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Terahertz time-domain
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crystals with carrier densities
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Verdad C. Agulto?, Toshiyuki lIwamoto?, Hideaki Kitahara®, Kazuhiro Toya?,
Valynn Katrine Mag-usara?, Masayuki Imanishi?, Yusuke Mori?, Masashi Yoshimura® &
Makoto Nakajima®**

Gallium nitride (GaN) is one of the most technologically important semiconductors and a fundamental
component in many optoelectronic and power devices. Low-resistivity GaN wafers are in demand and
actively being developed to improve the performance of vertical GaN power devices necessary for
high-voltage and high-frequency applications. For the development of GaN devices, nondestructive
characterization of electrical properties particularly for carrier densities in the order of 10'° cm= or
higher is highly favorable. In this study, we investigated GaN single crystals with different carrier
densities of up to 102° cm~3 using THz time-domain ellipsometry in reflection configuration. The p- and
s-polarized THz waves reflected off the GaN samples are measured and then corrected based on the
analysis of multiple waveforms measured with a rotating analyzer. We show that performing such
analysis leads to a ten times higher precision than by merely measuring the polarization components.
As aresult, the carrier density and mobility parameters can be unambiguously determined even at
high conductivities.

The profound interest in the GaN semiconductor is fueled by its superior properties—wide bandgap, high
electron saturation velocity, high breakdown voltage, and high thermal conductivity. It has undoubtedly revo-
lutionized today’s technology with the realization of blue light-emitting diodes (LEDs) and post-silicon power
devices contributing to energy saving'~>. Moreover, it delivers performance and practicality for high-frequency
and high-power device applications. Many III-nitride-based power electronic and optoelectronic devices require
high free carrier concentrations, thus the motivation for doping investigations on GaN*°. For next-generation
power devices, the newly developed vertical GaN transistors, which show great potential for high-current and
high-voltage operations, demand GaN wafers with high quality and low resistance>**”. In deep ultraviolet LEDs,
GaN-based carrier injection layers with doping concentrations up to 10" cm™ are used®®. There is also a need for
tunable plasmonic sensors working in the mid-infrared region for on-chip detection of biomarkers, and doping
GaN to achieve very high carrier concentrations up to 10 cm™ paves the way to meet such application'. With
the ever-increasing demand for semiconductors with widely tunable carrier concentrations, there is an urgent
and equal need for characterization techniques that are capable of measuring very high carrier concentrations. It
is also highly favorable that such characterization is nondestructive for practicality. Terahertz (THz) spectroscopy
is widely known to be advantageous and beneficial in this regard for its contact-free measurements, although it
comes with limitations on the range of carrier concentrations that is measurable. This study demonstrates the
applicability of THz waves to semiconductors with carrier densities up to the order of 10?° cm™ and potentially
higher using THz time-domain ellipsometry with high precision. We anticipate this technique to be widely useful
in various fields dealing with highly doped semiconductors. GaN is also a promising semiconductor for the future
of THz devices due to its aforementioned properties and its capability of providing high two-dimensional elec-
tron densities and high longitudinal phonon mode'!. Moreover, 5G applications of GaN high-electron-mobility
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transistors (HEMT) have already penetrated the industrial market, and this material continues to be the leading
candidate for 6G devices operating beyond 100 GHz. Therefore, continuous investigation of GaN in the THz
frequency region is necessary.

In the last few decades, the use of THz radiation has significantly expanded across multidisciplinary fields and
has traversed from once an emerging domain to now an established technology that opened new opportunities
to access and study different physical phenomena. Owing to the low, non-ionizing energy of THz waves and their
penetrative power through a variety of materials, THz science and technology finds a breadth of applications
from bioimaging, noninvasive medical diagnostics, materials analysis and property modification, to industrial
applications such as in-line monitoring, non-destructive testing, and defense and security imaging'?-*’. THz
spectroscopy, in particular, allows the study of ultrafast and nonlinear phenomena, low-energy elementary exci-
tations in condensed matter, and free-carrier transport properties'*~*. One of the widely used techniques is the
THz time-domain spectroscopy (THz-TDS) which determines a material's complex refractive index by sampling
the THz electric field in the time domain and monitoring the change in its amplitude and phase after interacting
with the material via transmission or reflection. Since THz waves are sensitive to charge carrier dynamics, THz-
TDS is widely used in semiconductors research to probe free-carrier transport properties. However, THz-TDS
in transmission and reflection geometries present some difficulties and limitations. THz-TDS requires reference
measurements, either through an aperture or substrate for transmission and standard mirror for reflection.
Transmission-type THz-TDS is limited by the sample thickness and is not suitable for optically dense materials
with significant absorption and high energy loss such as highly doped semiconductors. The carrier concentration
range typically demonstrated in transmission THz-TDS is 10'*-10'¢ cm~ for few mm-thick wafers***!. For thin
films, carrier concentrations up to 10'® cm™ can be measured for thicknesses of a few microns**-** and higher if
the thickness is in the nanometer scale*>=*’. Although reflection-type THz-TDS*~* is available for thick, highly
absorbing samples, sub-micron precision in the relative positions of the sample and the reference mirror is
crucial; otherwise, the resulting phase error leads to inaccurate optical constants.

In comparison to transmission or reflection THz-TDS, the key feature of THz time-domain ellipsometry is
it dispenses with the need to measure the incident THz wave to be able to evaluate the optical constants of the
material under investigation. THz time-domain ellipsometry characterizes the p- and s-polarized THz waves
upon reflection off a sample*"*. Linearly polarized THz waves are incident on the sample at the Brewster’s angle
(or termed as pseudo-Brewster’s angle for absorbing materials) where the difference in reflection coefficients
of p- and s-polarizations is maximized. From the amplitude ratio and phase difference (called the ellipsometric
parameters) of the measured p- and s-polarized waves, the optical constants and film thickness of the sample can
be determined. Therefore, THz time-domain ellipsometry is an advantageous nondestructive tool to probe free-
carrier properties of GaN and other semiconductors without having to do separate measurements with and with-
out the sample or with a bare substrate for thin film characterization. THz ellipsometry can also be performed
via frequency-domain measurements*>*%. With the use of a continuous wave source, THz frequency-domain
ellipsometry is a purely intensity-based measurement; hence, the ellipsometric parameters are obtained by non-
linear regression analysis of the experimental data. In contrast, THz time-domain ellipsometry measurements
detect both intensity and phase information, thereby allowing for the direct measurement of the ellipsometric
parameters. Additionally, the spectral range of THz frequency-domain measurements typically cover below 1
THz because of the limitation in available continuous wave THz sources®. In characterizing semiconductors with
very high carrier densities that have abrupt refractive index dispersion at very low frequencies, observing the
optical response at a wider frequency range is desirable to obtain a more accurate set of free-carrier parameters.
The developments and applications of THz ellipsometry are reviewed in detail in Refs.*64.

THz ellipsometry technology has also been combined with external magnetic fields in a phenomenon called
the optical Hall effect (OHE), which is analogous to the electric Hall effect but occurring at high (i.e., optical)
frequencies. This method (also called magneto-optical ellipsometry) allows for the determination of the effective
mass and type (p or n) of free carriers independently in addition to the carrier density and mobility*s. THz-
OHE measurements have been used to characterize Si homojunctions, AlGaN/GaN heterostructures, epitaxial
graphene, and very low-doped semiconductors*-**. A numerical study on the magneto-optical Kerr effect of
GaN in the THz region under different carrier densities and external magnetic fields has also been conducted™.
Although THz magneto-optical ellipsometry can provide additional information on free-carrier properties, the
use of magnets might not be convenient experimentally. In this case when the application of external magnetic
fields is not possible, the effective mass and type of free carriers in the material under investigation are assumed
to be known. In the case of the GaN semiconductor, the effective mass is already accurately known® and is found
to be constant for a wide range of carrier densities®. Hence, THz time-domain ellipsometry without the use of
magnets is sufficiently powerful, while being more compact, to evaluate the carrier density and mobility of GaN
crystals, especially those with very high carrier densities.

Previous THz time-domain ellipsometry studies on other relevant semiconductors such as Si wafer and
GaAs thin films demonstrated the measurement with ~ 10'® cm™ carrier densities*>”. In a recent study which
investigated a GaN wafer and epitaxial layer using THz time-domain ellipsometry, the carrier densities are also
in the 10'® cm™ order®. Compared to previous reports, our study focuses on the evaluation of higher carrier
densities up to 10%° cm™ and demonstrates the accuracy of THz time-domain ellipsometry in evaluating very
high conductivities. The use of THz time-domain ellipsometry for the measurement of an InAs wafer and ITO
thin film with ~ 10" cm™ and ~ 10%° cm™ carrier concentrations, respectively, has been reported®. Whereas
the previous study utilized ultra-broadband emission up to 30 THz, our ellipsometry system employs a 1-THz
source to characterize GaN crystals of similarly high carrier concentrations. Additionally, we show herein the
potential of our THz time-domain ellipsometry system to accurately characterize even higher carrier densities
up to 10%' cm™>. As such, THz time-domain ellipsometry extends the maximum range of carrier densities that
can be reasonably measured by THz-TDS techniques with suflicient accuracy.
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Figure 1. Schematic diagram of the THz time-domain ellipsometry setup.

Figure 2. Propagation and polarization directions of the incident (E;) and reflected (E,) THz waves. E, and
E, denote the directions of the p- and s-polarizations corresponding to 0° and 90°, respectively. E; is linearly
polarized at — 45°. Upon reflection, E, becomes elliptically polarized owing to the difference in the p- and s-
reflection coefficients.

Methods

Two free-standing GaN single crystals with different concentrations of oxygen impurities were investigated
in this study. The first GaN sample (LPE-GaN) was grown on a GaN template using liquid phase epitaxy and
has~ 10'7 cm™ oxygen concentration®®®!. The second sample (PS-GaN) is a point-seed crystal grown via the Na-
flux method and has ~ 10%° cm™ oxygen concentration®>%. Both samples are c-oriented. The details of the crystal
growth are discussed in the abovementioned references. Based on Hall measurements, the LPE-GaN sample has
a carrier density of 8.8 x 10'” cm™, mobility of 296 cm?/ Vs, and dc resistivity of 2.4 x 102 Qcm, whereas the PS-
GaN sample has a carrier density of 1.6 x 10%° cm™, mobility of 44 cm?/Vs, and dc resistivity of 8.6 x 10~ Qcm.

THz time-domain ellipsometry was performed using Tera Evaluator, which is developed by Nippo Precision,
Co., Ltd. in collaboration with our group. Figure 1 shows the schematic diagram of the THz ellipsometer. The
setup consists of a femtosecond laser (pulse width <120 fs; center wavelength ~ 800 nm) that is used to excite
low-temperature-grown GaAs (LT-GaAs) dipole-type photoconductive antennas (PCA) for THz generation and
detection. The generated THz waves from the PCA emitter pass through Polarizer A that is rotated at an angle
of 6, = — 45° to ensure the p- and s-polarization components have equal intensities. Since the photoconductive
antenna is sensitive to THz polarization, the angular position of Polarizer C before the PCA detector is also set
at 0= — 45°. The PCAs are also oriented at — 45°, thus, the polarizers do not diminish the THz signals but are
rather placed to minimize errors. The angular positions are defined based on the coordinate system shown in
Fig. 2 which illustrates the propagation and polarization directions of the incident and reflected THz waves. The
THz waves are incident on the sample surface at an angle ,=70°, and the reflected waves are measured at dif-
ferent angular positions of Analyzer B from 03 =0° to 360° at 15° step, wherein the 0° and 90° angular positions
correspond to the p- and s-polarizations, respectively.

The multiple analyzer angle measurements are performed to eliminate systematic errors from the signals.
The extraction of the desired p- and s-polarization components is as follows. Let E, be the signal that has passed
through Polarizer A which is oriented at an angle 6,. The amplitudes of p- and s-polarized THz waves incident
on the sample are then given by Esamplep = Ea c0s 04 and Eggmples = Ea sin 64, respectively. The reflected signal
just after the sample can then be represented as Ea, = rpE4 cos04 and Eas = rsE sin€4 where r, and r, are
the sample’s reflection coefficients. At any given analyzer angle 6 the reflected signal that passes through the
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Figure 3. Time-domain waveforms of the p- and s-polarizations reflected from the GaN samples.

analyzer can be expressed as Eg = E4 p cos 0 + Ex s sin 6. Then, the signal that passes through Polarizer C
can be expressed as Ec = Ep cos (0 — 0¢) . Evaluating these relations leads to the following expression for E:

Ec = Acos 260 + Bsin 20 + C, (1)

where A = 1[E4, cosfc — Eassinfc|B = 1[Expsinfc + EgscosOc|andC = L[Esp cosfc + Ea s sin 0| At
each 0 position, the reflected time-domain waveform is measured. For each point of the time-domain waveform,
Eq. (1) describes the detected amplitude depending on the 85 orientation. Taking all the measured time-domain
waveforms after a full rotation of 85, the values of A, B, and C at each time are determined by fitting the detected
amplitudes for various 05 positions to Eq. (1). At any certain time, the deviation of the measured amplitude from
the idealized trend represented by Eq. (1) can be attributed to data acquisition timing jitter. In such case, time-
shift is performed accordingly on the entire waveform to compensate for the jitter. Consequently, the phase is
also corrected in the process. This correction follows the assumption that the shape of all waveforms is similar,
thus the amplitude error is less than the phase error which is reasonable as the polarizers have an extinction
ratio of ~ 107>, Based on Eq. (1), the corrected waveforms of the reflected p- and s-polarizations (i.e., at 85=0°
and 05=90°, respectively) are extracted as E, = A+ C = VPTA and E, = —-A+C= r’f/‘ for 0, =0,= — 45°.
This analysis method corrects the amplitude and phase components of the THz waveforms which is very useful
for time-domain ellipsometry and which makes it unique from the continuous-wave ellipsometry with rotating
analyzer. As such, the multiple-angle measurements can eliminate the contribution of systematic errors to the
measured p- and s- time-domain waveforms, hence a high accuracy in ellipsometric parameters. The standard
deviation of the ellipsometric parameters is less than 0.0025. As a result, the refractive index can be determined
with good accuracy and precision.

Results and discussion
Figure 3 shows the experimental time-domain waveforms of the reflected p- and s-polarizations measured from
the LPE-GaN and PS-GaN samples. The amplitude of p-polarization is higher for the PS-GaN sample than the
LPE-GaN sample, which can be explained by the higher absorption in the PS-GaN sample due to the larger
number of free carriers. In general, the reflectance of p-polarization decreases with increasing incidence angle
and disappears at the Brewster angle in the case of non-absorbing materials. If there is absorption in the medium,
reflection of p-polarization occurs at the pseudo-Brewster angle. A higher reflectance of p-polarization thereby
indicates higher absorption. The amplitude of s-polarization, on the other hand, is similar for the two samples
since s-polarization has low sensitivity to absorption.

The time-domain waveforms are Fourier-transformed to obtain the ellipsometric parameters, which are
defined from the ratio (©) of the complex amplitude reflection coefficients for p- and s-polarizations, 7, and #*':

- 7 E E
p=tan W exp(iA) = i—P = ~r,p / = s (2)
Ts Eip E;

where tan'¥' is the amplitude ratio and A is the phase difference. E, , and E, ; are the polarization components
reflected off the sample, whereas E;, and E; ; are the incident polarizations. Since the incident THz radiation
is linearly polarized at — 45° relative to the plane of incidence, the incident polarization components are equal,
i.e., Eip = E;. The ellipsometric parameters obtained for the LPE-GaN and PS-GaN samples in the 1-3 THz
frequency range are shown in Fig. 4a,b. As the carrier density increases, the value of tan'¥ approaches 1 whereas
the value of A approaches n. The precision of the THz ellipsometry measurements is thus crucial in evaluating
high carrier densities as the dispersion of the ellipsometric parameters becomes narrow.

Waurtzite GaN is a uniaxial material, i.e., the refractive index along the a-axis and b-axis are the same and
different along the c-axis. Our GaN samples are c-oriented and thus have an isotropic surface, and multiple
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Figure 4. Ellipsometric parameters: (a) Amplitude ratio and (b) phase difference of the reflected p- and
s-polarizations. (c) Refractive index and (d) extinction coefficient spectra of the GaN samples.

reflections inside the material are not involved. Therefore, we can use the Fresnel equations for reflection off an
air/sample interface assuming an isotropic sample which are given by*!:

11 cos By — 71g cos 61

711 cos By + 719 cos 6y’

3)

- g cos By — 11 cos 0y

7y cos By + 711 cos Oy

where 71, and 71 are the complex refractive indices of the sample and the atmosphere (air), respectively, and 6,
is the angle of refraction. The relation of the refractive index to the dielectric function (¢) is given by g— 7.
The pseudo-dielectric function! (i.e., assuming a flat surface and semi-infinite thickness) of the bulk sample
can be directly calculated from the ellipsometric parameters. By evaluating the Fresnel equations, the complex
refractive index of the GaN samples can then be deduced from the ellipsometric parameters using the equation*:

~\ 2
~ 2 1— p
e=(n; —iky) = ngsinz% <N> x tan%6p + 1|,
1+,

(4)

where 1, and «, are the real (refractive index) and imaginary (extinction coeflicient) parts of the complex
refractive index, respectively. The complex refractive index spectra of the GaN samples are shown in Fig. 4c,d.
The increasing trend of the refractive index and extinction coefficient with decreasing frequency is attributed
to free carriers. The PS-GaN sample has a higher concentration of free carriers, thus it exhibits higher complex
refractive index. Furthermore, phonon absorption is not observed since the lowest phonon mode of GaN is ~ 16
THz> which is far from our measurement region. Therefore, the complex refractive index can be analyzed using
the Drude model given by the equation,

2N

~2 _ _
@) =& gom*(0? — iw/7)’

(5)

where w is angular frequency;, ¢, is the static dielectric constant, e is electron charge, N is carrier density, ¢, is free
space permittivity, m’ is effective mass, and 7 is scattering time, which is related to the mobility (4) by & = et/m*
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Figure 5. Calculated amplitude ratio for different conductivities: 100, 1180, and 3000 S/cm with varying carrier
density and mobility. The dashed blue line corresponds to material parameters close to the PS-GaN sample. The
shaded regions represent the uncertainties of THz time-domain ellipsometry with multiple-angle measurements
(a,c,e) and without, i.e., measurements at 0° and 90° polarizer angles only (b,d,f). For easier comparison, the
respective values at 2.5 THz are shown by the insets (hollow squares—with multiple-angle measurements; solid
circles—0° and 90° measurements only).

. The static dielectric constant of GaN and effective mass were taken to be ¢, = 9.22 and m"=0.237m, (where m, is
free electron mass)*>*, whereas the carrier density and mobility were treated as fitting parameters. The refractive
index and extinction coefficient spectra were simultaneously fitted. The best-fit parameters are N=9.3 x 10" cm™
and p =345 cm*/Vs in the case of the LPE-GaN sample, and N=2.1 x 10* cm™ and p =36 cm?/Vs in the case of
the PS-GaN sample, and their dc resistivities are 1.9 x 102 Qcm and 8.4 x 107 Qcm, respectively. These param-
eters are used to model the ellipsometric parameters as well. For the PS-GaN sample, the discrepancy of the
experimental refractive index from the Drude model below 1.5 THz is attributed to the smaller dimensions of
the sample compared to the THz beam spot. The experimental results below 1 THz are not shown for this reason.
Nevertheless, the THz ellipsometry results analyzed using the Drude model match the electrical characterization
results of the Hall measurements. It is also noteworthy that using THz ellipsometry we have demonstrated the
accurate evaluation of carrier densities in the order of 10 cm™ which is 2 to 3 orders of magnitude higher than
the typical measurement range of THz-TDS.

From the optical constants the dc conductivity or the dc resistivity is relatively easy to determine accurately.
However, for a particular conductivity, it is rather difficult to distinguish the correct values of carrier density
and mobility especially at high carrier concentrations. Thus, we further demonstrate the accuracy of our THz
ellipsometry system with multiple-angle measurements in distinguishing between different values of carrier den-
sity and mobility. Figures 5 and 6 show the calculated amplitude ratio and refractive index spectra, respectively,

Scientific Reports |

(2021) 11:18129 | https://doi.org/10.1038/s41598-021-97253-z nature portfolio



www.nature.com/scientificreports/

a 10— —T———T——T 1T 71 —r—— b .
o =100 S/cm ] ]
9 — N=62x10";p=10 3 =
< F —N=16x10";p=40 1 ]
s _F — N=62x10%;py=100] 3 ]
£ 8F 18 — £ —
© R — N=3.1x10" ;=200 4 ® 1
> C T > T
- ~ N = A
g8 7F 4 & 3
© C ] © ]
o r ] [id ]
6F 7 =
5_I
1.0 1.5 2.0 25 3.0
Frequency (THz)
c 35_] T I T T T T I T T T T I T T T l— d
N o =1180 S/cm b
— N=74x10";p=10 ]
30 == N=18x10";p=40 |
[} [}
© ©
£ £
2 2 2
© ©
g 8
T ©
i o
20
15 15
1.0 1.5 2.0 2.5 3.0 1.0 15 2.0 25 3.0
Frequency (THz) Frequency (THz)
e 60_1 T I T T T T l T T T T I T T T I_ f 60_[ T T T I T T T T l T T T T I T T T l_
C o =3000 S/cm ] C 40 1
so K — N=19x10"" ;=10 ] sk 35| ]
20 , - o —
% —N=4.7x1020,y=40 ] X A { ]
° — N=19x10"" ;=100 - ° 1
£ - 19 : £ 25— - .
s —N=94x10";p=200 4 g ]
& 40_— - & 40 20 n
S i % .
i - g o g
30 - 30
20- L 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 20 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1
1.0 15 2.0 25 3.0 1.0 1.5 2.0 25 3.0

Frequency (THz) Frequency (THz)

Figure 6. Calculated refractive index spectra for different conductivities: 100, 1180, and 3000 S/cm with
varying carrier density and mobility. The dashed blue line corresponds to material parameters close to the
PS-GaN sample. The shaded regions represent the uncertainties of THz time-domain ellipsometry with
multiple-angle measurements (a,c,e) and without, i.e., measurements at 0° and 90° polarizer angles only (b,d,f).
For easier comparison, the respective values at 2.5 THz are shown by the insets (hollow squares—with multiple-
angle measurements; solid circles—0° and 90° measurements only).

for different conductivities and possible carrier density and mobility values for each conductivity based on the
Drude model. In Fig. 5, the amplitude ratio increases with increasing mobility for a constant conductivity. This
behavior is because of the increase in the imaginary part of the complex refractive index. The absorption is
higher due to the longer scattering time, which is proportional to the mobility. The reflectivity then increases
due to the higher free-carrier absorption. It can be consistently seen in each graph in Figs. 5 and 6 that as the
carrier concentration becomes higher, the difference in the curves becomes more subtle. Consequently, ambigu-
ity arises in determining the accurate carrier density and mobility parameters. Herein we show the advantage of
our technique utilizing multiple-angle measurements over measuring only at 0° and 90° to determine the p- and
s-polarizations, by comparing the uncertainties in these two types of measurement. We experimentally confirmed
that the standard deviation of ellipsometric parameters extracted from multiple-angle measurements is about
ten times less than that of directly measured p- and s-polarized waves for the same total measurement time. The
shaded regions in Fig. 5 represent the measured standard deviation of ellipsometric parameters obtained with
multiple-angle measurements (a, ¢, e) and without (b, d, f). The resulting error in refractive index, which also
includes the phase difference error, is then estimated and represented by the shaded regions in Fig. 6. Compar-
ing the relative errors, the refractive index has a lower relative uncertainty because of its higher magnitude.
Three cases are demonstrated: 1) low conductivity of 0=100 S/cm; 2) 0=1180 S/cm which is close to that of
the PS-GaN sample; and 3) high conductivity of 6=3000 S/cm. For the low conductivity case (Fig. 6a,b), each
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refractive index dispersion is easily distinguishable by the two methods. For the conductivity close to that of
our PS-GaN sample (Fig. 6¢,d), our technique can still clearly distinguish between different carrier densities in
the order of 10%° cm™ whereas the other method already has significant uncertainty. For the high conductivity
case (Fig. 6e,f), the results suggest that our technique can potentially be used to evaluate carrier densities up
to the order of 10?' cm™. For easier comparison, the insets in Figs. 5 and 6 show the respective values at 2.5
THz with the uncertainty of our system and the direct measurement approach. The error bars clearly show that
the technique using multiple-angle measurements is superior in discriminating between small differences in
ellipsometric parameters and refractive index. These results show that as conductivity increases, the accuracy
of the measurements becomes more crucial in parameter estimation. Since the THz ellipsometry with multiple-
angle measurements allows for amplitude and phase corrections of the measured time-domain waveforms, the
experimental ellipsometric parameters have high accuracy. As a result, we can evaluate the carrier density and
mobility uniquely even for high conductivities. Therefore, our technique extends the range of carrier concentra-
tions measurable by THz-TDS and significantly improves the precision of THz time-domain ellipsometry for
the characterization of very high carrier densities.

Conclusion

Using THz time-domain ellipsometry, we demonstrated the investigation of GaN bulk semiconductors with
high carrier densities of up to 10*° cm™ and potentially higher. By extracting the p- and s-polarizations from
a set of measurements at different analyzer angles instead of direct detection of these components, highly pre-
cise ellipsometric parameters can be obtained. As a result, the unambiguous evaluation of carrier density and
mobility even at high conductivities is possible. Thus, our system extends the usability of THz spectroscopy
for the characterization of thick, optically dense semiconductors. It is also applicable to thin films owing to the
penetrative power of THz waves. Moreover, it is a nondestructive, contactless, and reference-free measurement
technique. Therefore, high-precision THz time-domain ellipsometry is a superior characterization method for
semiconductors and other materials with high carrier concentrations toward the development of future devices.
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