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A B S T R A C T

Semiconductor materials represent the core of many modern technological applications and they are expected to
continue inuencing the ever-growing eld of data generation-transmission-processing. This can be reached by
means of new materials and/or devices but, especially, by precisely recognizing (and controlling) some of their
main properties. In this regard, Raman scattering spectroscopy can contribute with important structural-
electronic information by probing the phonon behavior  even in well-known semiconductors  over a wide
temperature range. Accordingly, this work presents a comprehensive investigation of the Raman spectra of 15
semiconductors (Si, Ge, SiC, GaN, GaP, GaAs, GaSb, InP, InAs, ZnO, ZnS, ZnSe, ZnTe, CdS, and TiO2) comprising
IV-IV, III-V and II-VI compounds and different crystal structures (diamond, zinc blende, wurtzite, and rutile).
Based on these spectra, all phonon modes were identied and the most prominent ones were analyzed in terms of
their peak position (ω) and line-width (γ), in the 83823 K temperature range, as obtained from tting the
spectra with Voigt functions. This part of the work includes a detailed study of the temperature-dependent ω(T)
and γ(T) data according to the 3- and 4-phonon model, as well as their (supposedly) linear behavior above room-
temperature. In the former case it was possible (at least qualitatively) to separate the contributions due to the
anharmonic phonon–phonon interactions from the thermal expansion effects. In the latter, the results suggest an
apparent relationship between the linear dω/dT and dγ/dT slopes and the optical bandgaps Egap’s (and their
corresponding linear dEgap/dT slopes) of the various semiconductor samples  regardless of the compound type
or crystal structure. The most likely origins of these relationships are discussed, and their potential in proposing
the most suitable materials and/or operation conditions for device applications (as temperature probes or
tunable optical lters, for instance) are briey outlined.

Introduction

Following the historical tool-making (Stone, Bronze and Iron) Ages
and social-cultural (Classical, Medieval, Early Modern and Modern)
Eras, maybe, future generations will acknowledge the period starting in
the ~1900′s as the Semiconductor (or Silicon) Age. In fact, even though
contemporary civilization relies on a huge variety of materials including
new alloys, ceramics, plastics, C-based, low-dimensional structures, etc.,
it seems very unlikely to conceive modern life without the presence of
(micro-)electronics devices, in which the semiconductor materials (and
silicon, in particular) are essential [1–3]. It happens because of the
semiconductors unique properties (as derived from their atom bonding
and corresponding electronic states [4,5]) that allow the manipulation
of electrons in order to, accurately, generate-transmit-process the so-
called digital information. Furthermore, electrons in elemental semi-
conductor (and devices) are known to be susceptible to external

temperature and radiation circumstances, for example, in which cases
phonons play a considerable role [6–10].

Phonons, or lattice vibrations, are related to practically all the
thermal properties of a solid and are the reason of either desirable
(photon absorption in indirect optical processes) or unwanted (charge
scattering in electrical transport) outcomes in semiconductor materials
[11]. Moreover, the main characteristics of phonons (and, ultimately, of
the semiconductor materials) can be investigated in great detail by
probing their behavior under various different (temperature, pressure,
polarization, etc.) conditions by means of standard spectroscopic tech-
niques such as infrared absorption and Raman scattering, for example
[12–14]. Raman spectroscopy, in particular, is based on the process of
inelastic light scattering experienced by incoming (monochromatic)
photons as a result of their interaction with the vibrations (phonons) of
bonded atoms. This photon-phonon interaction depends on the bond
polarizability, or ease of distorting the bonding electrons from their
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original positions, of the lattice that is being probed [15], and it gives
rise to scattered photons presenting slightly lower (Stokes shift) and
higher (anti-Stokes shift) energy variations. Since the bond polariz-
ability is related to the chemical aspects of the matter (i.e., electron
density, bond strength and length), these characteristics will be
noticeable in the Raman scattered signals [16]. For practical reasons, it
is usual to consider the Raman Stokes signals whose analysis, comprising
their relative intensities and spectral frequencies and line-shapes, can
reveal details of the matter (solid, liquid, gas, (in)organic, etc.) under
investigation. This is the case of semiconductors, in which the analysis of
the Raman spectra gives the main characteristics of the existing phonons
as well as, in a temperature-dependent experiment, the phonon dy-
namics. In combination with some other property (like the optical
bandgap, for instance), the information provided by Raman spectros-
copy can be used to indicate the ideal semiconductor type and condi-
tions in order to obtain the best results in a specic device application.
This kind of associative study represents the main focus of the present
work in which the Raman and optical results of several semiconductors
are grouped together to nd some interesting trend that can be useful in
the development of new-improved optoelectronic devices.

For the sake of comprehensiveness, the following paragraphs intro-
duce some basic properties and the most common uses of the semi-
conductors considered in this work that, certainly, will be useful to those
engaged in the experimental research and development (R&D) on these
materials. Very detailed information can be achieved from standard
text-books [4–11], as well as from a series of classical handbooks
relating IV-IV and III-V compounds [17,18], II-VI compounds [18–20],
and TiO2 [18,21]. In addition to these, the optical bandgap Egap values
and properties of all semiconductors can be found in [22,23].

(Column) IV-IV-based materials

Silicon (Si)  Presenting a diamond structure and an indirect optical
bandgap Egap = 1.10 eV, Si is known by its singular (though modest)
properties that, allied to its natural abundance, justify its widespread use
in (micro-) electronics [3] and in photovoltaic PV solar cells [24,25].
More recently, the applications involving Si have been expanded to the
generation, routing, modulation, processing and detection of light, or Si-
photonics [26], as well as to Si-quantum-computing [27,28].

Germanium (Ge) Also of diamond structure and exhibiting indirect
(0.67 eV) and direct (0.80 eV) Egap’s, Ge was broadly applied in Schottky
diodes during the World War II and it was responsible for the very rst
transistor [2]. Ge has also found applications in (micro-)electronics,
(special) radiation detectors and PV solar cells [29]. Similar to Si, in the
effort to develop disruptive quantum technologies, Ge is emerging as a
versatile material to realize devices capable of encoding, processing and
transmitting quantum information [30].

Silicon carbide (SiC)  SiC is a IV–IV compound semiconductor with
Egap in the 2.3–3.3 eV range (depending on the crystal structure, or
polytype) that can operate at considerably high voltage, switching fre-
quency and temperature. Among other wide Egap semiconductors, SiC is
exceptional because it can be easily doped (either p- or n-type) and its
native oxide is SiO2  the same insulator as in Si [31]. This makes it
possible to fabricate, for example, the entire family of MOS-based
(metal–oxide–semiconductor) electronic devices in SiC [32].

Diamond (diam)  (Even though diamond has not been measured in
this work, occasionally, their results will be considered for comparison
reasons.) As the name suggests, it presents the diamond structure (as the
result of C sp3 bonds), Egap = 5.47 eV, and extraordinary chemical-
physical-thermal properties [33]. So far, a wide variety of
manufacturing methods have been developed to deposit diamond layers
and structures  the most common is the chemical vapor deposition
(CVD) [34]  rendering applications that can vary from protective
(hard) coatings to (high power) electronic devices [35].

III-V-based materials

Gallium nitride (GaN)  Owing to its crystal structure (wurtzite) and
wide direct bandgap (Egap = 3.40 eV), GaN has long been considered for
its potential use in high power electronics and in optoelectronic devices
[36]. Allied to its relative simple production methods and success in
providing commercial blue light emitting devices, there is a lot of R&D
on GaN (and on its heterostructures with other nitride semiconductors)
[37].

Gallium phosphide (GaP) Part of the interest in GaP (and its alloys)
arises from its zinc blende lattice (that perfectly matches with Si) and
indirect optical Egap in the visible range (2.25 eV), aiming at the
development of light emitting sources [38] and, more recently, on
biomedical and on quantum technologies [39].

Gallium arsenide (GaAs)  Perhaps the most known manmade III-V
semiconductor, GaAs is characterized by its zinc blende structure, a
direct Egap = 1.43 eV, and great adaptability in providing hetero-
structures exhibiting high electron mobility and superior optical (light
emission) properties [40]. As a result, GaAs has been considered in ap-
plications like transistors (under the most varied geometries-concepts),
Gunn and laser diodes, and high-efciency solar cells, just to mention
a few of them [41].

Gallium antimonide (GaSb)  Historically, the R&D of various III–V
semiconductors were dedicated to optoelectronics and, in most of the
cases, they were closely related with the wavelength of the optical ber
loss minima [42]. That is the case of GaSb (a compound with zinc blende
structure and direct Egap around 0.70 eV [43]), that can be employed in
conjunction with many semiconductors such as (AlGa)Sb or In(AsSb)
and that has potential for detectors, lasers and quantum well structures
operating in the (near-)infrared spectral region [44].

Indium phosphide (InP)  Like all III-V compound semiconductors,
InP (zinc blende structure and Egap = 1.32 eV) has found numerous
applications in the eld of optics and electronics  including those
devoted to solar energy conversion [45]. In the last few years, the in-
terest has also been focused in producing efcient (non-toxic, tunable
optical bandgap) quantum dots [46] and quantum dot light emitting
diodes QLED’s [47], for example.

Indium arsenide (InAs) Also presenting a zinc blende structure and
a bandgap in the infrared spectral range (Egap = 0.36 eV) [48], InAs-
based quantum dots QD’s are promising building blocks for numerous
photonic (in the infrared spectral range) and biomedical (RoHS-
compliant) applications [49].

II-VI-based materials

The combination of Zn or Cd (group II elements) with O, S, Se, or Te
(group VI elements) originates the so-called II-VI semiconductor mate-
rials. They are known to present Egap’s in the 24 eV range and, because
of their ease of production, II-VI-based materials have been systemati-
cally investigated aiming applications in photonics, catalysis and
biomedical science. Moreover, since the crystal shape and size of these
materials directly inuence their physical–chemical properties and
interaction with biological systems, most of the efforts in the eld rely
on the R&D of micro/nano-structured materials, namely: in the form of
thin lms, nano-crystals, or QD’s, for example.

Zinc oxide (ZnO)  The rst scientic reports on ZnO date from the
1930′s (revealing its wurtzite structure and lattice parameters) and they
evolved to the determination of its optical (Egap = 3.20 eV) and vibra-
tional properties, as well as to its synthesis and production of simple
electronic devices [50]. At present, ZnO-based materials can be obtained
from various different methods (metal–organic chemical vapor deposi-
tion, (reactive) sputtering, molecular beam epitaxy, pulsed laser depo-
sition, atomic layer epitaxy, etc.) and most of their applications involve
the development of light emitting sources operating in the ultra-vio-
letblue spectral range [51].

Zinc sulde (ZnS)  ZnS is a naturally occurring salt that can exist
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under the zinc blende (spharelite) and wurtzite forms. It is the main
source of zinc and most commonly used as a pigment for paints, plastics,
and rubber [52]. Because of its optical properties (direct Egap= 3.60 eV)
it has been largely considered for luminescent-scintillation purposes
and, in recent years, in the development of electroluminescent devices
and semiconductor QD’s [53].

Zinc selenide (ZnSe)  Along with ZnS, ZnSe is among the rst
discovered semiconductors that, owing to its zinc blende structure and
direct Egap = 2.65 eV, represents an important material for the fabri-
cation of devices like PV solar cells, and LED’s and lasers operating in the
bluegreen spectral range [52], as well as in luminescent core–shell
structures [54].

Zinc teluride (ZnTe)  Like ZnS and ZnSe, ZnTe presents a zinc
blende structure, wide direct bandgap (Egap = 2.25 eV) and, therefore,
various applications in the semiconductors industry (PV solar cells,
LED’s and lasers, and microwave generators) [52]. The structural-
electronic properties of ZnTe has also been explored in order to pro-
duce special photodetectors [55].

Cadmium sulde (CdS)  CdS exhibits a wurtzite structure and a
direct optical bandgap in the visible (Egap= 2.25 eV) spectral range that,
allied to its excellent thermal and chemical stability, justies its broad
use in PV solar cells and (LED’s and laser) light sources, for example
[52]. Taking advantage of its production methods (in the search for new
optical-electronic properties), nanostructures of CdS-based materials
has also received considerable attention [56].

Titanium dioxide (TiO2)  TiO2 does not t any of the previous
classes of materials. It is a binary transition-metal oxide usually found in
three main crystalline polymorphs: Anatase, Rutile and (the less com-
mon) Brookite. Each of them presents specic structural-electronic
properties and, therefore, semiconducting properties that eventually
will be adequate for different (environmentally friendly) applications. In
the present work, only the Rutile crystal structure (TiO2-R) has been
considered in detail. In part, this is because of its direct Egap in the visible
(~ 3 eV) spectral range that is suitable for applications in the elds of
solar energy conversion [57] and photo-catalysis [58].

After this short phonon  semiconductor overview, the following
sections will show the information regarding the Raman measurements,
the samples details, and the experimental results they provided. Then,
the temperature-dependent Raman results will be discussed in view of
some basic properties of the semiconductor materials (like typical bond
energy and optical bandgap). Finally, the importance of the present
ndings in selecting the most convenient semiconductor  application
combination will be pointed out.

Experimental

The samples investigated in this work correspond to 15 semi-
conductors presenting different crystal structures: diamond (Ge and Si),
zinc blende (GaAs, GaP, GaSb, InAs, InP, ZnS, ZnSe, and ZnTe), wurtzite
(CdS, GaN, 4H-SiC, and ZnO), and rutile (TiO2). In most of the cases the
samples correspond to undoped, 2 sides (mirror) polished, single crystals
with thicknesses in the 0.31 mm range. The samples were purchased
from a semiconductor crystals-wafers supplier and their main charac-
teristics (crystal details and orientation, as well as some physical and
electrical properties) can be found in SuppInfo_SamplesDetails.

The Raman measurements were carried out in a commercial setup
(Renishaw RM2000) by exciting the samples with 632.8 nm photons
(backscattering geometry and no preferential polarization). The spectra
were acquired in the 83823 K temperature range (in steps of either 25
or 50 K) by means of a computer-controlled temperature-stage (Linkam
THMS600). In this case, a 50x long-working distance objective lens (NA
= 0.55) and a laser power density of ~ 0.4 mW μm2 have been applied.
The study considered the spectra taken from different regions of the
samples, as well as a dwell time of 3 min (at the desired temperature) to
guarantee thermal equilibrium conditions.

After identication of the main phonon modes, their peak position

(or frequency) ω and line-width (or full width at half maximum FWHM
height value) γ were determined by tting the spectra with a combina-
tion of Lorentzian and Gaussian proles. The resulting line-shape is a
Voigt function, according to which the true (Lorentzian) phonon line-
width can be separated from the (Gaussian) experimental spectrom-
eter resolution [59,60]. Given that the Raman spectra were taken with
632.8 nm photons and a 1200 l mm1 diffraction grating, the spectral
resolution (or FWHM in the Gaussian prole) corresponds to 1.6 cm1

[61]. Besides, whenever appropriate, the tting procedure was preceded
by removing some background  always by means of a straight line
beneath the experimental spectrum  and by considering the (occa-
sional) presence of nearby phonon contributions. Accordingly, hence-
forth, the ω (or peak position) and γ (or peak line-width) values
correspond to the center of the Voigt function and to the sum of the
FWHM of the Lorentzian and Gaussian proles, respectively.

Results

Fig. 1 shows the room-temperature (RT) Raman spectra of the sam-
ples investigated in this work. The spectra were (arbitrarily) distributed
into three panels in order to highlight the main phonon contributions (in
the 501000 cm1 range) of the various semiconductors.

The most intense Raman peaks in Fig. 1 correspond to the following
phonon modes  in which the conventional transverse (T), longitudinal
(L), optical (O) and acoustic (A) phonon notation applies: GaSb ωLA (at
~ 151.6 cm1) [62], GaAs ωLO (at ~ 292.3 cm1) [63], GaP ωLO (at ~
403.3 cm1) [63], GaN ωTO under E2 high symmetry (at ~ 568.7 cm1)
[64], rutile TiO2 ωLO under A1g symmetry (at ~ 611 cm1) [65,66],
ZnTe ωTO (at ~ 177.8 cm1) [67,68], ZnSe ωLO (at ~ 253.5 cm1)
[67–69], ZnS ωLO (at ~ 351.5 cm1) [70], ZnO E2 high (at ~ 439.3
cm1) [71–73], Si ωTO (at ~ 521.5 cm1) [74], InAs ωLO (at ~ 236.4
cm1) [75], CdS ωLO (at ~ 301.5 cm1) [76], Ge ωTO (at ~ 302.7 cm1)
[77], InP ωLO (at ~ 347.2 cm1) [63], and 4H-SiC ωTO under E2(TO)
symmetry (at ~ 777.4 cm1) [78]. The above assignments were based
on the literature and took into account the excitation wavelength (632.8
nm), the backscattering geometry, the use of no preferential polarization
and the crystal orientation of the samples (see SuppInfo_SamplesDe-
tails). The identication of all phonon modes exhibited by the consid-
ered semiconductors (and their corresponding references) is given in
SuppInfo_FormalAnalysis.

Owing to the phonon susceptibility to anharmonic interactions and/
or resulting from thermal expansion effects, the study of the
temperature-dependent ω and γ data can provide important structural
information [79]. Usually, the analysis of ω(T) and γ(T) is based on the
decay of one phonon into two (3-phonon process) and three phonons (4-
phonon process), as determined by the Bose-Einstein phonon population
[59,80]. This was the approach considered in the present work whose
results, along with the experimental ω(T) and γ(T) data  as obtained
from tting the Raman spectra with Voigt functions, in the 83823 K
temperature range  are shown, for example, for the Si semiconductor
sample in Fig. 2.

As can be seen, the theoretical model is able to reproduce the
experimental ω(T) and γ(T) data with great precision and it allows to
differentiate the anharmonic (ωPC) from the lattice expansion (ωTE)
contributions (Fig. 2(b)). Further details concerning the 3- and 4-phonon
model and the analysis of the ω(T) and γ(T) of the whole series of
samples are available in SuppInfo_FormalAnalysis. There, the reader can
see all the quantities related to the model, as well as the ω(T) and γ(T)
theoretical behavior expressed in terms of Δω(T) = ω(T)ω0 (Fig. S16)
and Δγ(T) = γ(T)γ0 (Fig. S17)  where ω0 and γ0 stand for the Raman
peak position and line-width at T ~ 0 K. The information supplied by the
3- and 4-phonon model are very illustrative in describing the Raman (T)
data but, in certain cases, they could be inuenced by: the quality of the
experimental data (specially at low temperatures), the absence of
(reliable) Grüneisen parameters and/or linear thermal expansion co-
efcients, as well as by the data tting procedure [81]. Being aware of
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these aspects, henceforth, we decided to discuss only the above room-
temperature ω(T) and γ(T) experimental data that, conveniently, have
been supposed to present a linear behavior. The results of this linear
least squares tting of ω(T) and γ(T) are shown in Figs. 3 and 4 that, for
comparison reasons, display Δω(T) = ω(T)ω(RT) and Δγ(T) =
γ(T)γ(RT).
The room-temperature peak position ω(RT) and line-width γ(RT)

values, and above RT dω/dT and dγ/dT linear slopes of all samples can
be seen in detail in SuppInfo_LinearFit.

According to Fig. 3, it is clear the decrease of the Raman peak po-
sition ω as the temperature advances. It occurs mainly because of the
phonon–phonon interaction processes (and to a lesser extent due to
lattice expansion effects) and it is common to all samples  see Figs. S1-
to-S15 in SuppInfo_FormalAnalysis.

The effect of increasing temperatures, and consequent augment of
the phonon–phonon interactions, is also behind the systematic augment
observed in the γ Raman line-widths (Fig. 4). At this point it is curious to
notice the apparent lack of connection between the Δω(T) and Δγ(T)

Fig. 1. Raman scattering spectra (in the 501000 cm1 range) of all semiconductors considered in this work. The spectra were taken at room-temperature and, for
clarity reasons, they were normalized, vertically shifted and separated into three panels.

Fig. 2. (a) Room-temperature Raman spectrum of a Si(100) semiconductor sample, indicating its main phonon modes: ω2TA (at ~ 304.5 cm1), ωTO (at ~ 521.5
cm1), and ω2TO (at ~ 963.4 cm1). (b) Experimental peak position ω(T) in the 83823 K range, along with its theoretical thermal expansion (ωTE) and phonon
coupling (ωPC) contributions. (c) Raman spectra of Si(100), highlighting the ωTO mode, at 83, 273, 473 and 673 K. (d) Experimental peak line-width γ(T) in the
83823 K range, together with its corresponding theoretical curve (t). The error bars in (b) and (d) comprise typical experimental uncertainty and data
tting dispersion.
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behavior presented by the various samples. More specically: whereas
TiO2 and InAs present the highest Δω(T) (Fig. 3(a) and (c)) and Δγ(T)
variations (Fig. 4(a) and (c)), that is not the case with Si in which the
highest Δω(T) and lowest Δγ(T) changes apply (Figs. 3(b) and 4(b)). It
happens as a result of differences in the chemical-physical characteris-
tics of each semiconductor and they will be considered in the next
section.

Discussion

Roughly speaking, a Raman spectrum shows the magnitude and
typical frequency of photons that have been scattered after a beam of
monochromatic radiation interacts with matter. It contains features of
both elastically (Rayleigh) and inelastically (Stokes and anti-Stokes)
photons and it is dependent on the chemical-physical details of the
matter. In most of the cases (which involve the particulars of the
experimental setup and desired information [14]), it is usual to consider
just the Raman Stokes scattered photons, or those ones presenting a
frequency (or energy) slightly lower than that of the incoming mono-
chromatic radiation. Within this context, a typical Raman spectrum
presents the amount of scattered photons as a function of their frequency
shift as referred to the incoming light excitation. From the microscopic
point of view, the incoming photons interact with the matter and distort
(polarize) the cloud of electrons around the nuclei to form a short-lived
(virtual) state, that is not stable so the photon is quickly re-radiated

(scattered) [8,12,14,16,82]. If only electron cloud distortion occurs
the photons will be scattered almost unchanged (Rayleigh). However, if
nuclear motion is induced, energy will be transferred either from the
incident photon to the matter (Stokes), or from the matter to the scat-
tered photon (anti-Stokes). Whether the matter is in a gaseous, liquid, or
solid phase it affects the overall strength and band shape of the scattered
signal in the Raman spectrum and, in general, solid media give rise to
sharp, strong Raman spectra whilst liquids and vapors tend to present
weaker (and, sometimes, broader) spectra. Still from the microscopic
point of view, the frequencies (or energies) of the scattered photons are
dictated by the quantum or vibronic levels representing the matter 
specially those associated with the chemical bonds in molecules and
solids. An extremely simple (but very descriptive) way to conceive this
process is by considering the chemical bond, ideally, as two masses
connected by a spring in the form of a quantum harmonic oscillator.
According to this approach, in the case of a diatomic molecule, the
frequencies of the scattered photons ω (as usually given in terms of the
inverse of wavenumbers, or cm1) can be predicted by ω = 1

c
̅̅̅
K
μ

√
, where:

c stands for the velocity of light, K is the force constant (or bond
strength) and μ is the reduced mass of the atoms involved. When the
approach is applied to a solid (or to a collection of bonded-interacting
molecules), for example, the incoming radiation induces vibrations
through the whole atom lattice. As a result, the scattered photons can
present frequencies resulting from vibrations induced along the direc-
tion of propagation of the incoming radiation (longitudinal or L modes)

Fig. 3. Linear, above RT, temperature-dependent variation experienced by the Raman peak position ω of the samples investigated in this work. The curves
(3001050 K range), as obtained from the linear least squares t of the ω(T) experimental data, correspond to Δω(T) = ω(T)ω(RT).

Fig. 4. Linear, above RT, temperature-dependent variation experienced by the Raman peak line-width γ of the samples investigated in this work. The curves
(3001050 K range), as obtained from the linear least squares t of the γ(T) experimental data, correspond to Δγ(T) = γ(T)γ(RT).
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and/or at right angles to it (transverse or T modes). These modes form all
through the whole atom lattice and each one consists of a very large
number of vibrations of similar energy which occupy a band of energies
in the matter. Moreover, depending on the specics of the radia-
tionmatter interaction, these modes can present frequencies either in
the low (acoustic A) or high (optical O) ranges of energy and, therefore,
the LA, TA, LO, and TO phonon nomenclature. Along with the basics
behind the (quantum theory of) radiationmatter interaction and the
concept of the bond polarizability (or ease of distorting the bonding
electrons from their original positions), a full (group theory) description
of these modes is outside the scope of this work and the interested reader
is advised to look for further information in [8,12,14,16,82]. That being
said, the above phenomenological description of the Raman scattering
effect just paves the way to discuss the results that follow. Likewise, the
discussion will be restricted to the main characteristics of the current
semiconductor samples and experimental conditions  with the excep-
tion of the diamond-related results that have been retrieved from pre-
vious work [83] and from the literature [84] (see SuppInfo_Diamond).

Regardless of the size, type, or complexity all parts of Nature are
made of atoms and, as expected, their main properties result from the
number, characteristics and interaction of their constituent atoms. The
distinctive optical bandgap of semiconductors, for example, originates
from the covalent (sometimes, partially ionic) bonding between atoms,
in which electrons can occupy either valence or conduction bands
separated by an energy gap [85]. As a result, in pure semiconductors, a
minimum energy (corresponding to the energy gap) is required so that
the bonding electrons can be excited from the valence to the conduction
band and contribute to the optical absorption process. This optical
bandgap energy Egap is proportional to the typical bonding energy Ebond
between the constituent atoms and it presents different scaling rates
depending whether the semiconductors are IV-IV-, III-V- or II-VI-based
compounds [86]  see Fig. S19(a) in SuppInfo_Associations. Similar
correspondences can be found in the literature connecting the Egap (and,
ultimately, Ebond) of some semiconductors with their infrared absorption
and Raman frequencies [87–89], as well as with certain light emitting
processes [90,91].

Applied to the present study, the Raman peak positions of the
phonon modes considered so far (including the results of diamond) are
represented in Fig. 5(a) as a function of Egap  all of them at RT. Ac-
cording to the gure: higher ω(RT) values are consistent with increasing
Egap (or Ebond see Fig. S19(b) in SuppInfo_Associations) and with some
of the semiconductors main features in a clear allusion to the quantum
harmonic oscillator picture (i.e., ω∝ ̅̅̅̅̅̅̅̅̅̅Ebond

√ and ω∝
̅̅̅̅̅̅̅̅
μ1


). An alternative

way to observe the phononEgap behavior is by representing the (linear,
above RT) dω/dT slope values versus Egap (Fig. 5(b)) and respective

dEgap/dT slopes (Fig. 5(c)).
In this case: whereas there is no obvious (single) connection

involving dω/dT and Egap (Fig. 5(b)), the dω/dT versus dEgap/dT results
(Fig. 5(c)) suggest that, despite some data dispersion, the semi-
conductors presenting the lower T-dependent phonon variations are
those in which the most signicant T-dependent Egap changes apply, and
vice-versa. It happens owing to the specics of each semiconductor but,
most probably, because of the Bose-Einstein phonon population factor in
determining the phonon–phonon (ω) and electron–phonon (Egap) in-
teractions. Another way to examine the data of Fig. 5(c) involves their
relative variations i.e., by considering “dω/dT divided by ω(RT)” versus
“dEgap/dT divided by Egap(RT)”  as shown in Fig. S19(c) in SuppIn-
fo_Associations. Now, at least for the IV-IV- and III-V-based compounds,
the variations scale with each other and increase as the “reduced mass μ” 
of the semiconductors augment. A different behavior applies to the II-VI-
based compounds, in which the relative “dEgap/dT divided by Egap(RT)” 
variation remains practically constant, while “dω/dT divided by ω(RT)” 
seems to increase with μ. Relating to the observed experimental data
dispersion of Fig. 5 (and Fig. S19) it may arise due to the different
phonon modes-symmetries (ωTO,ωLO, etc.), to the various crystal struc-
tures (diamond, zinc blende, wurtzite, and rutile) and/or orientations, to
the quasi-metallic character of some compounds (like InAs, for
instance), or to a combination of these factors. In spite of that, it is
notable to distinguish some connection between the ω- and Egap-related
experimental results.

In analogy with the preceding discussion, the Raman peak line-width
γ(RT) and dγ/dT data were analyzed in terms of Egap(RT) and dEgap/dT
and they are shown in Fig. 6 (and Fig. S20 in SuppInfo_Associations).

This time, however, the dispersion of the experimental data prevents
any reliable statement  except, maybe, some scaling-up of dγ/dT in the
IV-IV- and II-VI-based semiconductors at increasing dEgap/dT variations
(Fig. 6(c)). In this case, the absence of any evident relationship is not
surprising and it simply emphasizes the effect of different phonon
modes-symmetries and crystal structures-orientations in detriment of a
plain γ-related behavior. Moreover, the inuence of nearby phonon
modes (particularly during the curve tting of the Raman spectra)
should not be ignored as a potential source of error in obtaining accurate
γ values. Nevertheless, the above Raman and Egap results (and related
discussion) can be very useful in proposing two applications and oper-
ating ranges for the considered semiconductor materials.

The rst of these applications involves the use of semiconductors to
develop optical thermometers, the second one refers to the construction
of interferometric (tunable) lters.

In principle, any material can function as a thermometer as long as
some of its (physical, electrical, optical, magnetic, etc.) properties can be

Fig. 5. (a) Room-temperature (RT) Raman peak position (or frequency ω) as a function of the optical bandgap Egap of some IV-IV-, III-V- and II-VI-based semi-
conductors  together with TiO2-R. Above RT, linear dω/dT slope values of previous semiconductors as a function of their respective (b) optical bandgaps (at RT),
and (c) linear (above RT) dEgap/dT slopes.
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standardized in terms of a reference temperature source [92]. Within
these, the optical properties are compatible with non-contact tempera-
ture measurements that, in addition, may offer speed, high sensitivity,
reliability and linearity over a considerable range [93]. Depending on
the instrumentation available, precision and T-range required various
types of materials apply, so the temperature can be obtained by
analyzing the spectral characteristics (signal wavelength-frequency-
energy, intensity, shape, etc.) of certain optical processes [94]  such
as those involving Raman scattering [95,96] or optical absorption
[97,98], for example. Based on this, the semiconductor materials that
present the highest (above-RT) dω/dT and dEgap/dT variations and,
therefore, the most signicant spectral changes in order to efciently
probe the temperature are (Fig. 5(c)): TiO2-R (withdω/dT =  0.04751
cm1 K1) and ZnO (dEgap/dT = 0.827 meV K1). Other options
include: InAs (dω/dT= 0.03232 cm1 K1), diamond (dω/dT=
0.02261 cm1 K1) and Si (dω/dT= 0.02200 cm1 K1), as well as
ZnS (dEgap/dT = 0.797 meV K1) and TiO2-R (dEgap/dT = 0.767 meV
K1)  see Table IV in SuppInfo_T-Variations.

Still relating to the optical properties of matter, tunable lters belong
to a family of devices that, besides ltering, can control and modulate
light and that can be used directly or integrated into a variety of pho-
tonic systems [99]. Basically, these lters consist of a series of thin lms
stacked together (also known as a distributed Bragg reector DBR) so
their individual refractive index (n), thickness (t), and nal arrangement
dene a precise optical transmission or reection range of wavelengths
[100]. In the form of an optical resonator (i.e., a layered structure in
which a spacer is sandwiched between two DBR’s), a well-dened op-
tical transmission/reection window develops around a preset photon
wavelength λ0 (= 2nspacertspacer, for example [101]). Since n, Egap, and t
are temperature-sensitive, small variations of the external temperature
induce changes in the optical windowwavelength λ0 and shape such that
light ltering (and/or modulation) can be precisely adjusted-controlled.
(Strictly, the temperature-dependent spectral characteristics of any
interferometric  tunable lter rely on n(T), or on the thermo-optic
coefcient TOC  see [102] and Fig. S21 in SuppInfo_TOC.) Within
this context, the semiconductors presenting the highest (above-RT) dn/
dT values (corresponding to the  0.020 < dω/dT <  0.015 cm1 K1

range  see Fig. 5(b) in conjunction with Fig. S21 in SuppInfo_TOC) are
supposed to provide tunable lters able to work over broader spectral
ranges, as induced by the temperature. Within them, one can mention:
Ge, Si, and most of the III-V-based compounds with Egap < 2.5 eV.
Coincidentally, these correspond to the semiconductors exhibiting the
lowest dγ/dT (<0.01 cm1 K1) variations (Fig. 6(b)). If, instead, device
operation requires high optical spectral stability against thermal varia-
tions, the wide bandgap materials (diamond, GaN, SiC, and most of the
II-VI-based compounds) seem to be more appropriate. At this point it is
important to notice that, unfortunately, the absence of TOC data of all
the semiconductors considered in this work prevents a thorough analysis
of the effect. Besides, these are just ideas to illustrate the potential of the
information provided by Raman spectroscopy in planning a
semiconductor-based device. In the specic case of an optical (ther-
mometer or tunable lter) device, its denite composition  design has
to take into account details like, for example: the working range 
involving both temperature and spectral characteristics  precision and
time-response required, as well as the instrumentation (and environ-
mental conditions) available.

Concluding remarks

The Raman spectra of 15 semiconductor samples were measured, in
the 83823 K temperature range, by means of 632.8 nm laser excitation,
backscattering geometry and no preferential polarization. The work
considered IV-IV (Si, Ge, and SiC), III-V (GaN, GaP, GaAs, GaSb, InP, and
InAs) and II-VI (ZnO, ZnS, ZnSe, ZnTe, and CdS) compounds, that
included diamond, zinc blende, wurtzite and rutile (TiO2) crystal
structures. The temperature-dependent behavior of the most important
phonon modes of the samples were analyzed in terms of their peak po-
sition (ω) and line-width (γ), as provided by tting the experimental
spectra with Voigt functions. In its current form this work presents, in a
single document, all relevant Raman data (and references) of some of the
most inuential semiconductor materials in terms of basic and applied
research. Moreover, according to the experimental data: (1) the ω(T)
and γ(T) results are consistent with the 3- and 4-phonon model (in the
whole 83823 K range) showing the inuence of phonon–phonon and

Fig. 6. (a) Room-temperature (RT) Raman peak line-width γ as a function of the optical bandgap Egap of some IV-IV-, III-V- and II-VI-based semiconductors 
together with TiO2-R. Above RT, linear dγ/dT slope values of previous semiconductors as a function of their respective (b) optical bandgaps (at RT), and (c) linear
(above RT) dEgap/dT slopes.
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thermal processes onto the phonon scattering behavior of the samples;
(2) above room-temperature, the anharmonic phonon–phonon interac-
tion prevails in most of the samples and provokes systematic changes in
both ω(T) and γ(T); (3) these changes are properly described by straight
lines (namely, dω/dT and dγ/dT slopes) that present some correspon-
dence with the optical bandgap Egap of the semiconductors. Altogether,
the experimental data are strictly related with the fundamental (chem-
ical-physical) properties of the semiconductor samples and emphasize
the effect of temperature onto the phonon–phonon (in determining both
ω and γ) and electron–phonon (Egap) processes. Additionally, they show
the importance of Raman spectroscopy in providing important
structural-electronic information that has been considered to (briey)
illustrate the suitability of certain semiconductors to applications
involving the remote measurement of temperature (i.e., by means of an
optical thermometer) as well as in order to obtain temperature-(in)
dependent optical ltering-modulation.
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