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Terahertz (THz) measurements are increasingly valued
for nondestructive testing of materials in power devices
and other applications. Hence, there is a growing demand
for highly accurate characterization methods in the THz
range. Here we demonstrate the application of THz time-
domain ellipsometry (THz-TDE) to large-scale,
quantitative mapping of semiconductor wafers. While
THz-TDE is an established technique, its application in
wafer-scale mapping, which is an important process in the
semiconductor industry, has not yet been demonstrated.
In this work, we highlight the effectiveness of THz-TDE by
mapping the electrical properties of a widely used
semiconductor, silicon carbide (SiC). Spatial distribution
maps of conductivity, carrier density, and mobility of a
commercial 4-inch SiC wafer are derived using the
measured ellipsometric parameters. THz-TDE mapping
offers a nondestructive, contactless testing method to
evaluate semiconductor quality and electrical
homogeneity and is notably suitable for doped
semiconductors characterized by high THz absorption.

Carrier density and mobility are important properties that
significantly influence the performance of semiconductor
devices. Thus, it is essential to measure these properties and
evaluate their spatial distribution in semiconductor wafers for
production monitoring and process control. Silicon carbide
(SiC) has become a backbone of today’s semiconductor
industry, serving as a base material for metal-oxide-
semiconductor field-effect transistors and Schottky diodes.
SiC is being adopted across diverse applications, including
power electronic devices, electric vehicles, energy storage
systems, and solar inverters. As the semiconductor industry
experiences unprecedented growth, the demand for high-
quality SiC wafers and advanced characterization tools is also
increasing rapidly.

The four-point probe (4PP) method is a widely used
resistivity mapping technique for testing semiconductors and
thin films. However, this method may induce mechanical
damage to the sample under test due to excessive needle
loading or electrical damage due to excessive currents [1].

Mercury capacitance-voltage (C-V) profiling is also used by
the semiconductor industry for epitaxial wafers. Although it
has a high measurement repeatability [2], safety issues
concerning the mercury probe and the possible contamination
of the wafer or the measurement platform cannot be neglected.
To mitigate the risk of damage to pristine wafer surfaces and
delicate thin films and epilayers, the use of contactless
mapping methods is becoming increasingly important.

Various contactless methods for conductivity and sheet
resistance measurements commonly used in the
semiconductor industry have been extensively reviewed,
which include capacitive resistivity mapping technique for
high-resistivity semiconductors, eddy current measurements,
microwave-based techniques, and non-contact C-V profiling
via corona-Kelvin metrology which does not use mercury
probes [1-5]. Additionally, free-carrier absorption occurring
in the infrared (IR) and terahertz (THz) regions can be
leveraged to determine the carrier density and mobility of
semiconductors [6]. Large-scale semiconductor mapping has
been demonstrated using IR reflectance spectroscopy [7,8], as
well as nanoscale local conductivity mapping with recent IR
and THz scattering-type scanning near-field optical
microscopy (s-SNOM) technologies [9,10]. Furthermore, one
emerging application of THz time-domain spectroscopy
(THz-TDS) that is slowly gaining interest is the quantitative
mapping of graphene and other substrates [11-15].

Terahertz waves have emerged as a powerful tool in both
fundamental and applied sciences, spanning disciplines such
as spintronics [16—18], ultrafast beam diagnostics [19], and
materials characterization [20-23], among others. For
industrial applications, there is a growing demand for highly
accurate characterization methods and measurement tools in
the THz range [11]. THz-TDS is a well-established technique
to characterize the dielectric properties of materials in the THz
region, typically employing a transmission configuration,
rather than reflection, for higher phase accuracy. However,
transmission measurements pose difficulties with optically
thick and highly absorbing materials such as doped
semiconductors. Additionally, in THz-TDS measurements,
the sample thickness is a crucial parameter. Hence, thickness



variation must be carefully considered in mapping
measurements of wafers and substrates [13—15], as thickness
variation of a substrate within a few microns can result in time
delay of the THz pulse of up to tens of femtoseconds and lead
to large phase shifts. These challenges are addressed by THz
time-domain ellipsometry (THz-TDE) [24,25].

THz-TDE combines the foundations of THz-TDS and
ellipsometry techniques [26]. In ellipsometry, the measured
values (¥, A) are defined from the ratio of the complex

amplitude reflection coefficients for p and s polarizations
[27]:
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where E denotes the complex-valued electric field and the
subscripts » and i represent reflected and incident fields,
respectively. The incident field is linearly polarized with
equal p and s components, i.e., Ei‘p = E~'L-’5. Investigations of
wide-bandgap semiconductors such as GaN, ZnO, and B-
Ga0; using both time-domain and continuous-wave THz
ellipsometry techniques have been previously conducted
[24,25,28,29]. The main advantages of THz-TDE are: (1) it
allows for the characterization of optically thick and highly
absorbing samples such as doped semiconductors with its
reflection configuration; (2) it is a reference-free method
(ellipsometry), thus the problem of phase inaccuracy in
reflection THz-TDS is eliminated; and (3) it has a coherent
detection (THz-TDS) scheme, thus both amplitude and phase
information can be measured. Furthermore, the substrate
thickness is not a prerequisite parameter as only the surface
reflection is sufficiently considered, provided that any
multiple reflection within the substrate can be truncated from
the main surface reflection. In this work, we demonstrate
wafer-scale mapping of n-type SiC electrical properties using
THz-TDE. The wafer has a 4-inch diameter and a thickness
of 350 um.

In the THz-TDE measurements, the time traces of p and s
polarizations reflected off a sample, denoted as E, ,,(t) and
E.s(t) , are initially recorded. Subsequently, Fourier
transformations of these time traces yield the amplitude and
phase information in the frequency domain, which are then
used to acquire the amplitude ratio, expressed as
tan ¥(w) =|E, ,(0)|/|Ers(w)| , and the phase ( &)
difference, A(w) = 8p(w) — &, s(w) . These so-called
ellipsometric parameters are related to the optical constants of
the material, which hold information about its carrier
transport properties and can be analyzed to extract the carrier
density, scattering time, mobility, and conductivity through
suitable optical conductivity models.

Here we demonstrate THz-TDE mapping using the THz
time-domain ellipsometer, Tera Evaluator (Nippo Precision,
Co., Ltd.). The ellipsometer employs photoconductive dipole
antennas for both THz generation and detection and utilizes
femtosecond laser excitation with a central wavelength of
approximately 800 nm and a pulse width less than 120 fs. The
angle of incidence 6, is approximately 70° which is close to
the Brewster’s angle of semiconductors, and the size of the

THz focal spot is approximately 4 mm (short axis diameter)
by 10 mm (long axis diameter). Here the long axis is parallel
to the plane of incidence. The polarizers utilized in the
ellipsometric measurements have an excellent extinction ratio
of 10%:1, and the temporal accuracy for the measured p- and
s-polarized THz pulses is ensured through the use of a rotating
analyzer, the detailed data processing of which is described
elsewhere [24], thereby guaranteeing high precision in the
measured amplitude and phase. The measurement frequency
range is 1.0 to 3.0 THz. To implement the mapping
measurement, a motorized r-theta stage was used for the
automatic translation of the wafer. The wafer was translated
in the radial direction, which is parallel to the short axis of the
THz focal spot, and rotated in the theta direction such that the
measurement points were evenly spaced at 2-mm intervals in
both the x and y directions of the sample plane. This 2-mm
spacing corresponds approximately to the full-width-at-half-
maximum (FWHM) of the THz beam along the radial
direction where the sample is translated, representing the
maximum achievable spatial resolution. Sample stage height
adjustment and tilt correction were implemented
automatically at each mapping point to ensure the local
surface is at the focal point and perpendicular to the normal
axis, preventing measurement errors due to possible thickness
variations across the wafer. The maximum measurement time
at a single point, including sample height adjustment and tilt
correction, is approximately 90 seconds when using the
highest frequency resolution and measurement accuracy.
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Fig. 1. DC conductivity map of n-type 4H-SiC wafer derived from THz-
TDE measurement. The three indicated points represent distinct areas
on the wafer: f - facet, ¢ - center, p - periphery.

Figure 1 shows the DC conductivity map obtained from
THz-TDE measurements of a commercial 4-inch, nitrogen-
doped 4H-SiC wafer (TankeBlue Semiconductor Co., Ltd.),
with a surface orientation of 4° off-axis from the <0001>
direction. Higher conductivities were observed in the middle
of the wafer, which corresponds to the inherent {0001}
growth facet of SiC as will be elaborated on later, and the
conductivity tends to decrease towards the periphery of the
wafer. The DC conductivity (opc) was determined using the
equation opc = Neu where e is electron charge and N and u
are carrier density and mobility obtained from point-by-point
best-fit curve analysis of ellipsometric parameters measured
by THz-TDE as will be discussed below. The average
resistivity of the wafer is 0.026 £ 0.004 Q-cm, which is in
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Fig. 2. (a) Ellipsometric parameters measured at different areas
on the n-type 4H-SiC wafer, (b) spatial distribution of the sum of
squared errors (SSE) from the ellipsometric parameter fitting,
and (c) the corresponding complex dielectric function, § = &' —
ie", obtained for each area.

Figure 2(a) shows the spectra of ellipsometric parameters
measured at distinct locations on the SiC wafer: within the
facet region (red), at the center (green), and around the
periphery (blue), as indicated by points f, ¢, and p,
respectively, in Fig. 1. These spots signify varying
conductivity properties, with the facet area showing high
conductivity, the periphery exhibiting low conductivity, and
the center falling in between. The carrier density N and
mobility 4 values at each mapping point were determined by
performing a least-squares fit of the ellipsometric parameters
using Eq. (2), which was derived by substituting ;, and 7; in
Eq. (1) with the corresponding Fresnel equations for light
reflection at an air/sample interface:

tanWexpiA = (
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Here, 71, and 7i; are the complex refractive indices of air
(fly =1—10) and sample, respectively, while 8; can be
calculated from the angle of incidence 8, using Snell’s law. In
the fitting, the Drude equation was used to model the optical
constants of SiC in the THz region [30]. The Drude model is
expressed by

§F— 752 — wp
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where w is angular frequency. The plasma frequency w,, and

the carrier scattering rate y, which is the inverse of the
scattering time 7, are defined by w, = (ezN / E9Epgm” )1/2
and y = 1/t = e/m*u, where g, is the permittivity of free
space. The background dielectric constant &,, and the
electron effective mass m* for SiC were taken to be 9.8, as
measured from a semi-insulating SiC using THz-TDS, and
0.30m. (where m. is the electron mass), respectively [31].
Figure 2(b) illustrates the quality of fit, indicated by the sum
of squared errors (SSE). The uniform distribution of low SSE

values underscores the accuracy of the retrieved free-carrier
parameters across the different parts of the wafer.

It is important to note that the optical constants used in the
ellipsometry analysis are regarded as pseudo-dielectric
function [27]. The pseudo-dielectric function represents the
dielectric function assuming an isotropic material with a
perfectly flat surface and with no surface overlayer of any
type. Nevertheless, the pseudo-dielectric function can also be
applied to uniaxial materials such as SiC in special cases
where the cross-polarization reflection coefficients are zero
[32]. One such case is when the optic axis of the uniaxial
sample is oriented normal to the sample surface. With this
specific configuration, the pseudo-dielectric function
approximates the dielectric function perpendicular to the optic
axis [32]. In the case of our SiC sample, the optic axis is 4°
off from the surface normal. This off angle is very small and
can thus be ignored in the approximation [33]. The pseudo-
dielectric function is calculated directly from the measured
ellipsometric parameters using the following equation [27]:

& = 713 sin 60[1+tan 90(1 g) ];! “

where 71, is the complex refractive index of air (i, = 1 — i0)
and 6, is the angle of incidence. Using Eq. (4), the dielectric
function of the SiC wafer, € = ¢’ — i¢'’, was obtained as
shown in Fig. 2(c). The facet region demonstrates higher &"
compared to the other areas, indicating increased loss
attributed to free-carrier absorption, consistent with the
facet’s high conductivity. Conversely, the periphery,
characterized by lower conductivity, exhibits lower &"’. The
equivalent Drude fitting is also shown for the dielectric
function. Clearly, the optical constants of SiC obtained by
THz-TDE are well-described by the Drude model.

Figures 3(a) and 3(b) show the spatial maps of the carrier
density and mobility of the SiC wafer, respectively. The area
in the middle of the wafer that is characterized by a higher
carrier density, shown in Fig. 3(a), corresponds to the {0001}
growth facet that appears near the center of the crystal boule
during sublimation growth of SiC [34,35]. On the other hand,
the lowest carrier density is observed at the periphery of the
wafer. This radial distribution of the conductivity, i.e., higher
carrier densities in the middle and lower carrier densities at
the periphery, can be explained by the growth process of SiC
[34,36]. The fast spiral growth on the {0001} facet enhances
the dopant incorporation in the facet region, resulting in a
higher carrier density. Conversely, the dopant density
diminishes toward the outer region of the wafer. This
phenomenon is common in commercial n-type 4H-SiC wafers
[37]. Furthermore, higher carrier densities lead to increased
carrier scattering, which reduces mobility. Thus, the facet area
exhibits lower mobilities compared to the rest of the wafer, as
shown in Fig. 3(b). Figures 3(c) and 3(d) show the spatial
profiles of the carrier density and mobility along the
horizontal dashed lines in Fig. 3(a) and Fig. 3(b). The facet
region demonstrates notably higher carrier densities and
lower mobilities. The data points represent an average of three
separate measurements, demonstrating the satisfactory
repeatability of the mapping measurements, with a standard



deviation of less than 5% for the carrier density and mobility.
For the conductivity values, the standard deviation was even
lower at less than 1%. As for the average values in each region
of the wafer, the average carrier densities within the facet, the
larger area surrounding the facet, and the wafer’s periphery
are (6.2 £ 1.3), (3.6 £ 0.7), and (2.8 £ 0.3) x 10'® cm?,
respectively, with 95% confidence interval. Corresponding
average mobilities are 47.3 £ 8.2, 65.4 £ 8.3, and 75.6 + 6.4
cm? V' 57!, while the average conductivities are 47 = 12, 38 +
9,and 34 £ 5 S cm’!, respectively.
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Fig. 3. (a,b) Spatial distributions of the carrier density (cm-3) and
mobility (cm?2V-1s-1) of n-type 4H-SiC wafer obtained by THz-TDE
mapping. (c,d) Carrier density and mobility profiles along the
horizontal dashed lines in (a,b). Results of three measurements
are averaged. The dashed lines serve as guide to eye.

In summary, we demonstrated the effectiveness of THz-
TDE in large-scale, quantitative mapping of semiconductors
by measuring the spatial distribution of the carrier transport
properties of a commercial SiC wafer. THz-TDE mapping
revealed the growth facet region characterized by a higher
conductivity, consistent with the inherent characteristic of SiC
wafers. In contrast to other contactless resistivity mapping
methods, THz-TDE offers the capability to determine not just
the resistivity or conductivity but also the carrier density and
mobility. These quantities provide deeper insights into the
uniformity and quality of the semiconductor wafer in the
interest of device performance. The range of carrier densities
that can be evaluated spans widely, from 10'*-10?! cm™ [25].
With its contactless approach, THz-TDE is advantageous for
pristine wafer characterization and beneficial for increasing
production yield. Bulk substrates with thicknesses exceeding
5d,, where d, is penetration depth of THz waves, can be
analyzed in a manner presented in this study. Furthermore,
owing to the reference-free characteristic of THz-TDE and the
implementation of the reflection modality, errors in parameter
extraction that may arise from wafer thickness variation can
be prevented systematically. We anticipate that THz-TDE
could be a useful nondestructive testing tool for production
monitoring and failure analysis in the semiconductor industry.
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