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Abstract
With the advancement of Materials Genome Initiative, there is an urgent need for
nondestructive, rapid characterization methods for obtaining electrical transport
properties and phonon information of materials. In this article, we develop a
method using the dielectric resonant spectroscopies of materials to derive critical
parameters such as conduction electron frequency, quantum relaxation time, and
phonon frequency for metals and semiconductors. As a typical example, based on
the new approaches, we realized simultaneous extraction of carrier concentration n
and electron-phonon relaxation time τe− p, and establish a new relationship of
τe− p ¼ C∗ ⋅ T − 1 ⋅ n− 1=3 for n-type doped silicon, where the true electron-phonon
coupling constant C∗ is proposed for the first time. This innovative methodology
offers significant potential for high-throughput screening of materials, expediting
the development of next-generation electronic devices.
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1 | INTRODUCTION

“The Fourth Paradigm” of scientific research, as proposed by
Jim Gray,[1] promotes the extraction of scientific knowledge
from experimental data by artificial intelligence (AI). This
has brought a revolutionary paradigm shift in materials sci-
ence. However, the data-driven science relies heavily on the
quantity and quality of data. Although AI has demonstrated
great potential in materials science research,[2–4] the lack of
experimental data in this field has hindered the successful
implementation of this new paradigm. Recently, this issue
has begun to be addressed by Materials Genome Initiative
(MGI)[5] in which high-throughput experiments and
computation are considered the means to generate data
rapidly. “Data foundries”[5,6] are the critical infrastructures

built to mass-produce large amounts of data systematically
to meet the data demand.

Far-field photolithography technique played a critical role
in ensuring the number of transistors in an integrated circuit
(IC) chip grows according to Moore's law.[7] From past ex-
periences, for AI approach to succeed in a field, it requires the
relevant data to grow according to Moore's Law as in astro-
physics[8] and biomedical fields.[9–13] Similar to the expo-
nential growth rate observed in IC chip development under
Moore's Law, far-field telescopes have catalyzed a comparable
scaling trajectory in astrophysical data acquisition throughout
modern observational astronomy. The optical probe technique
and far-field optical microscopy played the same role in the
development of gene sequence technology. They have
demonstrated a significant value in managing the data surge in
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gene sequencing and astrophysics, which has the potential to
significantly enhance the efficiency of acquiring material data
and advancing AI in materials science. Inspired by the above
observations, we realized that the far-field optical methods to
acquire physical properties of materials could be the key to
breaking the bottleneck of materials data growth rate. To this
end, new techniques of nondestructive (noncontact) and rapid
material characterization with wavelength-limited spatial
resolution are called for.

Electronic transport properties, serving as the funda-
mental physical characteristics of materials, play a signifi-
cant role in characterizing the performance of
thermoelectric, superconducting materials, and many other
types of electronic devices. Among these electrical proper-
ties, free carrier density and relaxation time are essential
parameters determining other critical electron transport
metrics, such as resistivity and mobility. On the other hand,
the phonon information is essential to understanding the
mechanical properties of materials and the electron-phonon
coupling phenomena.[14,15] Efficiently measuring and accu-
rately extracting the aforementioned information is essential
for a deeper understanding of electronic transport properties
and the development of next-generation electronic materials.

Traditionally electrical conductivity (σ, is proportional to
the electron-phonon relaxation time τe− p for metal behavior)
is measured by the 4-point contact method (see Figure 1a),
whereas the carrier density n is determined via the Hall

effect, requiring additional transverse contacts with different
geometries (see Figure 1b). However, due to uncertainties in
sample geometry and the challenges associated with mea-
surements on samples with low carrier density, it is difficult
to determine τe− p − n dependency accurately in a wide
range to obtain the scaling power law for n dependency. This
has clouded the determination of true electron-phonon
coupling constant in the past.

Fortunately, the electron or phonon interacting with the
light field is uniquely represented in the spectrum, which
provides us with the opportunity to extract relevant informa-
tion. In the realmof opticalmeasurements of electron transport
properties, Drude proposed a simplemodel in 1900 to describe
the dynamics of electrons in metals under the influence of an
external electric field.[16] This model was later refined by
Sommerfeld and others[17,18] by incorporating quantum the-
ory, resulting in the Drude–Sommerfeld model, which can be
applied to all conductive materials with free-likely electrons.
According to the Drude–Sommerfield model, optical con-
ductivity can be expressed as[18]

σðωÞ ¼ σrðωÞ þ i ⋅ σiðωÞ ¼
ω2
pτD
4π

1þ i ⋅ ωτD
1þ ω2τ2D

ð1Þ

where ωp ¼ 4πne2
m∗

� �1=2
is the plasma frequency, n is the free

carrier density, m) is the effective mass, and τD is the Drude

F I GURE 1 (a) Schematic of the four-probe contact method experimental setup, where w, l, and d are the width, length, and height of the sample,
respectively. (b) Schematic of the Hall measurement contact method experimental setup. (c) Schematic of the noncontact dielectric resonant spectroscopy
experimental setup.
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quantum relaxation time, which is the same as the conven-
tional DC electrical measurement as Drude assumed. From
the general relation εðωÞ ¼ εrðωÞ þ i ⋅ εiðωÞ¼
1 − 4π

ωσiðωÞ
� �

þ i ⋅ 4π
ωσrðωÞ, the dynamics of free carriers

can be characterized by dielectric functions[18]:

εDðωÞ ¼ εDr ðωÞ þ i ⋅ ε
D
i ðωÞ ¼ 1 −

ω2
p

ω2 þ τ−2D
þ i ⋅

ω2
p

ωτD ω2 þ τ−2D
� �

ð2Þ

A typical dielectric spectrum of potassium based on the
Drude–Sommerfeld model is shown in Figure 2a. At plasma
resonance, εrðωÞ becomes zero and εiðωÞ exhibits a smooth
variation, which is insufficient to capture the peak character-
istics of free electron resonance. In contrast, dielectric loss
function (DLF) 1=εðωÞ[18] can effectively highlight the
plasma resonance. As depicted in Figure 2b, a resonant peak is
observed at the plasma frequencyωp in a dielectric loss image.

DLF has been employed to optically obtain relaxation
time and carrier density for various metals.[19–22] However,
the results based on Drude parameters often show significant
deviations from experimental ones (see Figure 2b,d).[19] As
noted in our previous research,[19] both εDðωÞ, arising from
the response of conduction electrons as described by the

Drude model, and εBðωÞ ¼ εBr ðωÞ þ i ⋅ εBi ðωÞ, arising from
the polarization response of bound electrons, should be
included in new DLF-BE analysis as
εðωÞ ¼ εDðωÞ þ εBðωÞ under the influence of electromag-
netic fields:

Re
1
εðωÞ

� �

¼

1 −
ω2
p

ω2 þ τ−2D
þ εBr ðωÞ

1 − ω2
p

ω2þ τ−2D
þ εBr ðωÞ

h i2
þ

ω2
p

ωτD ω2þ τ−2Dð Þ
þ εBi ðωÞ

� �2

ð3Þ

and

−Im
1
εðωÞ

� �

¼

ω2
p

ωτD ω2 þ τ−2D
� �þ εBi ðωÞ

1 − ω2
p

ω2þ τ−2D
þ εBr ðωÞ

h i2
þ

ω2
p

ωτD ω2þ τ−2Dð Þ
þ εBi ðωÞ

� �2:

ð4Þ

The new DLF-BE analysis demonstrated two main ef-
fects[19]: first one is the screening effect, resulting from the

F I GURE 2 Optical analysis of potassium. (a) Real and imaginary parts of the frequency dependent dielectric function of the Drude model for
ωp ¼ 34; 048 cm− 1 and τ− 1

D ¼ 139 cm− 1. (b, d) Imaginary and real parts of the dielectric loss function, where the Drude model, DLF-BE model[19], and
experimental data[20] are represented by the red line, black line, and black dots, respectively. (c) Comparison of dielectric function contributions from the
Drude term εDðωÞ and the bound-electron term εBðωÞ, where the bound term, obtained as εBðωÞ ¼ εðωÞ − εDðωÞ, is shown as a dash-dot line. All the fitting
parameters are consistent with those in ref 19.
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real part of the bound electron dielectric constant εBr , and it
causes a shift from the bare plasma frequency ωp to the
screened plasma frequency ωs:

ω2
s ¼

ω2
p

1þ εBr ωsð Þ
− τ−2D ð5Þ

Second one is the inelastic scattering effect between
conduction and bound electrons, showing a broadening of
the resonance peak through an additional scattering term:

τ−1AC ωsð Þ ¼
εBi ωsð Þωs
1þ εBr ωsð Þ

: ð6Þ

Ignoring the second contribution leads to large discrep-
ancies between the Drude model and experimental data[19] as
shown in Figure 2b,d. In Figure 2c, εBi ðωÞ was significantly
larger than εDi ðωÞ around ωs, illustrating that the bound
electron contributions must be considered.

In this work, we present the high-throughput character-
ization methods of electrical transport and phonon properties
using the dielectric resonant spectrum method (Figure 1c).
When ellipsometry spectroscopy data were available, an
improved method focusing on the data within the bandwidth
(BW) of DLF was introduced to extract the transport proper-
ties. In cases where optical phonon resonant frequency ap-
proaches the conduction electron plasma resonant, a single
oscillator phonon resonant model was incorporated into the
DLF analysis. For situations where only reflectance data over
the plasma resonance are available, the reflectance spectrum
was directly fitted with Drude and the phonon model was
supplemented by bound electron contributions as the accurate
constraint between real and imaginary parts of complex
dielectric constant. To illustrate the applicability of these
methods, we demonstrate examples of extracting the electron-
phonon scattering rate τ − 1

e− p for both metals and semi-
conductors. Utilizing the carrier density n and relaxation time

τe− p acquired from optical characterization, the relationship
τe− p ¼ C∗ ⋅ T − 1 ⋅ n− 1=3 was established and an electron-
phonon coupling constant C∗ was obtained for n-type doped
silicon.

2 | TRANSPORT PROPERTIES
MEASUREMENT BY PLASMA
RESONANCE SPECTRUM

In our previous study, only the imaginary part of DLF
analysis was employed, where a broad experimental spec-
trum is typically required, which challenges the assumption
that εBr ðωÞ and εBi ðωÞ remain constant as frequency varies
(see Figure 2c). We later recognized that by employing the
analysis of the real part of the DLF, a much narrower fre-
quency range is sufficient, and the assumption of constant
εBr ðωÞ and εBi ðωÞ becomes more reasonable.

By examining the graphical features of both real and
imaginary parts of DLF-BE (see Figure 2a,d), we identify
four key features from Ref1=εðωÞg function: the height H ,
the asymmetric height HA, the bandwidth W , and the effec-
tive plasma frequency ωs. When ωpτD ≫ 1, these features
can be analytically or numerically derived to be associated
with four fundamental unknown parameters ωp, τD, εBr ðωÞ,
and εBi ðωÞ as follows:

H ¼ Hup þ Hdown ¼
ωs

1þ εBr ωsð Þ
τo ωsð Þ ð7Þ

W ¼
1

τo ωsð Þ
¼

1
F

⋅
1
τD
;F ¼

τo ωsð Þ
τD

ð8Þ

HA ¼ Hup − Hdown ¼ αðFÞ ⋅ F ð9Þ

where Hup and Hdown represent the absolute maximum and
minimum value of Ref1=εðωÞg, τo ωsð Þ is the total optical
quantum relaxation time, and αðFÞ characterizes the slope of
the HA − F line, as shown in Figure 3c. In the Drude model,

HA can be expressed as HA ¼ 2 − 2ω2
p

2ωp þ τ− 1
Dð Þ 2ωp − τ − 1

Dð Þ
.

Notably, when incorporating εBr ðωÞ but assuming
εBi ðωÞ ¼ 0, HA can be derived as follows:

And HA approaches to 1:5
1þ εBr ðωÞ

with the assumption of
ωpτD ≫ 1. Therefore, a reduction of the experimental HA
from 1:5

1þ εBr ðωÞ
will confirm the presence of εBi ωsð Þ. As shown

HA ¼
1

1þ εBr ðωÞ
2 −

2ω2
p

1þ εBr ðωÞ
2ωp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ εBr ðωÞ

p þ τ−1D

 !
2ωp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ εBr ðωÞ

p − τ−1D

 !

2

6
6
6
6
4

3

7
7
7
7
5
: ð10Þ
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in Figure 3a, the experimental HA of potassium derived from
the rough fitting curve is 0.1133, whereas HA considering
εBr ωsð Þ only is approximately 1.2, indicating that the influ-
ence of εBi ωsð Þ cannot be ignored in the dielectric loss
spectrum. Furthermore, Equations (7)–(9) provide a means
to solve for these four unknown parameters ωp, τD, εBr ðωÞ,
and εBi ðωÞ as follows:

τD ¼
1

W ⋅ F
ð11Þ

εBr ωsð Þ ¼
ωs
HW

− 1 ð12Þ

εBi ωsð Þ ¼
1 − F
H

ð13Þ

ω2
p ¼ ω2

s þ ðW ⋅ FÞ2
h i

⋅
ωs
HW ð14Þ

These equations demonstrate that τo ωsð Þ and εBr ωsð Þ can
be directly solved from the graphical features. Once the
parameter F is determined, the remaining three unknowns of
τD, ωp, and εBi ωsð Þ as well as the complete DLF can be fully
resolved. Consequently, the uncertainties in τD, ωp, and
εBi ωsð Þ primarily depend on the accuracy of F.

The value of F could be determined through an iterative
procedure as follows: initially, a value of Finit is selected and
multiple HA values are calculated by varying F within a

specified range centered around Finit. Subsequently, αðFÞ is
derived from the multiple calculated HA values and their cor-
respondingF. UsingEquation (9), a newvalue ofF is obtained
based on this αðFÞ and the experimental HAexp. Next, HA is
recalculated in a narrower range around the updated F,
yielding a corresponding new αðFÞ. This iterative process
continues until αðFÞ converges, resulting in an accurate
determination of F and the corresponding τD, ωp, and εBi ωsð Þ.
Combining Equations (11)–(14), the four unknowns εBr ωsð Þ,
τD, ωp, and εBi ωsð Þ can be directly determined utilizing
graphical features of the real component of DLF-BE. The
iterative procedure is illustrated in Figure 3b, and a detailed
schematic of the iteration steps for potassium is shown in
Figure 3c. The diagram demonstrates that αðFÞ converges
quickly within five steps, with an error of less than 1%.

To demonstrate the applicability of this method, we first
examined the dielectric loss data of aluminum from which
ωp, τD, εBr ðωÞ, and εBi ðωÞ were determined based on the
graphical features of the real part of the DLF. The fitting
results, shown in Figure 4a, reveal that the model closely
aligns with the experimental data within the fitting range,
with R2 ¼ 0:998 and 0:990 for the real and imaginary
components of DLF-BE, respectively. The inset of Figure 4a
demonstrates that α converged with less than 1% error (as
indicated by Equation (9), the error in F is also below 1%),
confirming that the graphical method itself introduces minor
errors, well under 1%. Additionally, the fitting results of
metal potassium, rubidium, and cesium were presented in

F I GURE 3 (a) Variation of HA with respect to τ− 1
AC for potassium. The red star indicates the experimental value of HA, which deviates significantly from

HA with εBi ωsð Þ ¼ 0 (τ− 1
AC ¼ 0). (b) Schematic of the iterative algorithm used to derive ωp, τD, εBr ðωsÞ, and εBi ðωsÞ from the graphical features H, W, ωs, and

HA. (c) The relationship between the slope αðFÞ and F for potassium, illustrating the nonlinear dependence of HA on F. The inset highlights the convergence of
αðFÞ for potassium after five iterations.
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Figure 4b–d, respectively, for reference. The R2 values for
the real and imaginary parts of DLF of K, Rb, and Cs were
all above 0.985.

In ref. [19], the optical constants nðωÞ and κðωÞ of
aluminum[25] were fitted in the entire UV-VIS-IR spectrum by
εðωÞ ¼ εDðωÞ þ εBðωÞ, where εBðωÞ was computed via
density functional theory (DFT). The derived ωp
(106,873 cm−1) was smaller than ωs (121,007 cm−1), which
was qualitatively inconsistent with the fitting results for other
metals: the screening effect reduced plasma resonant fre-
quency (ωs < ωp). In contrast, our new analysis, which fo-
cuses exclusively on the dielectric loss data near the plasma
resonance (with limited data within the BW), resulted in a ωp
(124,932 cm−1) larger than ωs (120,547 cm−1). The derived
τ− 1
D from graphical features was 260.0 cm−1, which is smaller
compared to the results (545 cm−1) from ref. [19]. This
discrepancy likely arises because the parameters are sensitive
to fitting accuracy, and the graphical feature analysis provided
a better fit near the plasma resonance. The plasma wavelength
λp (calculated as λp½nm� ¼ 107

�
ν cm− 1� �

) obtained from
graphical features was ~80 nm,which, though smaller than the
value obtained fromDLF-BE (93 nm), was closer to theDrude
results (79 nm).[26]

To further illustrate the practical application of this
analysis, an examination of an indium-tin-oxide (ITO) film,
a gallium-doped zinc oxide (GZO) film and two n-type sil-
icon wafers were presented. Dielectric data for ITO and n-Si
were obtained by the analysis of the amplitude ratio ψ and
phase shift difference Δ between p- and s-polarized light
waves at incident angles 55°, 65°, and 75°. These mea-
surements were conducted by the M-2000 spectroscopic
ellipsometer and the IR-VASE ellipsometer from J. A.
Woollam in the VIS-UV range and the infrared region,
respectively. The dielectric data of GZO were sourced from
ref. [27]. Graphical features H ,W , ωs, and HA of the real part
of DLF at room temperature were extracted. From these
features, the quantum relaxation time τD, the plasma fre-
quency ωp, and the elastic and inelastic bound electron
contributions εBr ωsð Þ and εBi ωsð Þ were determined by iter-
ating over α. It is crucial to emphasize that as ωp and τ− 1

D
converge, H should be measured directly as the value of
− Im 1=ε ωsð Þf g. Figure 5 demonstrates that the model,
computed using parameters derived from these graphical
features, is in good alignment with the experimental data for
ITO, GZO, and n-Si, respectively. The insets of Figure 5
illustrate the convergence of α with respect to iteration steps,
showing that the value of α converged after five iterations for

F I GURE 4 Fitting results for Ref1=εðωÞg and − Imf1=εðωÞg of (a) aluminum, (b) potassium, (c) rubidium, and (d) cesium at room temperature, along
with the convergence of α for aluminum (inset of panel (a)), potassium (inset of panel (b)), rubidium (inset of panel (c)), and cesium (inset of panel (d)). In all
cases, α converged within five iterations with a variation below 1%. Dielectric data for potassium, aluminum, rubidium, and cesium were obtained from refs.
[20, 22–24], respectively.
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ITO, GZO, and n-Si, respectively, with all four achieving an
error of less than 1%. Notably, in the original article,[27] the
transport parameters of GZO were extracted by fitting the
Drude model with a single oscillator to the ellipsometry data
from 350 to 2000 nm, yielding ωp and τ − 1

D values of
1.927 eV (15,542 cm−1) and 0.117 eV (943.7 cm−1),
respectively. Our method, which relies solely on the graph-
ical features of Ref1=εðωÞg within a much narrower range
from 1120 to 1240 nm, produced similar results, with ωp and
τ− 1
D values of 15,471 and 833.8 cm−1. By incorporating the

contributions from inelastic bound electron with
εBi ðωÞ = 0.00167, our results are expected to be more
reliable.

Table 1 summarizes all parameters derived from the
analysis of graphical features of Ref1=εðωÞg. In four-point
probe measurements, resistivity is calculated using ρ ¼ V

I
dw
l

(see Figure 1a) or from sheet resistance as ρ ¼ Rsd, both of
which introduce geometric uncertainties. Consequently, mi-
nor discrepancies between resistivity values obtained from
optical and contact measurements are expected. For instance,

F I GURE 5 Fitting results for Ref1=εðωÞg and − Imf1=εðωÞg of the indium-tin-oxide film (a), the gallium-doped zinc oxide film (b), n-Si sample 1
(c), and sample 2 (d) at room temperature; Insets show the corresponding convergence of α. The R2 values for the real and imaginary parts of DLF in panels
(a–d) are all exceed 0.999.

TABLE 1 Fitting parameters obtained from the graphical feature method.

Materials εBr ωsð Þ εBi ωsð Þ ωp cm− 1� �
τ− 1
D cm− 1� �

τ− 1
AC cm− 1� �

F

Al 0.074 0.030 124,932 260.0 3370.7 0.0716

K 0.235 0.054 34,331 139.1 1352.2 0.0933

Rb 0.252 0.124 31,086 202.1 2752.5 0.0684

Cs 0.236 0.249 27,209 2200.4 4920.0 0.3077

ITO film 2.943 0.0035 16,470 834.1 7.42 0.9912

GZO film 2.328 0.0167 15,471 833.8 42.34 0.9517

n-Si #1 10.243 0.160 3557.8 387.8 14.06 0.9650

n-Si #2 10.393 0.0048 2747.3 409.9 0.294 0.9999

Abbreviations: GZO, gallium-doped zinc oxide; ITO, indium-tin-oxide.
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the optically derived resistivities for potassium and rubidium,
calculated using ρdc ¼

4πτ− 1
D
ω2
p
, are 7.07 and 12.5 μΩ⋅cm,

respectively, compared to four-probe measurement results of
7.20 and 12.8 μΩ⋅cm,[23] corresponding to errors of 1.8% and
2.4%. For the ITOfilm sample, the optically derived resistivity
is 184 μΩ⋅cm, which falls well within the vendor-specified
range of 170–200 μΩ⋅cm, demonstrating good consistency.
Since the optical method is independent of sample geometry,
resistivity obtained from resonance spectra is expected to be
more reliable.

To provide a comprehensive understanding of the influ-
ence of εBi ðωÞ on HA, the relationships between
HA ⋅ 1 þ εBr ωsð Þ

� �
and τ − 1

AC for metallic and semiconducting
materials are shown in Figure 6a. Additionally, Figure 6b
illustrates the relationship between HA ⋅ 1 þ εBr ωsð Þ

� �
and

their corresponding final converged F. Notably, the results
highlight that in metals, inelastic scattering by bound elec-
trons is the dominant mechanism influencing the plasma
resonant behavior of conduction electrons, whereas in
semiconductors, although elastic scattering predominates,
the contribution of εBi ðωÞ should not be neglected. Figure 6a,
b further demonstrate that HA serves as a direct indicator of
the presence of εBi ðωÞ.

3 | PHONON RESONANCE FEATURES
IN DIELECTRIC SPECTRUM

Typically, the phonon resonance frequencies are obtained
using the Raman or Brillouin scattering spectrometer. We
here show that the phonon resonance features could be
observed in the dielectric spectrum, which provides a high-
throughput approach to simultaneously measure electron
and phonon properties with the far-field optical probe. When
the optical phonon frequency is close to the screened plasma
frequency, the influence of bound electrons on conduction
electrons around the screened plasma frequency deviates
from constancy. This effect requires a more sophisticated

model to accurately describe the dielectric behavior near the
plasma frequency.

To model this interaction, a four-parameter semi-quan-
tum model[26,28–30] defined as

εphðωÞ ¼ εphr ðωÞ þ i ⋅ ε
ph
i ðωÞ ¼ 1þ εBr ðωÞ

� � Ω2
LO − ω2� �

þ i ⋅ ΓLOω
Ω2

TO − ω2
� �

þ i ⋅ ΓTOω

ð15Þ

is incorporated into the dielectric function to approximate its
behavior. In this equation, ΩLO and ΩTO represent the lon-
gitudinal optical (LO) and transverse optical (TO) phonon
resonance frequencies, respectively, whereas ΓLO and ΓTO
denote their corresponding damping rates. This function
simplifies to the classical single-oscillator model when
ΓLO ¼ ΓTO. The influence of this phonon behavior is
incorporated into the real and imaginary parts of the DLF,
yielding

Re
1
εðωÞ

� �

¼
εDr ðωÞ þ εphr ðωÞ

εDr ðωÞ þ ε
ph
r ðωÞ

� �2
þ εDi ðωÞ þ ε

ph
i ðωÞ þ εBi ðωÞ

� �2 ð16Þ

and

−Im
1
εðωÞ

� �

¼
εDi ðωÞ þ ε

ph
i ðωÞ þ εBi ðωÞ

εDr ðωÞ þ ε
ph
r ðωÞ

� �2
þ εDi ðωÞ þ ε

ph
i ðωÞ þ εBi ðωÞ

� �2:

ð17Þ

A fitting algorithm, such as least squares fitting, can then
be applied to experimental dielectric loss data based on
Equations (16) and (17) to extract parameters such as the
plasma frequency ωp and relaxation time τD.

To demonstrate the practical application of this model,
we analyzed the electron transport properties of Nb-doped
SrTiO3. The dielectric data of one n-type Nb:SrTiO3
wafer were optically obtained through a commercially
available ellipsometer IR-VASE from J. A. Woollam in the

F I GURE 6 (a) The relationship between HA ⋅ 1 þ εBr ωsð Þ
� �

and normalized τ− 1
AC and (b) the relationship between HA ⋅ 1 þ εBr ωsð Þ

� �
and the

corresponding final converged F for metals and semiconductors, based on the fitting results presented above. Insets in panels (a) and (b) provide detailed
images for the semiconductors.
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infrared region. DLF was subsequently calculated. Given
the proximity of ΩTO to the screened plasma frequency ωs,
the DLF model incorporating the phonon behavior, as
outlined in Equations (16) and (17), was applied for fitting.
Figure 7a presents the fitting results of the Nb:SrTiO3
sample for the real component of the dielectric function and
DLF over a broader range, whereas Figure 7b,c demon-
strate the fitting results near ΩTO and ωs, respectively. An
optical phonon was identified in the dielectric functions
with a TO phonon frequency ΩTO around 544.0 cm−1, close
to the previous reported value.[30] Meanwhile, an εBi ðωÞ
value of 0.22 was identified from the fitting, confirming
that inelastic scattering must be considered even near
phonon resonance.

A comparison of experimental data with individual fits
using only phonon resonance model, or only Drude plasma
resonance models, is presented in Figure 7e,f, respectively.
In Figure 7c, the R2 values for the fitting of real and

imaginary parts of DLF over the frequency range shown
are 0.9851 and 0.9794, respectively. Figure 7e shows that
the single oscillator model for phonon alone could not
adequately fit the experimental data around ω0, with R2
values of 0.9655 and 0.9852 for εrðωÞ and εiðωÞ only in
the limited range of 500 to 600 cm−1. The fitting param-
eters of considering both model contributions and only
phonon or plasma resonance were summarized in Table 2.
The negative εBr value in the case of considering phonon
only also indicated that plasma resonance effects cannot be
neglected in this case. For the plasma resonance fitting, ωp
and τ − 1

D showed differences of þ23.0% and þ83.2%,
respectively, between the cases of considering contribu-
tions from both models and the Drude model only.
Therefore, for this Nb:STO sample, as demonstrated by
Figure 7, analysis and extraction of physical parameters
will not be accurate without considering the influence of
both resonances.

F I GURE 7 (a) Fitting results from Equations (16) and (17) for the real part of the dielectric function and dielectric loss function (DLF) of the STO
sample over a broader spectral range, (b) near the phonon resonance presented in dielectric function, and (c) near the plasma resonance in DLF.
(d) Comparison of experimental dielectric data of STO with fitting results from the Drude model alone over a wider range. (e) Fitting using the phonon
model alone, focusing on the phonon resonance in the dielectric function. (f) Fitting using the Drude model alone around plasma resonance in the form of
DLF. The experimental data presented in panels (a) and (d) have been resampled for clarity.

TABLE 2 Fitting parameters of the Nb-doped SrTiO3 sample.

Model εBr εBi ΩTO cm− 1� �
ΓTO cm− 1� �

ΩLO cm-1� �
ΓLO cm− 1� �

ωp cm− 1� �
τ− 1
D cm− 1� �

τ− 1
AC cm− 1� �

Phonon þ plasma 4.62 � 0.1 0.22 � 0.02 544.0 � 0.1 16.8 � 0.2 610.6 � 0.7 36.6 � 1.0 1672.1 � 9.2 19.7 � 3.9 38.1

Phonon only −1.0 1.46 544.9 16.1 220,458 678,701 - - -

Plasma only 5.59 0.34 - - - - 2057.2 36.1 -
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4 | ANALYSIS FROM REFLECTANCE
SPECTRUM

Terahertz (THz) technology, referring to the utilization of
electromagnetic radiation in the frequency range between
0.1 and 10 THz, has garnered significant research interest
due to its unique and complex interactions with materials
across physical, chemical, and biological systems.[31–33]

Within this frequency range, THz time-domain spectros-
copy (THz-TDS)[34] is commonly employed to investigate
the fundamental properties of materials. For optically thin
samples, THz time domain transmission spectroscopy is
typically employed, as it allows for the determination of
the complex refractive index by fitting the transmission
function to the amplitudes and relative phases.[33,35,36] For
optically thick samples, THz time domain reflection
spectroscopy (THz-TDRS) is preferred. In THz-TDRS,
misalignments between the sample surface and the refer-
ence mirror can significantly affect the relative phases,
whereas the amplitude spectrum is less influenced.[37,38]

Therefore, directly fitting the THz reflectance spectrum is
a practical method for extracting parameters in the THz
region.

When the reflectance spectrum was directly fitted with a
proper dielectric model, the model itself provides an accurate
constraint between the real and imaginary parts of complex
dielectric constant. By constructing the corresponding opti-
cal model based on Snell's law and Fresnel equations ac-
cording to the experimental setup, the target parameters can
be extracted. In the case of fitting a reflectivity spectrum near
plasma resonance, the dielectric functions, considering the
Drude, bound and phonon resonance terms, are expressed as
follows:

εrðωÞ ¼ 1þ εBr ðωÞ
� �

Ω2
LO − ω2� �

Ω2
TO − ω2� �

þ ΓTOΓLOω2

Ω2
TO − ω2

� �2
þ Γ2

TOω2

−
ω2
p

ω2 þ τ−2D

ð18Þ

εiðωÞ ¼ 1þ εBr ðωÞ
� �

Ω2
TO − ω2� �

ΓLOω − Ω2
LO − ω2� �

ΓTOω

Ω2
TO − ω2

� �2
þ Γ2

TOω2

þ
ω2
p

ωτD ω2 þ τ−2D
� �þ εBi ðωÞ:

ð19Þ

To illustrate its application, the reflectance of an n-type
silicon wafer in the terahertz region was analyzed. The
reflectance of n-Si was measured by the Laser Quantum
HASSP THz spectrometer with a gold mirror as the refer-
ence. The THz beam was incident on the sample at a 30°
angle and the beam was polarized in-plane (p-polarization).
The p-polarized reflectance RP data were fitted with the

dielectric function model defined in Equations (18) and (19),
from which the model parameters τD, ωp, εBr ωsð Þ, and εBi ωsð Þ
were extracted.

The fitting results were shown in Figure 8a with an R2
value of 0.9969. Additionally, Figure 8b displays the rela-
tionship between the real and imaginary parts of the
dielectric functions εrðωÞ and εiðωÞ of n-Si, where the solid
curves correspond to different values of reflectance R and the
dashed line represents the Drude relationship. The intersec-
tion between two lines shows the reflectance as the accurate
constraint between real and imaginary parts of complex
dielectric constant. The ωp and τ − 1

D obtained from the THz
reflectance measurements were 183.9 � 0.7 and
38.9� 0.3 cm−1, respectively, resulting in a DC resistivity of
0.069 Ω⋅cm, which is in good agreement with the reported
range of 0.05–0.1 and consistent with previous THz-TDRS
measurements of n-Si.[37,38] The inelastic scattering term
εBi ðωÞ obtained from the fitting is �2:83 � 10− 15 with a
fitting error of 0.122, suggesting that εBi ðωÞ is difficult to
determine at low frequencies.

5 | ELECTRON-PHONON SCATTERING
IN METALLIC AND SEMICONDUCTING
MATERIALS

The electron scattering rate τ− 1
D obtained from optical

characterizations consists of three primary components:
electron-phonon scattering τ − 1

e− p, electron-impurity/defect
scattering τ− 1

e− i, and electron-electron scattering τ− 1
e− e. In bulk

pure metals, electron-phonon scattering is the dominant
contributor to resistivity at room temperature, with the ef-
fects of impurities, defects, and the external surfaces of the
conductor being negligible.[39] According to Matthiessen's
rule and Ohm's law,[18,19] the impurity scattering rate for
pure metallic materials can be derived from their residual
resistivity (the resistivity as T → 0 K) based on temperature-
dependent resistivity data. In chemically doped semi-
conductors, the Coulomb potential introduced by ionized
impurities primarily governs electron-impurity scattering. As
described by Brooks and Herring,[40–42] the ionized impurity
scattering rate τ − 1

e− i is proportional to T − 3=2. Given that
electron-phonon scattering exhibits a distinctive temperature
dependence above Debye temperature, the two scattering
rates τ − 1

e− p and τ− 1
e− i can be decoupled through temperature-

dependent measurements.
According to Matthiessen's rule and Ohm's law,[18,19] the

resistivity of metallic materials can be expressed optically as
follows:

ρdcðTÞ ¼
4π

ω2
pτDðTÞ

¼
4π
ω2
p

1
τe−i
þ

1
τe−pðTÞ

� �

ð20Þ

For aluminum, the residual resistivity is approximately
0.0001 μΩ⋅cm,[23] showing that the electron-impurity
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scattering can be considered negligible. Consequently, the
electron-phonon scattering rate τ− 1

e− p of Al is approximately
equal to τ − 1

D , which is around 260.0 cm−1 at room temper-
ature from the fitting results above.

For chemically doped semiconductors, in the limited
temperature range of 300–450 K, the electron-phonon scat-
tering rate τ− 1

e− p, including acoustic phonons and optical
phonons contribution, has an approximately linear relation
with temperature.[43–45] Therefore, τ − 1

e− p and τ − 1
e− i of semi-

conductors could be roughly obtained by fitting the scat-
tering rate across the temperature range from 300 to 450 K
through the equation given below:

1
τDðTÞ

¼
1

τe−iðTÞ
þ

1
τe−pðTÞ

¼ a ⋅ T−3
2 þ b ⋅ T ð21Þ

To obtain τ − 1
D at the elevating temperature for the ITO

film, the DLFs between 300 and 400 K were measured by
the same ellipsometer in the UV/VIS region. The data were
fitted under the assumption that ωp, εBr ωsð Þ, and εBi ωsð Þ
remained consistent with their values at RT. From the
temperature-dependent τ − 1

D values, the electron-impurity
scattering rate τ − 1

e− i and the electron-phonon scattering rate

τ− 1
e− p were calculated using Equation (21). The fitting results
of τ− 1

D versus T for the ITO film sample were presented in
Figure 9a. The uncertainty of τ − 1

e− p, estimated from the 95%
confidence interval for parameter b in ITO, which charac-
terizes its temperature dependence, was approxi-
mately �7.6%.

For n-type silicon, spectroscopic ellipsometry measure-
ments were conducted in the temperature range of 333–453
K in approximately 40 K intervals. Corresponding dielectric
functions were obtained, and the DLFs were subsequently
calculated and fitted with the assumption that ωp remains
unchanged from its value at 293 K. τ− 1

e− p of the n-Si sample 1
and 2 were determined using Equation (21), with τ− 1

D as a
function of temperature presented in Figure 9b,c. Similarly,
the estimated uncertainties of τ− 1

e− p for n-Si sample 1 and 2
were �31.8% and �2.5%, respectively. As for n-Si sample
3, the impurity concentration is low enough (carrier density
n ¼ 9:8 � 1016 cm− 3) that the impurity-electron scattering
can be negligible, and we can assume that τ − 1

e− p ≈ τ− 1
D .

By comparing the calculated electron-phonon scattering
rate τ− 1

e− p with carrier density n at room temperature, we
observed a nearly linear relationship of the form
τe− p ∝ n− 1=3 in n-Si wafers, as shown in Figure 10. This

F I GURE 9 Temperature dependence of the electron scattering rate τ− 1
D for (a) the indium-tin-oxide film sample, (b) n-Si sample 1, and (c) n-Si sample

2, as calculated using Equation (21).

F I GURE 8 (a) Fitting results of the dielectric function εðωÞ incorporating both Drude and bound electron effects to the terahertz p-polarized
reflectance Rp. (b) The relationship between εrðωÞ and εiðωÞ of the n-Si sample and their constrain with reflectance R.
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τe− p − n dependence contradicts the assumptions in the
Migdal–Eliashberg model of superconductivity[46,47] and the
Ioffe model of thermoelectricity,[48] both of which assume
τe− p is independent of n. To further quantify this relation-
ship, we define

τe−p ¼ C∗ ⋅ T−1n−1
3; ð22Þ

where C∗ represents the electron-phonon coupling constant.
A linear fit of τe− p ⋅ T ⋅ C∗ − 1 against n− 1=3 of n-Si was
presented in Figure 10, with R2¼ 0.99. Using optical fitting
results from three differently doped n-type Si wafers, we
determined the C∗ for n-Si to be 1:83 � 107 ps ⋅ K ⋅ cm− 1,
employing the weighted least squares method. The weights
were computed based on the standard deviations of τ − 1

e− p for
the three n-Si samples. The uncertainty of the C∗, estimated
from the 95% confidence interval, was approximately
�0.9%. Additional sources of errors may stem from un-
certainties in the effective mass of n-Si at room temperature.
The effective mass utilized in these calculations was 0.26m0
for n-Si.[49]

6 | CONCLUSION

In this study, we demonstrate an enhanced optical method
for determining key electrical and phonon parameters,
including the electron scattering rate τ − 1

D , the plasma fre-
quency ωp, the elastic and inelastic bound electron dielectric
components εBr ωsð Þ and εBi ωsð Þ, and phonon resonance

frequency from graphical features of the real part of the
DLF Ref1=εðωÞg. Additionally, we summarize the methods
for determining the electron-phonon scattering rate τ− 1

e− p for
both metallic and semiconducting materials, with examples
from aluminum, ITO film, and n-type silicon wafers.
Notably, a linear relationship τe− p ¼ C∗ ⋅ T − 1 ⋅ n− 1=3 was
observed in n-type silicon and the electron-phonon coupling
constant C∗ was determined to be 1:83 � 107 ps ⋅ K ⋅ cm− 1.
This novel finding challenges existing models in supercon-
ductivity and thermoelectricity and potentially paves the way
for new theoretical frameworks in these fields.
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