 2D 
Materials in the Semiconductor Industry

Marc CHAIGNEAU
The integration of 2D materials into the semiconductor industry presents a para-

digm shift, promising enhanced performance and efficiency in semiconductor 

devices. Graphene and Transition Metal Dichalcogenides (TMDs) stand out 

among these materials, offering unique properties suitable for various semicon-

ductor applications. However, realizing their potential requires overcoming syn-

thesis challenges and ensuring precise characterization. This article explores the 

role of characterization and wafer inspection methods in shaping the future of 2D 

materials in the semiconductor industry. It discusses synthesis techniques com-

patible with their scale up and highlights the current challenges such as unifor-

mity, and defect minimization. The article also focuses on the key 

characterization properties, thus emphasizing the importance of techniques like 

Raman spectroscopy and Photoluminescence (PL) spectroscopy, crucial for the 

successful integration of 2D materials in the semiconductor technology.

Key words

2D materials, semiconductor industry, Chemical Vapor Deposition (CVD), Raman 

spectroscopy, Photoluminescence (PL) spectroscopy

Introduction

The world of semiconductors is constantly evolving, and 
one of the most exciting developments in recent years is 
the emergence of 2D materials. Among the pioneers in 
this field is graphene, a single layer of carbon atoms 
arranged in a two-dimensional honeycomb lattice. 
Graphene exhibits remarkable properties, such as high 
electrical and thermal conductivity, exceptional mechani-
cal strength, and extraordinary electron mobility. 
Alongside graphene who by nature is semi-metallic, 
Transition Metal Dichalcogenides (TMDs) have gained 
attention for their band gap, making them suitable for 
semiconductor applications (Figure 1). Moreover, other 
2D materials like h-BN, black phosphorous, and MXenes 
have also demonstrated promising characteristics. The 

unique properties of 2D materials open up a myriad of 
potential applications. These materials hold great promise 
in energy storage devices, sensors for various industries, 
optical lighting technologies, healthcare biosensors, pho-
tovoltaics, and electronics, including transistors and 
memories. This article explores the potential of these 
materials in the semiconductor industry and the charac-
terization and inspection methods that are helping their 
integration.

Roadmap and Scaling Techniques

In the semiconductor industry, the technology roadmap 
has been guided by Moore‘s Law, with a focus on 
miniaturization and integration of components on silicon 
chips. However, as traditional scaling approaches face 
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limitations, the introduction of 2D materials offers a new 
dimension to continue progress. Happy scaling involved 
reducing the size of transistors to maintain performance, 
but heterogeneous scaling now introduces new materials 

with unique properties to improve overall performance 
and energy efficiency Figure 2[1]. 2D materials present 
exciting prospects for both front-end-of-line (FEOL, i.e. 
all the process steps that are related to the transistor itself) 

Figure 1    Optical response and electronic bandgaps of typical 2D materials. (a) Energy spec-
trum of various two-dimensional (2D) materials and their atomic crystal structures. (b) 
Electronic band structures of hexagonal boron nitride (h-BN), transition metal 
dichalcogenides (TMDCs), black phosphorous, and graphene. (c) Energy level dia-
grams of selected semiconducting TMDCs.

Figure 2    The era of geometrical scaling of silicon technology ended around the turn of the century (green 
lines, “happy scaling”). Since then, material and architecture innovations like copper intercon-
nects, high-k dielectrics with metal gates and FinFETs continued to drive Moore’s law (yellow 
lines, “less happy scaling”). Future scaling, or “More Moore”, may require thin nanosheet 
transistors, where 2D materials are considered ideal candidates (magenta, inset a and trans-
mission electron micrograph). Reproduced with permission from Lemme, M.C., Akinwande, D., 
Huyghebaert, C. et al. 2D materials for future heterogeneous electronics. Nat Commun 13, 
1392 (2022) Figure 1.
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and back-end-of-line (BEOL, i.e. the interconnects 
between the transistors are formed within a device) 
applications.

In FEOL, TMDs possess exceptional carrier mobility and 
bandgap properties, making them suitable candidates for 
next-generation transistors. These 2D materials can 
potentially replace traditional silicon-based transistors, 
leading to faster switching speeds, reduced power con-
sumption, and increased device performance. In BEOL, 
as integrated circuits become smaller and more complex, 
interconnects play a vital role in ensuring efficient signal 
transmission. Graphene with high electrical conductivity 
and low resistivity can be utilized as interconnect materi-
als, reducing signal delay and enhancing overall chip per-
formance. Still in BEOL, barrier layers are used to protect 
underlying layers from diffusion and contamination. 
Hexagonal Boron Nitride (h-BN), known for its excellent 
dielectric properties, can serve as an ideal barrier material 
to protect sensitive components in the semiconductor 
device.

Synthesis Challenges and Methods

Efficient synthesis methods are essential to harness the 
potential of 2D materials for semiconductor applications. 
Two main approaches commonly employed in the synthe-
sis of these materials are the top-down approach and the 
bottom-up approach. The top-down approach involves 
exfoliating bulk materials to obtain 2D layers. The most 
well-known example of this approach is the exfoliation of 
graphite to produce graphene layers. While this method 
provides a starting point for research and small-scale 
applications, the scalability and precise control provided 
by the bottom-up approach with Chemical Vapor 
Deposition (CVD) make it a leading contender for large-
scale commercial production of 2D materials. Indeed, 
CVD (and its variant MOCVD, Metal-Organic Chemical 
Vapor Deposition) offers several advantages over the top-
down approach, including better scalability to large 
wafers, the control over layer thickness, and the possibil-
ity to easily change the precursors for the growth of het-
erostructures. However, it also presents its own set of 
challenges:

a. Precursor Selection: Choosing the appropriate precur-
sor gases is critical to achieving high-quality 2D materi-
als. The selection influences the growth rate, crystallinity, 
and defect density of the synthesized layers.

b. Substrate Compatibility: The choice of substrate plays 
a crucial role in CVD synthesis. Different 2D materials 
require specific substrates with matching lattice constants 
and thermal properties to ensure successful growth and 

adhesion. For instance, when growing graphene using 
CVD, copper foils or nickel foils are often used as sub-
strates. The carbon atoms in graphene align with the lat-
tice structure of the metal substrate during the growth 
process, promoting the formation of a single-layer gra-
phene with good adhesion to the substrate. Similarly, in 
the growth of TMDs like molybdenum disulfide (MoS2), 
sapphire substrates are frequently utilized due to their 
close lattice match with the TMD material, facilitating 
high-quality growth. In both cases, the choice of substrate 
with appropriate lattice constants and thermal expansion 
coefficients helps to minimize strain and defects during 
the growth process, resulting in high-quality 2D materials 
that are well-suited for subsequent integration into semi-
conductor devices.

c. Uniformity and Defects: Achieving uniform and defect-
free 2D layers across a large-area wafer is a significant 
challenge in CVD. Factors like temperature, gas flow 
rates, and reaction time must be precisely controlled to 
minimize defects and ensure uniform growth.

d. Transfer and Stacking: Once the 2D material is synthe-
sized on a growth substrate, it needs to be transferred 
from the initial growth substrate onto the desired semi-
conductor device substrate while maintaining its struc-
tural integrity. The choice of the target substrate depends 
on the specific application and requirements of the semi-
conductor device. For instance, if the 2D material is 
intended for FEOL applications, it may be transferred 
onto a silicon wafer. Integrating the 2D material onto a 
silicon substrate enables compatibility with existing sili-
con-based processes current used in semiconductor fabs. 
On the other hand, in BEOL applications, the target sub-
strate might include various insulating or conducting 
materials, depending on the intended use of the 2D mate-
rial. For example, if the 2D material is to be used as a bar-
rier layer or interconnect, it might be transferred onto an 
insulating material like silicon dioxide (SiO2) or a con-
ducting material like copper.

The transfer process itself can be delicate and challeng-
ing, as it involves peeling the 2D material off the growth 
substrate and carefully placing it onto the target substrate. 
Techniques such as dry transfer, wet transfer, and poly-
mer-assisted transfer play a crucial role in the successful 
integration of 2D materials into semiconductor devices. 
These methods are employed to preserve the crystalline 
quality of the 2D material, cover as large an area as possi-
ble, and prevent doping from contamination and defects 
like wrinkles and cracks.

Overcoming the challenges associated with CVD synthe-
sis methods is of paramount importance to fully harness 
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the potential of 2D materials in the semiconductor indus-
try and facilitate the development of innovative and high-
performance devices. To this end, current efforts are 
being directed towards directly growing 2D materials on 
silicon or silicon dioxide substrates. This approach offers 
significant advantages, including streamlining the device 
fabrication process.

Characterization Techniques for 2D Materials 
in Semiconductor Applications

As the potential applications of 2D materials continue to 
expand and are becoming concrete on the market, the 
semiconductor industry is taking notice. Leading manu-
facturers of deposition systems are investing in R&D to 
meet the growing demand, and new deposition systems 
that enable their synthesis on large wafers are emerging 
on the market. Meanwhile, major players in the semicon-
ductor industry are exploring actively the possibility to 
incorporate 2D materials into their next-generation 
devices. To ensure the successful integration, precise and 
reliable characterization techniques are essential to check 
the quality and uniformity of 2D materials.

Characterization encompasses the growth optimization of 
the 2D materials on template wafers and the quality of the 
materials after transfer. Several key parameters are of 
interest (in brackets the main techniques used):

•  Thickness and number of layers (Raman spectroscopy, 
AFM (Atomic Force Microscopy), Reflectometry, 
Ellipsometry)

• Crystalline quality (Raman spectroscopy)

•  Band Gap and stress (Raman spectroscopy and 
Photoluminescence)

•  Carrier concentration and doping level (Raman spec-
troscopy and Photoluminescence)

•  Identification and quantification of defects (point 
defects, but also cracks, wrinkles, grain boundaries and 
holes) or contaminants (polymeric, metallic) (Raman 
spectroscopy and Photoluminescence, AFM)

Indeed, Raman spectroscopy is extensively used for char-
acterizing graphene. Figure 3 illustrates the Raman map 
of graphene on a 4” sapphire wafer. The Raman spectra of 
graphene are characterized by three main bands referred 
to as the G, 2D-bands, and the D-band which appears in 
the presence of defects within the carbon lattice[2]. 
Histograms of Raman parameters present the distribu-
tions of (upper) the Full Width at Half Maximum (FWHM) 
of the 2D band, (middle) the D/G intensity ratio, and 
(bottom) the 2D/G intensity ratio. These Raman parame-
ters respectively provide insights into the crystalline 
quality (2D FWHM ~ 40 cm-1 for graphene grown on 
pristine sapphire), the defect density (low value is a D/G 
ratio of ~ 0.13)[3-4], and the doping level through the charge 
carrier concentration (2D/G ratio ~1.80 for grown gra-
phene on pristine sapphire, carrier concentration esti-
mated to be around 5 x 1012 cm-2)[5] and the layer thickness[6].

For 2D Transition Metal Dichalcogenides (TMDs), Raman 
and Photoluminescence (PL) spectroscopy are particularly 
useful in determining the number of layers[7-9], stoichiom-
etry[10], carrier density[11-12] and the presence of defects[4]. 
Figure 4 shows Photoluminescence and Raman maps of 
tungsten disulfide (WS2), a member of the 2D TMD 
family, on a 12” Si wafer. The Photoluminescence spectra 
are primarily characterized by exciton and trion bands, 
and their intensity ratio enables differentiation between 
various regions based on charge carrier concentration[13]. 
The Raman spectra of WS2 exhibit prominent peaks: E2g 
(in-plane mode) and A1g (out-of-plane mode)[14]. The 

Figure 3    (a) Raman map of graphene on a 4” sapphire wafer, (b) high resolution 
Raman image on defects, (c) Histograms of Raman parameters (Full Width at 
Half Maximum (FWHM) of the 2D band, D/G intensity ratio, and 2D/G inten-
sity ratio).
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frequency difference between these two Raman bands 
directly correlates with the number of layers of the 2D 
materials.

Both techniques, Raman and Photoluminescence, can be 
used on the same instrument for wafer imaging, offering 
insights into the distribution and quality of 2D materials 
over large areas (Figure 5).

Conclusion

The advent of 2D materials has opened new possibilities 
for the semiconductor industry. Graphene and TMDs hold 
immense promise for both FEOL and BEOL applications, 

paving the way for more efficient, compact, and powerful 
semiconductor devices. However, significant challenges 
remain in the synthesis, transfer, and integration of 2D 
materials. For the compatibility with fabrication rules and 
successful integration on 300 mm flows, substantial 
efforts focus on defect reduction and large-scale deposi-
tion, emphasizing the need of efficient characterization 
techniques. HORIBA offers solutions tailored for this 
industrial research with Raman and PL imaging systems 
designed for full wafer imaging. Nevertheless, as progress 
continues, the demand for rapid online metrology is 
growing and collaborations between semiconductor play-
ers and HORIBA have already begun for the development 
of new in-line metrology systems. Now is the time to 

Figure 4    Photoluminescence (left) and Raman maps (right) of tungsten disulfide (WS2) on a 
12” Si wafer.

Figure 5    HORIBA LabRAM Odyssey Semiconductor. Photoluminescence and Raman imag-
ing on wafers up to 300 mm diameter for 2D materials wafer uniformity assessment 
and defects inspection.
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replicate in fab the high quality 2D materials demon-
strated in the lab. If we get there, 2D materials are 
expected to play a pivotal role in shaping the future of 
semiconductor technology.

*  Editorial note: This content is based on HORIBA’s 
investigation at the year of issue unless otherwise stated.
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Application of HORIBA Instrument in Chemical Mechanical 
Planarization (CMP) : A Focus on Slurry Analysis and 
Optimization Strategies

Wan-Hsin HUANG (Ivy)

Kevin SHEN

Optimizing CMP for next-gen devices requires a holistic approach. This involves ana-

lyzing physicochemical properties, assessing removal rates, selectivity, planarity, and 

other relevant factors. In the dynamic landscape of semiconductor technology, 

analytical tools play a vital role in both assessment and optimization, underscoring 

their crucial importance in this intricate process. This article provides a summary of 

measurements conducted on the CMP process in HORIBA's application lab utilizing 

in-house scientific instruments. It delves into the crucial relationship between CMP 

slurries and particle size distribution in semiconductor manufacturing. And HORIBA's 

advanced instruments, such as the CN-300 Partica CENTRIFUGE, provide high-

resolution capabilities and possess the ability to measure a diverse range of slurry 

samples. The document also underscores the role of zeta potential, controlled 

through sample formulations, and introduces the SZ-100V2 for simultaneous 

measurement of zeta potential and pH value, aiding in slurry design and quality 

control. Additionally, spectroscopic ellipsometry are presented as effective tools for 

determining removal rates and surface change. These contribute to the achievement 

of precise and robust CMP processes.

Key words

CMP, particle size, zeta potential, thin-film, surface analysis

Introduction

Chemical Mechanical Planarization (CMP) originated in 
the 1980s at IBM[1] and has since become a key role in the 
integrated circuit (IC) manufacturing. CMP is applied in 
three main areas of IC manufacturing: forming transistors 
(FEOL), establishing local electrical connections 
between transistors (MEOL), and creating interconnect 

structures (BEOL)[1][2]. The FEOL process involves 
building the device architecture with various CMP 
steps for layers like SiO2, Si3N4, poly Si stop layers, 
SiC, SiCN, high-k/metal gate structures, etc. W and Co 
have attracted attention for local interconnects in the 
MEOL process. In BEOL, multiple devices are inter-
connected by sequentially constructing multilevel Cu 
wires and insulating layers[1][2].
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CMP operates through a synergistic interplay of chemical 
and mechanical interactions to achieve desired removal 
rates, selectivity, and planarity across different substrate 
materials in FEOL, MEOL, and BEOL. During the 
process, the substrate is pressed against a polymeric pad, 
while a slurry is transported on the pad and undergo 
three-body (slurry/polishing pad/wafer) interactions (Figure 1). 
Several factors, including CMP consumables such as 
slurry, pad, conditioner, and various process conditions 
like rotating speed and downforce, can influence the pol-
ishing performance[2].

To achieve optimized CMP performance tailored for next-
generation devices, a comprehensive approach is neces-
sary. This includes understanding the physicochemical 
properties of CMP slurries, evaluating removal rates, and 
selectivity, as well as planarity. Given the continuous evo-
lution of semiconductor technology and the heightened 
demands on CMP performance, analytical tools play a 
dual role by both assessing and optimizing CMP performance. 
Therefore, it is evident that having appropriate analytical 
tools is crucial in this intricate process.

The impact of particle size on CMP performance

CMP slurries are composed of various components, and 
the formulation is adjusted according to the specific mate-
rials being polished. In general, the slurry comprises abra-
sives, oxidizers, organic compounds such as dispersants 
and passivation agents, and deionized water. The choice 
and concentration of these components influence the 
physicochemical properties of the slurry, impacting the 
overall CMP performance[2][3].

Particle size is a critical factor in the CMP process, influ-
encing factors like abrasion efficiency and material 
removal rates. While past literature[3]-[5] extensively delves 
into the effects of particle size on CMP processes, 

comprehending its impact on CMP performance poses 
challenges, given the diverse influences of particle manu-
facturing processes, raw materials, and morphology[3].

Numerous research continues to seek a clearer mechanism 
describing the influence of particle size on CMP. As D. 
Tamboli et al. mentioned, when removal rates per abrasive 
particle are plotted against particle size, a clearer trend 
emerges, indicating an increase in removal efficiency per 
particle with size[3]. The contact area and size of particles 
play a crucial role in CMP processes, with larger particles 
exhibiting higher removal rates when the slurry's particle 
count is fixed[3][4]. However, spiking coarser particles in the 
slurry can lead to separation between the wafer and the 
pad, reducing pressure on smaller abrasive particles and 
resulting in decreased interaction with the substrate[5]. 
Observations from literature[5] also indicate that contami-
nation by larger particles not only affect removal rate but 
also cause surface defect, such as scratching.

Advantaging of utilizing HORIBA Partica 
CENTRIFUGE CN-300 for CMP slurry analysis

Achieving optimal particle size distribution is crucial for 
ensuring uniform polishing and maintaining desired planarity 
in semiconductor manufacturing. Additionally, controlling 
particle size contributes to the prevention of scratching or 
damage to the polished surfaces, further emphasizing its 
pivotal role in the CMP process. Therefore, understanding 
and managing particle size within CMP slurries become 
essential for achieving precision and reliability in semicon-
ductor fabrication. HORIBA offers multiple instruments for 
analyzing the wide range of particle size of slurry 
(Figure 2), employing various analytical techniques such 
as laser diffraction (Mie Theory), dynamic light scattering, 
and nanoparticle tracking analysis (NTA) [6]. And in response 
to the increasing demand for high-resolution CMP Slurry 
analysis in semiconductor factories, HORIBA has 

Figure 1    Three-body interactions in CMP process[2].
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introduced the innovative Partica CENTRIFUGE CN-300. 
The CN-300 utilizes centrifugal sedimentation technology, 
with its primary advantage being high resolution. 
Furthermore, the CN-300 centrifuge presents several addi-
tional advantages, with a key focus on its two distinctive 
modes, the line-start and homogeneous mode, that signifi-
cantly broaden the range of sample types and concentrations 
that can be accurately measured.

The Line-start mode enables the classification of particles 
based on their size, delivering precise and high-resolution 
results across a diverse range of samples in a single analysis. 
To evaluate the resolution of the Line-start mode method, a 
composite sample containing fourteen different sizes of 
monodispersed polystyrene latex (PSL), ranging from 100 
nm to 30 μm[7], was utilized. As illustrated in Figure 3, a 
Particle Size Distribution (PSD) featuring fourteen distinct 
peaks, classified by centrifugal force, was observed. 
Significantly, these peaks closely aligned with the nominal 

values of the particle size standards in terms of size posi-
tions. The assessment of the mixed PSL sample has con-
firmed that CN-300 centrifugal sedimentation method 
demonstrates exceptional resolution and high accuracy 
capabilities.

The Homogeneous mode significantly broadens the CN-300's 
capabilities by facilitating the measurement of particle con-
centrations across a wider range. As shown in Figure 4, 
the Homogeneous mode enables the measurement  of particle 
size across a broad concentration range, spanning from 
the undiluted sample to a dilution of up to 200 times. This 
implies that the CN-300 Homogeneous mode is applicable 
for measuring not even Point-of-Use (POU) slurry but also 
abrasive raw materials. Additionally, this mode proves 
highly effective for samples that react with Gradient 
Solution, highlighting the instrument's versatility in han-
dling a diverse array of challenging samples. Such capa-
bilities confer significant advantages in addressing the 

Figure 2    HORIBA particle size characterization techniques.

Figure 3    Measurement of mixed samples with different particle sizes with high resolution[7].
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progressively complex CMP slurry formulations observed 
in recent years.

The influence of zeta potential on CMP 
slurry formulations

The impact of zeta potential on CMP is a crucial area of 
research, particularly concerning the interactions between 
particles and the substrate. The zeta Potential of particles 
can be further controlled through adjustments in sample 
formulations, allowing for precise regulation of the 
removal rate. 

According to literature, key factors to increase friction 
energy in CMP processes include the number of active 
particles, the contact area of each particle, and the friction 
coefficient related to particle shape, surface morphology, 
and material type[4]. Increasing the number of active particles 
can be achieved not only by elevating particle concentration 
but also by facilitating particle adhesion onto the substrate 
surface. The constant adsorption and desorption of particles 
onto the substrate surface in CMP slurries distribution to 
the platen underscore the importance of inducing attractive 
forces between particles and the substrate by controlling 
the zeta potential of each material. The force acting 
between particles and the substrate in a liquid can be cal-
culated based on the sum of electrostatic force due to elec-
trical double layers and Van der Waals force, as per the 
DLVO theory. Furthermore, zeta potential adjustment can 
be achieved through various means, such as pH modifica-
tion and the introduction of additives[8][9].

The monitoring of zeta potential is critical in both the 
design of CMP slurry formulations and the quality control 
of CMP slurry, as it plays a vital role in influencing various 
aspects of CMP processes. These include the efficiency of 
the formulation in enhancing removal rates, selectivity, 
and wafer planarity. HORIBA addresses this need by 
offering a solution that allows simultaneous measurement 

of the zeta potential and pH value of abrasives[10][11]. This 
instrument SZ-100V2 provides users with the capability to 
understand the zeta potential of abrasives under different 
pH conditions or the synergistic effects between abrasives 
and additives. Such insights are particularly valuable for 
scientists involved in designing slurry formulations and 
for quality control purposes, ensuring the robustness of 
the manufacturing process.

Additionally, SZ-100V2 offers the reliable measurement of 
ultra-diluted samples, enabling the acquisition of accurate 
zeta potential data. This capability not only ensures 
precision in measurements but also supports a Post CMP 
cleaner design approach by facilitating the exploration of 
interactions between abrasives and cleaners. For example, 
simulating the initial stages of the Post CMP process 
involves immersing ultra-diluted abrasives into cleaners. 
As shown in Figure 5, the zeta potential can be accurately 
measured even when the sample concentration is as low as 
0.05wt%. This capability allows for the measurement of 
ultra-diluted abrasives in cleaners. Research efforts can 
then ascertain whether there is a repulsive or attractive 
force between the slurry abrasive and the wafer. The data 
obtained provides valuable insights into the formulation 
design direction, facilitating the pursuit of more challeng-
ing targets.

The Role of HORIBA UVISEL Plus Phase 
Modulated Ellipsometry in Thin Film 
Characterization

Spectroscopic ellipsometry is a non-destructive, non-
contact, and non-invasive optical technique which is based 
on the change in the polarization state of light as it is 
reflected obliquely from a thin film sample. Ellipsometry 
uses a model-based approach to determine thin film, 
interface, and surface roughness thicknesses, as well as 
optical properties for thin films ranging in thickness from 
a few Å to several tens of microns. Therefore, it proves to 

Figure 3    Measurement of mixed samples with different particle sizes with high resolution[7].

Figure 4    Using CN-300 Homogeneous mode to determine the particle size for both (a) the undiluted sample and (b) the sample diluted 200 times.
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Figure 5   The zeta potential can be measured even when the sample 
concentration is as low as 0.05wt%.

be a valuable technique in the field of CMP as it facilitates 
the determination of removal rates for specific wafers. To 
gauge these removal rates accurately, it becomes impera-
tive to measure the thickness of wafers both before and 
after CMP processes. Employing multiple thickness mea-
surements enable verification of within-wafer uniformity.

And the HORIBA UVISEL Plus with phase-modulated 
ellipsometer achieves higher sensitivity and accuracy 
when compared to conventional ellipsometers using rotat-
ing elements. It enables the detection of single-angstrom 
variations or interfaces not observable by other ellipsometers. 
By incorporating a thin film model, users gain the 
capability to discern thickness as well as optical constant 
changes at specific sites. This functionality enables formu-
lation determination and optimization of process parame-
ters, allowing for the detection of even slight differences in 
surface conditions. For instance, in cases where certain 
components in the slurry exhibit strong absorption 
behaviors on a particular type of wafer, UVISEL Plus 
ellipsometry reveals spectral differences between the 
wafer before and after treatment. By developing a fitting 
model, researchers can delve into the study of absorption 
behaviors[12]. This capability offers users a comprehensive 
understanding of the intricacies of the surface by optical 
constant change, facilitating informed decision-making in 
the context of CMP processes.

Conclusion

In summary, this document highlights diverse HORIBA 
analytical tools applicable to the CMP process. The 
Partica CENTRIFUGE CN-300, with its Line-start and 
Homogeneous modes, offers high-resolution slurry 
analysis, addressing the complexity of modern CMP 
slurry formulations. The importance of maintaining 
particle size within specified ranges is underscored. The 
impact of zeta potential on CMP is discussed, and the 
SZ-100V2 is introduced as a valuable solution for simulta-
neous measurement of zeta potential and pH in abrasives. 
This instrument's capability to handle ultra-diluted 

samples supports precision measurements and aids in the 
design of Post-CMP cleaner approaches. Additionally, the 
document explores the role of spectroscopic ellipsometry 
in evaluating removal rates, providing a comprehensive 
understanding of CMP processes. As semiconductor tech-
nology progresses, these advanced analytical tools from 
HORIBA contribute significantly to achieving precision, 
reliability, and efficiency in CMP applications.

*  Editorial note: This content is based on HORIBA’s 
investigation at the year of issue unless otherwise stated.
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PD is an instrument to detect par t ic les on Retic le/Mask used in the 

semiconductor exposure process. A new product PD Xpadion, which is an 

integrated PD series to one platform, was released in 2021. It is designed for 

easy customization and to meet a wide variety of requests in the semiconductor 

market. This article will introduce features and new functions of PD Xpadion.

Introduction

PD is mainly used for process quality control of the expo-
sure processes in semiconductor factories and for in-pro-
cess and pre-shipment inspections in mask production at 
mask shops. In recent years, PDs have also begun to be 
used for quality control of production processes for lead-
ing-edge EUV lithography, with more than 370 units in 
operation worldwide to date.

Demands for analyzers in the semiconductor market con-
tinue to change because of factory automation, SEMI 
standards, and technological progress to achieve higher 
integration and functionality in conjunction with very 
complex patterns. The requirements are becoming more 

diverse and complex every year, and it has become diffi-
cult to meet all requirements with the conventional PD 
series platform.

Through nearly 40 years of supplying particle inspection 
systems to the reticle/mask market, HORIBA has devel-
oped an understanding of the requirements of customers 
for analyzers and the know-how for the development and 
design of automatic inspection systems (Figure 1).

In order to respond quickly to market demands, we have 
organized these achievements and integrated the previous 
PD series functions into a single platform, the new PD 
Xpadion.

Figure 1   History of PD series.
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The basic principle of particle detection in PD is to irradi-
ate a laser beam onto a reticle/mask (hereinafter referred 
to as “reticle”) and detect the scattered light.

The entire surface of the reticle can be inspected by scan-
ning a laser beam using a galvano scanner and moving 
the stage simultaneously. In addition, by implementing 
the inspection optics above and below the inspection 
target, high-speed inspection of the pattern surface, pelli-
cle surface, and glass surface is possible (Figure 2).

As for the optical system for particle detection, a standard 
optical system for patterned reticle applications, a 
multi-detector optical system, and a high-sensitivity 
detection optical system for blank mask applications are 
available, which are selected according to the correspond-
ing application (Table 1).

Standard optical system

Detection optics designed for patterned reticles with detection 
sensitivity down to 0.35 μm. False detections can occur when 
diffracted and scattered light by the pattern is unintentionally 
detected as a particle. In this optical system, the optical 
arrangement of the detector and the polarization component 
of the measured light are controlled to reduce false detection 
signals as well as maintaining the sensitivity of the scattered 
light that is dependent on the particles.

Figure 2   Structure of optical system.

Table 1   Optical system option list.

Standard optical system Multi-detector optical system High-sensitivity detection 
optical system

 Optical 
implementation

Feature － Reduction of false detections High sensitivity

Inspection 
target

Patterned reticle Blanks mask

Laser Scanning

Detector

DetectorLens

Galvano Scanner

Stage Move Direction
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Multi-detector optical system

False detections from patterns that emit strong diffracted and 
scattered light in a specific direction, such as circular patterns, 
have been a problem. The multi-detector optical system solves 
this problem. By implementing another pair of detectors at 
specific positions in the system, one of the detectors can avoid 
diffraction scattered light. False detections can now be signifi-
cantly reduced for reticles such as power semiconductor inter-
connections and hole patterns for surface wiring, which have 
been unsatisfactory in the past.

High-sensitivity detection optical system
Since the blank mask has no pattern formed on its sur-
face, there is no need to avoid diffracted scattered light 
from the patterned reticle. By employing an all-light 
focusing optical system that actively detects scattered 
light generated by particles, high-sensitivity inspection 
down to a particle size of 0.1μm is achieved.

Features of the new PD Xpadion

PD Xpadion is a product characterized by flexible cus-
tomizability through combinations and high usability. 
Detailed features are described below.

Feature 1: Flexible customizability
PD is used for various applications, such as pre-shipment 
inspection by reticle manufacturers and routine inspection by 
semiconductor device manufacturers prior to exposure. The 
equipment configuration is changed according to the applica-
tion, such as detection sensitivity and reticle size to suit the 
customer’s use. In the conventional PD series, the range of 
customization in product models was limited, however, the 
PD Xpadion offers a wider range of options that can be com-
bined as a unit, enabling rapid customization.

A typical example of customization is the load port where 
samples are loaded. Reticles, which are used as base 
plates for semiconductor circuit production in the expo-
sure process, are usually kept in specific cases or pods to 
prevent contamination by particles. PD Xpadion is com-
patible with cases made by various exposure equipment 
manufacturers and is also available with a variety of 
options for factory operations, such as multiple slots for 
placing several cases and linkage with OHT (Overhead 
Hoist Transport: an automatic transport system that holds 
sample cases and runs on track rails installed on the 
ceiling).

The optical system for particle detection depends on the 
use and application, such as patterned reticles and blank 
masks as explained earlier.

Many other options are also available, such as barcode and 
RFID code reading functions, 9-inch mask support, etc., 
allowing a wide range of customization to suit the customer’s 
operations, not limited to specific combinations.

Feature 2: High usability
PD Xpadion provides various functions useful for improv-
ing the workflow of customers. Among them, we will 
explain the auto-size function for particle images and the 
simulation function for rank classification of particles-de-
fects, both of which have had significant improvements.

• Auto-size function for particle images
This is the function which observes particles detected by 
laser scattered light under a microscope and automatically 
measures the size of the particle by image processing. 
Although the principle of particle detection by laser scatter-
ing can determine the area where a particle emits light, the 
range is greatly affected by the shape and material of the 
particle and may not correspond to the actual size of the 
particles. In many cases, the actual size of the detected par-
ticle is used to make a pass/fail judgment in production 
process particle control, and especially for large particles, 
the operator must manually observe the detected object to 
determine what to do. By automating the flow from inspec-
tion to observation by microscope and size measurement 
using this function, the operator’s workload can be greatly 
reduced.
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• Simulation function for rank classification of  particles-defects
The PD can be ranked into three categories (A<B<C) 
according to the size of the area where the detected par-
ticle emits light, and a pass/fail judgment can be made 
using the number of detected particle for each rank 
(Figure 3). For example, if 5 or more particles of the 
highest rank C are detected, the PD can set judgment 
conditions according to the customer’s operation. As 
mentioned above, the emission range of detected parti-
cles by laser scattering varies depending on the shape 
and material of the particles, so with the conventional 
machine, it was necessary to optimize the parameters 
by repeatedly performing actual measurements while 
changing the threshold values. In the case of complex 
conditions, this process took more than half a day. PD 
Xpadion streamlines this task by using a function that 
simulates the state after a change in rank threshold from 
the result data. Recipe creation can be completed with 
only one measurement (Figure 4).

PD Xpadion EX System Introduction

PD Xpadion EX, a system product integrating a PD spe-
cialized for particle inspection and a reticle/mask transfer 
loader, was newly developed in 2024. The system can be 
connected to a transfer loader, allowing for a wider range 
of customization by enabling multiple load ports and 
linkage with other units, contributing to improved work-
flow by selecting the optimal specifications for each fac-
tory operation.

Multi load port
PD Xpadion EX allows multiple load ports to be expanded 
in various combinations of case types. When multiple dif-
ferent types of cases are used in a factory, conventional 
single-port equipment requires transferring to a specific 
case and setting it on the PD. The multi-load port reduces 
the risk of reticle contamination during transfer opera-
tions by combining load ports that correspond to multiple 
case types in operation.

The load port to be unloaded can be changed according to 
the results, for example, only reticles with a PD particle 
detection result of NG (more than a specific number of 
particle detected) can be segregated to a specific port.

Simulation ResultsRecipe

Figure 3   Software operation view.
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Figure 5   External view of the instrument.
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Figure 4   Comparison of optimization for recipe.
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Introduction of Reticle/Mask Particle Detection Integrated System 

Unit Integration
In unit integration, units other than the PD are connected 
to provide “+α” functions for particle detection. One of 
these functions is a particle removal unit. By connecting 
this unit, it is possible to automatically remove particle 
attached to the pellicle surface/glass surface of the reticle 
detected by the PD.

Clean dry air blown from the cleaner head, which locates 
the top and bottom from reticle surfaces, removes parti-
cles from the target surface, and then suction in the vicin-
ity of the reticle effectively cleans the reticle. This not 
only streamlines the work by automating the conventional 
manual removal of particles by air blow, but also solves 
the problems of pellicle damage due to human error and 
particles re-attached to the reticle when the reticle is 
inserted or removed from the case.

Removal performance tests with 5 µm glass beads on the 
glass surface and 20 µm glass beads on the pellicle surface 
have confirmed removal performance of more than 90%.

After particle removalBefore particle removal

Figure 8   Particle removing result.

PD

Transfer loader
Particle 
remover unit

Load
Port1

Load
Port2

Figure 6   Structure of unit connection.

Clean dry air

Reticle

Pellicle

Vacuum

Figure 7   Mechanism to remove particles.



Technical Reports

75English Edition No.58  June  2024

Conclusion

The PD Xpadion introduced this time is a product com-
pleted by integrating the know-how that HORIBA has 
accumulated over the years into a single PD platform. By 
efficiently incorporating the customization that has been 
handled in the past into the system design, a number of 
useful functions have been incorporated. In addition, the 
use of a new optical system has significantly reduced false 
positives, which had been a detection issue in the past.

PD Xpadion EX will provide new value to customers by 
building a system around the transport loader. In the 
future, the HORIBA Group plans to further develop 
applications by connecting various analyzers owned by 
the HORIBA Group, such as Raman spectroscopy, ellip-
someters, and X-ray fluorescence analysis.

We have a wide range of applications that we can handle, 
and we hope to solve our customers’ problems together 
with them using our new platform and the know-how we 
have cultivated over the years.

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

DEJIMA Yutaka
PD-EX Project Team
Semiconductor Solution Dept.
Materials & Semiconductor Center
HORIBA, Ltd.

SOMEYA Shota
PD Application Team
Semiconductor Solution Dept.
Materials & Semiconductor Center
HORIBA, Ltd.
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Development of a Laser Gas Analyzer for Semiconductor 
Etching Process using IRLAM Technology

SAKAGUCHI Yuhei
HADA Miyako

In the semiconductor manufacturing process, dry etching technology is utilized 

for making nm-order microstructures. Sensing technologies for real-time process 

monitoring is important for precise process control in advanced etching 

processes. HORIBA has developed an infrared laser absorption modulation 

(IRLAM) using a quantum cascade laser (QCL). Taking advantage of IRLAM’s 

high sensitivity and fast response performance, we have developed a gas 

analyzer which optimized for etching processes. In this paper, we introduce the 

configuration of the analyzer and evaluation results of actual etching process.

Key words

Infrared absorption spectroscopy, Quantum cascade laser, Semiconductor 

etching process, gas analysis

Introduction

 Semiconductor devices have become highly integrated 
and complexed microstructures in the past few years[1]. 
There has also been an increase in the level of dimen-
sional accuracy that must be under control. Dry etching 
technology is used for the formation of nm-order micro-
structures in transistor gate electrodes and contact holes[2]. 

To control the etching process in real-time, optical emis-
sion spectroscopy (OES) has been used at plasma etching 
tool. It is widely utilized in various stages from research 
and development to mass production[3]. However, there are 
some cases in advanced etching processes where it is dif-
ficult to control by OES technology because sufficient sig-
nals cannot be obtained due to small open area and high 
aspect ratio. In addition, OES cannot apply to chemical 
dry etching processes because they do not use plasma. 
There is demand for new sensing technology that can be 
applied to such advanced processes.

Infrared spectroscopy is one of analytical technologies 
which HORIBA has applied in various industrial fields 
including automotive, scientific, environmental, and 
semiconductor industries for long time. Fourier transform 
infrared spectroscopy (FTIR) is the techniques which can 
obtain wide range infrared spectrum. Infrared light from 
high-temperature light source passes through an interfer-
ometer and an interferogram is generated. The interfero-
gram is converted to the spectrum by Fourier transform. 

Another technique, called nondispersive infrared spec-
troscopy (NDIR), uses an optical filter to extract a portion 
of the wavelength of light from the light source[4]. This 
technique is simpler than FTIR and it enables to make a 
compact analyzer with simpler configuration. 

Gas analyzers based on FTIR and NDIR have long history 
of more than half a century and are well established for 
process monitoring and control, however, technical chal-
lenges against limit of sensitivity and response time are 
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needed in semiconductor process applications. 

The infrared laser absorption modulation method (IRLAM), 
a newly developed gas analysis technique by HORIBA, 
enables high-speed measurement with high sensitivity. We 
have used this IRLAM technology to develop a gas analyzer 
optimized for semiconductor etching process applications. 
The basic principle of IRLAM and the details of the devel-
oped analyzer for semiconductor applications are described.  
Then the effectiveness of this analyzer is shown from the 
evaluation in real etching processes.

IRLAM Principle and Configuration

Each gas molecule has a specific energy level depending 
on its structure. When gas molecules interact with light, 
they absorb light in specific wavelength. The relationship 
between the intensity of incident light I0 and transmitted 
light I through the material is called Beer-Lambert Law.

The absorbance A is proportional to the concentration C and 
the absorbance coefficient ε of the material and the sample 
thickness l. Quantification by absorption spectroscopy such 
as NDIR, FTIR and IRLAM utilizes on this principle.

IRLAM uses a quantum cascade laser (QCL) as a light 
source that emits light in the mid-infrared region. 
HORIBA has established the technology to design and 
manufacture QCLs in-house and can prepare the optimum 
QCL for each gas to be measured.

The laser beam emitted from the QCL enters the gas cell 
and is multiply reflected between two mirrors installed in 
the gas cell, thereby obtaining long optical path length. 
Longer pathlength enables higher sensitivity as indicated 
by Beer-Lambert Law.

IRLAM uses a gas cell with two concave mirrors, the 
configuration is known as a Herriot cell. Narrow and thin 
original mirrors are specially designed. This design 
simultaneously achieves long path length and small cell 
volumes. This has resulted in improved sensitivity and 
response time, as well as smaller analyzer size.

IRLAM applies a unique calculation algorithm to extract 
"features" from the measured gas absorption signal. The 
details are explained in another paper[5]. This method makes 
it possible to correct for the effects of interfering gases, QCL 
oscillation wavelength drift, and spectral broadening caused 
by pressure and coexisting gases. The calculations can be 
performed by an embedded microprocessor, which contrib-
utes for a compact device configuration.

IRLAM Product for Semiconductors

Figure 1 shows the appearance of the LG-100 series 
which is newly developed laser gas analyzer. The sensor 
unit size is 440(W)x170(D)x150(H) mm, and the commu-
nication converter box is 80(W)x92(D)x87(H) mm. The 
measurement gas is SiF4 that is a major byproduct of the 
semiconductor etching process.

Figure 1    Photograph of the laser gas analyzer, LG-100.
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The schematic diagram of the analyzer and the overview 
of the optical system are shown in Figure 2. The sensor 
unit has NW40 flanges of the gas inlet and outlet for easy 
installation to the piping of semiconductor etching tool. 
The gas cell can be heated up to 180ºC, and the built-in 
heaters are optimally positioned to ensure uniform tem-
perature distribution, preventing the formation of cold 
spots. The optical system between the laser source, gas 
cell, and detector is arranged in compact size.

In gas measurement, the total pressure in the gas cell is 
also an important information. Capacitance diaphragm 
vacuum gauges are widely used for pressure measurement 
in semiconductor manufacturing equipment. HORIBA 
has developed own capacitance diaphragm vacuum 
gauges[6]. Pressure range of HORIBA's vacuum gauges (VG 
series) are from 1 Torr to 1,000 Torr and it can be used up 
to 200°C. For the etching process, the chamber pressure is 
typically several mTorr, and the exhaust line pressure is 
less than 1 Torr. The analyzer has vacuum gauge designed 
to be built into the gas cell taking advantage of in-house 
technology. 

Regarding communications, EtherCAT® has been increas-
ingly adopted in recent semiconductor manufacturing 
equipment due to its real-time communication perfor-
mance, so the analyzer support EtherCAT® communica-
tion. The communication converter box has EtherCAT® 
and analog input/output interfaces for easy integration 
into the equipment.

Performance

Table 1 shows the main specifications of the analyzer. 
The output of the analyzer is the partial pressure value of 
SiF4 and its full scale is 10 mTorr. Repeatability, linearity 
and zero noise (3σ) are less than ±1% F.S..

Figure 2   Schematic diagram of the Laser gas analyzer (left) and optical system (right).

Table 1   Typical specifications of LG-100.

Principle Infrared laser absorption modulation

Cell temperature control temperature 180°C

Measured gas and full scale Measurement gas: SiF4  Full scale: 10 mTorr

Repetitiveness ±1%F.S.

Linearity ±1%F.S.

Zero noise Less than 1%F.S. (3σ)

Zero drift ±1%F.S./8 h

Ambient temperature range 20 to 50°C

Pressure sensor measuring range 1 Torr

Pressure sensor accuracy ±1%F.S.

Warm-up time More than 120 min.

Leak rate 1 x 10-6 Pa-m3 /s (He)

Pressure-resistant 200 kPa(A)

Development of a Laser Gas Analyzer for Semiconductor Etching Process using IRLAM Technology
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Figure 3 shows SiF4 gas measurement result. Partial 
pressure was changed from 0%F.S. to 100% F.S.by dilu-
tion known concentration SiF4 gas with N2. Figure 4 
shows the measurement result of noise at zero and its sta-
bility over 8 hours. The repeatability and linearity were 
within ±1%F.S., and the noise was approximately 0.2%F.S., 
indicating a good signal-to-noise ratio.

Example of Application to Etching Application

The analyzer was installed in semiconductor etching 
tool which is inductively coupled plasma type and eval-
uated in etching process. Figure 5 shows the experi-
mental configuration. The analyzer was installed in the 
foreline between the turbo molecular pump and the dry 
pump.

The sample wafers were a SiO2 deposited on a 4-inch Si 
wafer. The change of partial pressure of SiF4 generated in 
etching was measured with the analyzer.

Three samples were prepared with different open area 
ratios and patterned mask as shown in Figure 6. Sample (a) 
is an unmasked sample with an open area ratio of 100%. 
Samples (b) and (c) are masked with an open area ratio of 
5%. Sample (b) and (c) have the same open area ratio but 
different mask patterns, (b) has a square shape and (c) has 
a rectangular along to the diameter. The typical etching 
conditions for these experiments were as follows: chamber 
pressure 1.0 Pa, C4F8 30 sccm*, O2 20 sccm*, the ICP 
power was 500 W, and the bias was 30 W.

*sccm: standard cubic centimeter per minute

Figure 3    Measurement result of SiF4 gas. Figure 4    Zero noise and stability.

Figure 5   Schematic diagram of the etching tool with the laser gas analyzer.
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Figure 8 shows the results of etching the samples shown in 
Figure 6(b) and (c) under the standard condition of 30 W 
bias power. After the etching process started, the partial 
pressure of SiF4 started to change at 222 and 231 s respec-
tively, and the change converged at 242 and 297 s. This is 
caused by the higher etch rate of Si than that of SiO2, and the 
convergence of the partial pressure change indicates the 
point of complete switchover to Si and the end point of etch-
ing. In addition, differences in the behavior of SiF4 were 
observed depending on the mask pattern. The differences 
include variations due to chamber conditions, but the main 
factor is thought to be caused by differences in the shape of 
the mask pattern. From these results, it was found that not 
only the etching endpoint can be detected by measuring the 
SiF4 partial pressure change, but also the difference in SiF4 
partial pressure behavior due to the difference in mask pat-
terns can be observed.

Figure 7 shows the measurement results from 1min etch-
ing of unmasked sample using bias power in the range of 
30 -180 W. It was observed that the partial pressure of 
SiF4 increased as the bias power increased. This is a rea-
sonable result because the higher the bias power, the 
higher the incident energy of plasma ions and the etching 
amount. When the plasma stopped, the partial pressure of 
SiF4 also decreased at the same time, and it was confirmed 
that there was not significant delay even if the measure-
ment location was foreline. Figure 7(b) shows the rela-
tionship between the etch rate of SiO2 and the partial 
pressure of SiF4 at each bias power.  This plot demon-
strates highly linear correlation with a determination 
coefficient (R2) of 0.999. This result suggests that the SiO2 
etch rate can be estimated in real time by measuring the 
partial pressure of SiF4 .

Development of a Laser Gas Analyzer for Semiconductor Etching Process using IRLAM Technology

Figure 7    Measurement of SiO2 etching with bias power in the range of 30–180 W for 1 min using the 
sample of 100% open area: trend of SiF4 partial pressure (a). Correlation between SiF4 partial 
pressure and SiO2 etch rate (b).

Figure 6    Schematic diagram of SiO2 samples. Each open area ratio is 100% (a), 5% (b)/(c).
There are two types of samples of 5% open area with different open area arguments, 
square type (b) and rectangular type (c).
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Conclusion

The gas analyzer based on IRLAM technology for semi-
conductor application is newly developed. This analyzer 
(LG-100) has high sensitivity and can detect partial pres-
sure change of the byproduct in the foreline of the etching 
tool. This information is useful to understand the state of 
the process. 

In recent years, AI technology and machine learning are 
developing and progressing, and semiconductor manufac-
turing equipment is also being researched toward autono-
mous control by utilizing these technologies. 

To control complex processes, many data are collected 
and try to find meaning of these data through multivariate 
analysis, etc. If the essential data that is directly related to 
the process state can be obtained, the more precise control 
is expected. We expect that the measurement data using 
this analyzer will provide new information that can be 
used for real-time monitoring and control of the process, 
and it will contribute to improving the efficiency and yield 
of the semiconductor manufacturing process.

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

Figure 8    Trend of SiF4 partial pressure and schematic diagram of etched layer transition during etching with the 
samples of 5% open area: square type (a) and rectangular type (b).
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