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Non-contact characterization of carrier mobility in
long-wave infrared HgCdTe films with terahertz
time-domain spectroscopy

Nils B. Refvik, Charles E. Jensen, David N. Purschke, Wenwu Pan, Howe R. J. Simpson, Wen Lei, Renjie Gu, Jarek
Antoszewski, Gilberto A. Umana-Membreno, Lorenzo Faraone, and Frank A. Hegmann

Abstract—We use terahertz time-domain spectroscopy to
measure the complex dielectric function of long-wave infrared
Hg1-xCdxTe films (x = 0.18, 0.20, 0.22) as a function of
temperature in a non-contact manner. Using a Drude-Lorentz
model fit to the measured complex transmission function
combined with a Kane model description of the band structure,
we obtain the temperature-dependent conduction band carrier
density, effective mass, scattering time and carrier mobility for
all three Hgi.Cd.Te films. The optical properties of a bare
substrate of Cdo.gsZno.osTe were also measured in the terahertz
region. The high quality of the Hgi«Cd.Te films is demonstrated
by ultrahigh mobilities exceeding 105 cm?V-1s-! and ionized donor
densities less than 3 X 105 cm™ at temperatures below 100 K.

Index  Terms—Charge  carrier processes, conductivity
measurement, terahertz time-domain spectroscopy (THz-TDS),
II-VI semiconductor materials

[. INTRODUCTION

ercury cadmium telluride (Hg;..Cd,Te or MCT) is a
widely tunable bandgap semiconductor with an
extensive history as a premier infrared detection
material [1], [2]. High-quality epitaxial films of Hg;..Cd,Te
can be grown with continuous Cd fractions ranging from x = 0
to 1, corresponding to tunable bandgaps ranging from -0.3 eV
(semimetal HgTe) to 1.5 eV (CdTe), covering most of the
infrared spectrum [1], [2]. At Cd fractions around x = 0.20, the
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band structure is highly non-parabolic with a bandgap on the
order of 100 meV, which decreases as the material is cooled.
This bandgap energy corresponds to the long-wave infrared
regime. Additionally, the conduction band effective mass is
very small (m* ~ 0.01m,, where m, is the free electron mass)
and decreases as the sample is cooled. Moreover, electron Hall
mobilities in narrow-gap Hg;..Cd,Te (x ~ 0.2) can exceed 103
cm?V-ls'! with extremely long lifetimes, leading to excellent
photodetector performance in the far infrared [1], [2].

Despite the extensive 60-year history and importance of
Hgi.«Cd,Te as a premium infrared material, there still remains
challenges with quality control and non-contact
characterization of carriers in epitaxially-grown films [1], [3].
Beyond the Cd fraction and bandgap, which can be assessed
through spectroscopic ellipsometry [4] and infrared
transmission [5], non-contact characterization tools for
assessing the free carrier density, doping level, and mobility
are important for optimizing the epitaxial growth process as
well as device fabrication and performance.

Microwave reflectivity measurements [6], [7], along with
far-infrared spectroscopy [3], [8], [9], are two potential non-
contact characterization techniques of Hgi..Cd,Te films.
However, microwave measurements have limited spectral
resolution, and have a large free-space wavelength (100 GHz
~ 3 mm) limiting the spatial resolution attainable. Far-infrared
spectroscopy is widely used for studying band-to-band
transitions and vibrational-structure in Hg;Cd,Te [10], [11],
[12]. Typically, in these measurements the complex dielectric
function must be inferred using the Kramers-Kronig relations
because intensities are measured, rather than the amplitude
and phase of the electric field.

Typical scattering rates of free carriers in high-mobility
semiconductors lie in the few-terahertz (THz) range, which is
near the limit of many far-infrared spectroscopy systems. For
a semiconductor such as Hg;..Cd,Te with mobility u = 10°
cm?V-1s7!| and effective mass m* = 0.01m,, the corresponding
carrier scattering rate in the Drude model is ' =e/(um*) = 1.8
THz. It is in this few-THz frequency range that optical probes
will see significant dispersion in the optical conductivity and
free-carrier absorption.

THz time-domain spectroscopy (THz-TDS), lying at the
lowest frequency end of the far-infrared regime, but above
microwave frequencies, has been established as a powerful
broadband, non-contact probe of transport and the complex
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dielectric function in a variety of materials [13]. THz
spectroscopy presents several advantages over other non-
contact probes of conductivity. With THz-TDS, the direct
sampling of the THz electric field waveform in the time-
domain enables direct observation of the complex conductivity
spectrum, without the use of the Kramers-Kronig relations
[13], [14]. With appropriate modelling, carrier densities and
mobilities can be directly extracted from the conductivity
spectrum. The smaller free-space wavelength (1 THz ~ 300
um) results in higher spatial resolution compared to
microwave frequency probes. Importantly, because the electric
field of a THz pulse can be measured in the time-domain,
time-resolved measurements of picosecond-scale
photoconductivity dynamics and mobilities can be obtained in
pump-probe experiments [13]. Other approaches that use
external magnetic fields (e.g., THz cyclotron resonance, THz
optical Hall effect) or ellipsometry configurations have also
enabled direct measurements of carrier mobilities and
effective masses in other material systems [15], [16], [17],
[18].

For Hg;.Cd,Te, THz spectroscopy has been used to
observe hot carrier cooling and a few-picosecond long buildup
of photoconductivity after femtosecond optical pulse
excitation in a HgosCdo,Te film [19], [20]. There is already
interest in studying Hg;..Cd,Te films and structures at THz
frequencies with other techniques. THz pulse generation in
Hg;..Cd,Te films after femtosecond pulse photoexcitation has
been previously reported [21], [22], [23]. Additionally, there is
ongoing research into inducing stimulated emission at THz
frequencies in Hg;..Cd,Te structures [24], [25], [26], [27],
[28], and the use of narrow-gap Hg;.«Cd,Te in THz detection
[29], [301], [31].

However, the full potential of THz-TDS as a
characterization tool has not yet been demonstrated for Hg;.
+Cd,Te beyond an initial room temperature measurement [32].
To date, no temperature-dependent studies of transport using
THz-TDS in Hg;..Cd,Te have been reported. Additionally,
there is only one reported room temperature THz-TDS
measurement of the THz dielectric function of Cdo.9sZno.04Te,
a standard substrate for Hg;..Cd,Te films [33]. From an
industrial perspective, where Hg;..Cd,Te growth quality can
vary significantly due to substrate defects, dislocations, and
Hg wvacancies [1], the non-contact and non-destructive
characterization of carrier mobility with THz-TDS could be
invaluable for quality control of large wafers [34]. Moreover,
with the recent use of a variety of broadband and
monochromatic far-infrared sources to probe Hg;..Cd,Te
structures and topological states [35], [36], [37], [38], [39], it
is imperative that the THz dielectric function in this important
material is well understood.

Here, we use THz-TDS to measure the temperature-
dependent THz dielectric function of three MBE-grown Hg.
«Cd,Te thin films. We extract measurements of transport and
dielectric properties as a function of temperature from 25 K to
295 K, revealing a conductivity dispersion with significant
free carrier absorption. Using a Drude model, along with a

Kane model description of the band structure, we calculate
background doping levels and very high carrier mobilities
from the measured complex transmission function.
Importantly, our analysis considers the non-parabolicity of the
band structure in Hgi«Cd.Te when determining the effective
mass and carrier mobility using Boltzmann transport theory.
Additionally, we measure the temperature-dependent
dielectric function of a bare CdoosZnoosTe substrate. To the
best of our knowledge this is the first reported temperature-
dependent measurement of the THz dielectric function and
mobilities of Hg;..Cd,Te films and of CdoosZnoosTe using
THz-TDS. Our results indicate that THz-TDS, in combination
with material models, can be wused as a powerful
characterization tool to probe the conduction band carrier
density, doping density, and mobility of grown Hg;..CdTe
films in a non-contact manner.

II. EXPERIMENTAL DETAILS

A. Hg;..Cd\Te Films

In this study, we examined three long-wave infrared Hg;-
«Cd,Te films with differing Cd fractions of x = 0.18, x = 0.20
and x = 0.22. The 4-5 um thick Hg;..Cd,Te films with the
target Cd fractions given in Table 1, were grown by molecular
beam epitaxy on 10 mm x 10 mm CdoosZnoosTe (211)B-
oriented substrates by the Microelectronics Research Group at
the University of Western Australia [1]. The measured 50%
FTIR cutoff wavelengths at room-temperature and narrow X-
ray diffraction full-width at half maxima (< 30 arcsec,
indicative of high-quality growth) are shown in Table 1. The
Cdo.o6ZngosTe substrates were purchased from JX Nippon
Mining and Metals and are a standard material for the
epitaxial growth of Hgi..CdTe due to excellent lattice
matching [40]. For characterization with THz-TDS, a bare
Cdo.osZnoosTe wafer was measured as well. The measured
thickness of the bare substrate was 827 + 1 um. Often, as-
grown Hg;..Cd,Te exhibits p-type doping due to the presence
of Hg vacancies [1]. To counter this, the films were annealed
in Hg vapour to provide a low n-type doping. A 200 nm ZnS
passivation layer, which is transparent to THz, was deposited
on the Hgi..Cd,Te surfaces. The films were coated with a
photoresist for protection during shipping, which was removed
with high-purity acetone before measurements.

B. THz-TDS System

In this experiment, we use a transmission-mode THz-TDS
system as described previously [41], [42]. Briefly, optical
pulses with 4 = 800 nm and temporal width of ~100 fs are
generated by a mode-locked Ti-sapphire oscillator and
multipass amplifier system operating at a 1.04 kHz repetition
rate. A portion of the beam is incident on a 1 mm thick ZnTe
[110] crystal where THz pulses are generated by optical
rectification with a 0.4 to 2.4 THz bandwidth [13]. The THz
beam is then directed to a ~1.5 mm diameter focus by a
sequence of off-axis parabolic mirrors. The numerical aperture
of the focusing parabolic mirror is ~0.17, giving a depth of
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focus at 1 THz of ~7 mm. The sample is placed at the focus of
the THz beam, and the resultant transmitted THz beam is
collimated and then focused onto a second 1 mm ZnTe [110]
crystal, where the THz electric field is measured in the time-
domain via electro-optic sampling with a second 800 nm
probe pulse, as shown in Fig. 1(a). The measured THz
waveform in vacuum and the amplitude spectrum is shown in
Fig. 1(b). For each average THz waveform measurement, we
take the mean of the Fourier transform amplitude and phases
of all individual runs and use the standard deviation of the
mean as the uncertainty. The sample-mount was attached to a
cold-finger cryostat, enabling measurements from room
temperature down to 25 K. A silicon diode was attached to the
sample mount near the samples to monitor the temperature.
The setup was enclosed in a vacuum chamber at a pressure of
107 torr.

C. Dielectric Function Extraction

In THz-TDS two THz field measurements are required to
extract the complex index of refraction i = n + ik: the
transmitted field through the sample of interest, Egymp, (¢), and

a reference waveform, E..¢(t), with the sample removed. The
sample transmission function is defined as the ratio of the
Fourier transforms of the two electric field waveforms
T(w) = E'samp(w)/fref(a)). In the case of the bare
Cdo.6Zng04Te substrate, which is a 0.827 mm-thick slab with
relatively small absorption, the index of refraction can be
analytically extracted from the measured transmission
function [43], [44], yielding equations for the real and
imaginary components. A material model for the complex
dielectric function é(w) = A% can then be fitted to the
measured 7.

To extract the dielectric function of the 4-5 um thick Hg;.
«Cd,Te films, we can no longer use the direct index extraction
method used for the thick Cdo.gsZng.04Te substrate, both due to
high absorption and the small thickness of the Hg;..Cd,Te
layer. Moreover, the Tinkham formula in the thin-film
approximation [45], [46], which is often used in time-resolved
THz spectroscopy experiments, cannot be used in this case.
This is because the required conditions of nwL/c < 1 and
kwlL/c <« 1, with L the sample thickness and c¢ the speed of
light, are not satisfied [44].

We instead model the full THz transmission function from
vacuum through the multilayer system using a numerical
scattering matrix approach [47]. We numerically calculate the
total transmission function through the 200 nm ZnS [48] / 4-5
um Hg;Cd,Te layers into the thick Cdo.osZnoosTe substrate
divided by a reference transmission function through the bare
CdogsZno.osTe substrate. This calculation takes as an input the
complex index of refraction of each of the layers as well as the
measured thicknesses of the layers. We then fit the model
transmission function which includes the model Hg;..Cd.Te
complex dielectric function to the measured transmission
function ratio.

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the measured THz waveform through
vacuum, and the delayed waveform transmitted through the
bare CdoosZngosTe substrate and the ZnS / HgosCdooTe /
CdoosZngosTe system for three temperatures. The
corresponding amplitude spectra normalized to the vacuum
measurement are shown in Fig. 2(b). Qualitatively for the
Cdo.o6ZngosTe transmission in Fig. 2(b) we observe broad
attenuation over the THz bandwidth, which is attributed to a
TO(T) phonon mode at 4.3 THz [43]. We also observe two
resonances, one at 1.6 THz and one at 2.1 THz, attributed to a
quasi-local ZnTe mode [49] and a summation 2TA(X) CdTe
mode [43], respectively. This observation is consistent with a
previous report of room-temperature THz-TDS on
Cdo.osZno.0sTe [33]. With this knowledge we fit the extracted
complex index of the Cdo.osZno.04Te substrate with a 3 Lorentz
oscillator dielectric model,

B . : Sjw};
é(w) = €(w) +ie(w) =€, +

j=1
where €,, is the high-frequency dielectric background and S;,

€y

2 _ 2 ] ’
wg; — w? — iwy;

wyj, and y; are the strength, resonant frequency, and damping
rate of each mode, respectively. The index is then calculated
as il = Vé.

The extracted complex index (symbols) and Lorentz
oscillator fits (dashed lines) for three temperatures are shown
in Fig. 2(c). The fit parameters are listed in Table 2. The real
part n, and the high frequencies of the imaginary part k, are
very well fit by the model. At low frequencies there is an
increase in k below 1 THz. Though the origin of this feature is
unclear to us, a Drude model fit failed to yield physically
reasonable parameters and thus we exclude background free
carrier conductivity as an explanation. We note that below 60
K this feature was reduced in amplitude.

For the 4-5 um thick Hg;..Cd.Te films on CdoosZno.4Te,
we observe the same resonances as the bare substrate at 1.6
THz and 2.1 THz, as shown in Fig. 2(b) for the x = 0.20 film.
However, the transmission spectra normalized to the bare
substrate in Fig. 2(d) is largely smoothed out. This indicates
the strong resonances primarily come from the underlying
substrate rather than the Hg;..Cd,Te layer. Interestingly, we
observe a small absorption feature close to 1 THz which does
not overlap with any substrate resonances, most easily seen in
the 101 K measurement in Fig. 2(d). There was previous
debate in the literature about the origin of this feature seen in
far-infrared spectroscopy [40]. We observed this absorption
feature in all our samples at varying temperatures, supporting
the interpretation of the feature being attributed to a disorder-
induced TA phonon mode [40], [50]. Since the feature is
relatively small, we do not include it in our overall fitting.

Overall, the dominant feature we observe in our bandwidth
is large amplitude attenuation at high temperatures, which is
most significant at low frequencies [Fig. 2(d)]. We attribute
this to free carrier absorption from thermally generated
intrinsic carriers. Because of the narrow bandgap, we expect a
significant thermally generated intrinsic carrier density in the

Authorized licensed use limited to: National Research Council Canada. Downloaded on May 15,2024 at 20:17:40 UTC from IEEE Xplore. Restrictions apply.

© 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Terahertz Science and Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TTHZ.2024.3393627

conduction band for Hg;..Cd<Te at room temperature [51].
This large carrier density will screen the transmission of the
THz pulse through the film. As the sample is cooled below
100 K the thermally-generated intrinsic carrier density in
Hgo3Cdo,Te is expected to decrease by several orders of
magnitude [51]. This has the effect of reducing the free carrier
absorption and thus increasing the THz transmission, which is
what is observed in our measurements. We note that
preliminary studies [20] show no evidence of nonlinear
dynamics induced by the THz probe pulses.

In principle, the THz field transmission is reduced by the
presence of both electrons and holes. However, due to the
large effective mass and mobility difference between electrons
and heavy holes in narrow-gap Hgi..Cd,Te (i, /unn =100) [2],
the free carrier absorption seen in our transmission
measurements will be dominated by conduction band
electrons. A similar situation arises in THz spectroscopy of
other high-mobility semiconductors, such as GaAs and InSb
[52], [53], [54]. Thus, we only include the contribution of
conduction band electrons in our modeling of the THz
conductivity.

In our fitting of the measured transmission function, we
use the measured index of refraction of the CdoosZnoosTe
substrate and model the Hg;..CdTe equilibrium dielectric
function using a Drude-Lorentz model, to account for free-
carrier absorption and a single TO phonon mode located at
approximately 3.6 THz [55],

i6(w) Sw} )

Ew Wi —w?—iwy’ )
Here the free-carrier equilibrium conductivity 6(w) is given
by the Drude model in which we consider the contribution of
conduction band electrons only,
Ne?r 1

T o €)

m* 1—-iwt

where N is the conduction band electron density, 7 the
scattering time, and m* the conduction band effective mass.
The carrier mobility 4 = et/m” can then be calculated.

As shown by infrared reflectivity studies, the optically
active phonon spectrum in Hgi..Cd,Te is complex, with
several additional modes above 3 THz [11], [56]. However,
these modes cannot be directly observed within the THz
bandwidth of our current setup. For simplicity of calculation
and to effectively fit the Drude component in our bandwidth
we allow the Lorentz oscillator strength S to vary, while
keeping a fixed damping rate of y = 0.5 THz, a temperature
dependent central frequency w, given in [55], and high
frequency dielectric function €, = 13.7, similar to those
measured in previous studies [40]. Improved characterization
can likely be obtained in the future with a broader bandwidth
THz-TDS system to directly measure the optical phonon
spectra.

The transmission model with the Drude-Lorentz
parameters was simultaneously fit to the measured complex
transmission amplitude and phase for all three films at various
temperatures. In particular, we performed measurements at
seven temperatures for the x = 0.18 and x = 0.22 films and

E(w) =€, +

6w) =

4

twelve temperatures for the x = 0.20 film. Transmission model
fits for the x = 0.20 film at three temperatures are shown in
Fig. 2(d) and the fit parameters for all measurements are
recorded in Table 3. Figure 3 shows the measured
transmission amplitude and model fits for all films at all
temperatures. The transmission amplitude is very well fit by
the model. Due to the small thickness of the Hg;..Cd.Te layers
the measured phase difference is very small with larger
uncertainty in comparison to the transmission amplitude.
Despite this, the model still reasonably captures the phase
dispersion in the simultaneous fit, especially at low
frequencies. Our simplifying model of the phonon spectrum
outside the bandwidth likely accounts for the slight
disagreement of the fit at higher frequencies. Additionally, in
our fitting we found large variation (~20%) in the Lorentz
oscillator strength did not significantly change the extracted
Drude fit parameters, though the fit quality near the high-
frequency end of the bandwidth was reduced. This indicates
that the Drude component dominates the transmission
amplitude spectrum, especially at lower frequencies.

Figs. 2(e) and 2(f) show the corresponding calculated
complex index of refraction and complex dielectric function
respectively for those temperatures based on the extracted fit
parameters. We indicate in the figure a shaded grey region
indicating the 0.4-2.4 THz measurement bandwidth and its
location relative to the location of the ~3.6 THz phonon mode.
The Drude-Lorentz contribution to the total complex
conductivity at the three temperatures for the x = 0.20 film are
shown as solid lines in Fig. 4(a). The Drude components are
shown as broken lines. Additionally, we measured significant
variation in the extracted conductivity across the three films,
with a comparison at 101 K shown in Fig. 4(b). We see that
the dominant component of ¢;(w) in our bandwidth comes
from the Drude conductivity, while both the Drude and
Lorentz oscillator components contribute in o, (w).

The extracted Drude DC conductivity, o, = Ne?t/m*, and
momentum scattering time 7, are plotted in Fig. 5(a) and 5(b),
respectively. As the temperature is reduced, all samples
exhibit a reduction in the DC conductivity and an increase in
the momentum scattering time. These two trends are
consistent with an expected reduction of the intrinsic free
carrier population under cooling, and a decreased carrier-
phonon scattering rate with decreased temperature,
respectively [57]. From these extracted parameters and a
model for the band structure of Hg;..Cd.Te, we can now
proceed with a calculation of the temperature-dependent
carrier density, effective mass, and carrier mobility for all
three films.

Due to the high non-parabolicity of the band structure in
narrow-gap Hg;..Cd,Te, the effective mass, m* (shown as
lines in Fig. 6(d) for three temperatures), varies from the
known bottom-of-the band value, mg, for relatively small
energies above the conduction band edge [50], [58], [59]. Near
the conduction band edge, the non-parabolic band structure of
Hgi.«Cd,Te is well described by the Kane model [60]. The
calculated conduction band from the Kane model near the
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band edge is shown in Fig. 6(a) for three temperatures for the
x = 020 film. In the Kane model for energies near the
conduction band edge the effective mass is given by the
relation m* =my(1 + 2E/E;), where E is the energy
measured with respect to the conduction band minimum, and
E, is the known temperature-dependent bandgap [shown in
Fig. 7(a)] [61]. With this energy dependent effective mass, the
occupation of carriers in the conduction band must be
considered.

To properly extract the carrier density and effective mass-
dependent mobility simultaneously we equate the THz-TDS
measured DC conductivity g, = Neu to the Kane model DC
conductivity using the Boltzmann transport equation in the
relaxation time approximation [58], [62],

22t — (2 [E(1+E/E,)|? of (B, Ex,T)
%= _3n2h3‘/2_m°fo 1+ 2E/E, 9E

where f(E,Eg,T) is the Fermi-Dirac distribution with Ep the
Fermi energy and T the lattice temperature. We first
numerically solve for the Fermi energy Er in (4). The
resulting Fermi-Dirac distribution calculated using the
extracted Ep for three temperatures in the x = 0.20 film is
shown in Fig. 6(b). All the extracted Fermi energies for all
three films were within 25 meV of the conduction band
minimum. After determining the Fermi energy, we can then
extract the carrier density (and thus the effective mass and
mobility using the measured 7) using the density of states and
carrier occupancy in the conduction band, N =

fooo g(E)f(E,Ep, T)dE. The non-parabolic density of states in
the Kane model is given by [50]

1 2mg\’/? 2E E
g(E) = znZ( . ) <1+Eg) E<1+Eg>. (5)

The resulting f(E, E,T)g(E) product is shown in Fig. 6(c)
for three temperatures. The area under the curves is decreasing
with temperature, reflecting the expected decrease of
thermally-excited intrinsic carriers in the conduction band. For
those same temperatures the final extracted effective masses
from the procedure are plotted as symbols on the m*(E)
curves in Fig. 6(d). The horizontal arrows from these symbols
indicate the corresponding energy above the conduction band
edge in the Kane model for the given extracted masses.

The extracted temperature-dependent Drude carrier
density, effective mass and extracted carrier mobilities for all
the films are shown in Figs. 7(b)-(d), respectively. The carrier
density in Fig. 7(b) exhibits a strong temperature dependence
for all three films. At room temperature all three films have a
density over 10'® cm™ due to the thermally-excited intrinsic
carriers. For the x = 0.22 and x = 0.18 films, the carrier density
falls off by an order of magnitude and levels off at low
temperatures. This suggests there is a significant residual
background carrier density of order 10" c¢m™ for the two
films, likely from ionized donor impurity states. In narrow-gap
Hgi«Cd.Te the donor thermal ionization energy is very small
(< 1 meV) due to the small conduction band effective mass
[50]. Even at low temperatures, where the thermally-excited

dE, (4)

intrinsic carrier density becomes insignificant, we expect
considerable donor ionization. Under the assumption of full
donor ionization, the total carrier density N seen from our
spectroscopy is related to the intrinsic carrier density n; and
ionized donor density Ny by the mass action law [50], [64]

n? = N(N — Np). (6)

This expression for N was fit to the experimental data to
extract the donor density using a calculated n; from [51]. The
results of the fits are shown as dashed lines over the x = 0.22
and x = 0.18 data in Fig. 7(b), with extracted doping densities
of N; =2.3 x 10" ¢cm™ and N; = 1.1 x 10" cm™ respectively.
In contrast, the x = 0.20 film density exhibits a strong decrease
of nearly two orders of magnitude from 296 K to 80 K. Below
this temperature, no measurable free carrier absorption was
observed in our bandwidth and no density or mobility could be
reasonably determined. Thus, our spectroscopy can only
provide an upper bound on the doping of approximately 2 x
10'* em™ for this film. For the x = 0.20 film we plot the
expression for N in (6) using an assumed fixed N; = 2 x 10
cm to show an upper bound for the donor doping density. At
room temperature all three films have carrier densities in
excellent agreement with the expected thermally generated
intrinsic density.

The calculated effective masses m* from our analysis
shown in Fig. 7(c) are consistently larger than their
corresponding band edge values [lines in Fig. 7(c)] for all
three films, demonstrating the importance of accounting for
non-parabolicity in narrow-gap semiconductors.
Straightforward calculations using the band edge mass will
result in an overestimate of the mobility and an underestimate
in the extracted carrier density. In the future, the effective
mass could be more directly probed using a THz magneto-
spectroscopy setup [15], [16].

Finally, the extracted carrier mobilities are shown in Fig.
7(d). The x = 0.20 and x = 0.18 films reach very high mobility
values exceeding 1 x 10° cm?V-!s™! below 100 K, consistent
with Hall measurements of high-quality samples with similar
Cd fractions [65], [66]. At temperatures above 80 K, the
mobility for all three films is well-described by a
T~3/2 dependence, consistent with phonon scattering
dependencies of T73/2 to T~? in Hg;,Cd,Te at high
temperatures found in the literature [40], [50], [66], [67]. At
temperatures below 80 K, the mobility trend in the x = 0.22
and x = 0.18 films is relatively constant, likely due to the onset
of ionized impurity scattering. This is also clearly seen in the
reduction of the momentum scattering times at low
temperatures in Fig. 5(b). The impurity scattering from the
background doping in these two films likely limits the
maximum mobility.

Though THz spectroscopy has previously demonstrated
good agreement with contacted Hall mobility measurements in
semiconductors [68], a comparative study with conventional
Hall measurements on Hg;.«Cd,Te films prepared with
contacts would be necessary in future experiments for
validation and implementation in an industrial setting.
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IV. CONCLUSION

In summary, we have used THz-TDS to measure the
temperature-dependent complex dielectric function of three
epitaxial Hgi..Cd,Te films and a bare Cdg9sZnoo4Te substrate.
For the Hg;«Cd,Te films we extracted the electron carrier
density, effective mass, momentum scattering time and
mobility as a function of temperature from 296 K to 25 K. We
found ultrahigh mobilities greater than 1 x 105 cm?V-!s’!
below 100 K in two of the samples (x = 0.18, 0.20) and donor
densities of 2.3 x 10" cm? (x = 0.22), 1.1 x 10" cm? (x =
0.18) and less than 2 x 10" cm™ in the x = 0.20 film, an
indication of high-quality epitaxially-grown films. This result
highlights the use of THz-TDS as a tool to characterize the
carrier density and mobility of grown Hg..Cd,Te thin films in
a non-contact manner and demonstrates the potential of THz-
TDS for non-contact testing of Hgi..Cd,Te performance and
full-wafer mapping of carrier mobilities.
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Fig.1.  (a) Schematic of the THz-TDS experiment. (b) Measured ~ __
vacuum THz electric field and amplitude spectrum (inset) from the f;-
setup used in this work. (¢) Photo of the grown 10 mm X 10 mm
HgosCdo2Te film on Cdo.ssZno.o4Te with a 200 nm ZnS passivation
layer.
z
¥
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Fig. 2. (a) Time-domain measurements of the THz transmission
through the bare Cdo.s¢Zno.04Te substrate (red), the HgosCdo2Te film
(blue) and a vacuum reference (black) for three temperatures and (b)
the corresponding amplitude spectra normalized with respect to the
vacuum reference. (¢) Extracted complex index of refraction of the
bare CdoosZno.osTe substrate for three temperatures and Lorentz
oscillator model fits (dashed lines). (d) Amplitude T(w) and phase
difference A¢(w) spectra of the HgosCdooTe film (symbols)
obtained by dividing the film + substrate transmission by the bare
substrate transmission. The transmission model fits, which includes
the Drude-Lorentz model of the Hgo.sCdo2Te conductivity, are shown
by dashed lines. (e) Calculated complex index of refraction of the
HgosCdo2Te film from the Drude-Lorentz fits for three temperatures.
(f) Calculated complex dielectric function of the Hgo.sCdo2Te film
from the Drude-Lorentz fits for three temperatures. We indicate in (¢)
and (f) a shaded grey region corresponding to the 0.4-2.4 THz probe
bandwidth and its location relative to the phonon mode at ~3.6 THz
used in our model.
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Fig. 3. Amplitude spectra T'(w) of the Hg1.xCd,Te films for (a) x = 0.22, (b) x = 0.20, and (¢) x = 0.18, for all measured temperatures. The
spectra are obtained, as in Fig. 2(d), by dividing the Hgi«Cd,Te + substrate transmission by the bare substrate transmission. The transmission
model fits for each measurement are shown by the black dashed lines. The plots are offset for clarity.
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Fig. 4. (a) Total Drude-Lorentz complex optical conductivity
spectra for three temperatures (solid lines) and the corresponding
Drude contribution to the conductivity (dashed lines) for the x = 0.20
film. (b) The Drude-Lorentz complex conductivity spectra (solid
lines) for the three films at 7= 101 K, and the corresponding Drude
contribution to the conductivity (dashed lines).
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Fig. 5. (a) Extracted temperature-dependent DC  Drude
conductivity o, and (b) momentum scattering time 7 for the three
Hg1.Cd,Te films.
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Fig. 6. (a) Calculated conduction band near k=0 for three temperatures using the Kane model [60], [63]. E is defined with respect to the
conduction band minimum. (b) Calculated Fermi-Dirac distribution f (E, Er, T) near the conduction band minimum using the extracted Er from
(4) for three temperatures. (c) Product of the Fermi-Dirac distribution from (b) and the density of states from (5) for three temperatures. (d)
Energy-dependent Kane model effective mass (lines) given by m* = mg(1 + 2E/E;), and the extracted effective mass from the THz-TDS data
at each temperature (symbols). The horizontal arrows indicate the corresponding energy for the extracted masses in the Kane model.
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Fig. 7. (a) Calculated temperature-dependent bandgap of the
three Hg1.+Cd:Te films using the expression from [61]. (b) Extracted
temperature-dependent equilibrium carrier density from the Drude
fits to the THz-TDS measurements for the three Hgi..Cd.Te films.
The x = 0.20 film below 80 K has no data points because no
significant free carriers were observed in the spectrum bandwidth.
Plotted as lines for the x = 0.22 and x = 0.18 films is a fit of the
carrier density using (6). The x = 0.20 line represents the carrier
density using (6) for an assumed N; = 2 X 10 cm™. (c) Extracted
temperature-dependent effective mass m* for the three films
normalized to the free electron mass m,. The lines indicate the
effective mass mg calculated at the conduction band minimum
from [59]. (d) Extracted carrier mobilities u = er/m* from the Drude
fits for the three films. The dashed line indicates a T~3/2 mobility
dependence as a guide to the eye.
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TABLE 1
SAMPLE INFORMATION DETERMINED AFTER GROWTH
X Film XRD FWHM | 50% Cutoff | Calculated bandgap | Calculated bandgap
Thickness (arcsec) wavelength at | at 7=295K [61] at T'=77K[61]
(um) T=295K (meV) (meV)
(pm)
0.22 4.7 26 6.3 181 113
0.20 4.0 26 6.5 151 78
0.18 4.8 22 7.5 123 43
TABLE 11
FIT PARAMETERS FOR THE Cdo.96Zno.0sTe SUBSTRATE
Temperature . s wor /2T y1/2m S, woa/2m v,/2m S ;’20; ¥vs/2m
) be ! (THz) (THz) (x107) (THz) (THz) (x107) (THz) (THz)
25 10.00=0.01 | 2.90%0.01 444 % 0.01 0.06+0.04 | 2503 1.625 0.08 = 0.04 1.1£06 2.15 0.12=0.05
41 10.00£0.02 | 292002 | 4.12=0.02 0.08+0.02 | 3.7+04 1.625 0.11=0.03 23+08 2.15 0.16 = 0.01
60 10.02£0.01 | 2.93+0.01 427+0.02 0.10+0.03 | 45+04 1.625 0.13%0.02 2507 2.15 0.13+0.09
81 10.02£0.03 | 2934002 | 4.17+0.02 0.06+0.04 | 3.6%0.5 1.625 0.11:+0.01 4x2 2.15 0.18 =001
95 1003002 | 294+0.02 | 422+0.02 0.10£0.02 59+0.7 1.625 0.19=0.04 3708 2.15 0.15+0.01
101 10.10+0.01 | 3.01=0.01 433=0.02 0.13£0.07 | 4104 1.625 0.12 = 0.09 21 2.15 0.10=0.03
115 10.080.02 | 299002 | 423=0.02 0.14+0.06 | 62306 1.625 0.19 % 0.01 2106 2.15 0.08=0.03
126 10.10£0.03 | 2.99+0.03 433=0.02 0.12£0.06 41 1.625 0.12=0.09 52 2.15 0.19=0.08
155 10.15+0.01 | 3.07+0.01 428%0.02 0.17£0.03 1.8+0.5 1.625 0.07 = 0.04 21%07 2.15 0.10 +0.03
184 1025002 | 3.16£002 | 432002 025+0.04 | 47+06 1.625 0.14=0.03 3.6+0.5 2.15 0.10 £ 0.02
224 10.27+0.03 | 3.17+0.03 427+0.02 0234002 | 7.8%09 1.625 0.19 +0.05 52+0.7 2.15 0.120.02
296 1044=0.03 | 332002 | 441=0.02 034=0.04 91 1.625 0.19=0.08 6.6 0.8 2.15 0.11=0.02
TABLE III
FIT PARAMETERS FOR THE Hg;..Cd,Te FILMS
x=0.22 x=0.20 x=0.18
wy/2m wy/2m wy/2m
Temperature gy T 0 1o T 0 1o T
10 S (THz) 10 S (THz) 10 S (THz)
&) QT em™) | (£) (Ref. [557) [ em )| ) ®Ref. [557) | @ @) ) (Ref. [55])
25 19+5 [280+10]3.6+0.7 3.55 - - 22+0.3 3.55 3.8+0.9 |400+10|6.0+0.6 3.55
41 17+£5 [290+10|3.6+0.6 3.57 - - 27£0.2 3.57 6+1 35010 6.1+0.5 3.57
60 16+4 [300+10]3.9+0.6 3.58 - - 4.6 +0.6 3.58 16+4 [400+10[6.9+0.6 3.58
81 - - - - 6+3 62070 8.0+0.3 3.59 - - - -
95 - - - - 12+3 [630+£20] 10.0+0.3 3.60 - - - -
101 164 260+10|4.4+0.6 3.60 9+2 520+£20| 294+0.1 3.60 841 480+ 10 [5.6+£0.4 3.60
115 12+4 [200+10|43+0.7 3.61 8+3 330£10| 6.0+0.1 3.61 29+5 408+9 [9.8+0.6 3.61
126 - - - - 19+3 481+9 | 8.50+£0.3 3.61 - - - -
155 - - - - 31+6 439+1 | 11.4+£04 3.63 - - - -
184 18+4 212+8 |52+0.7 3.64 38+5 359+4 | 62+£04 3.64 39+6 370+6 [ 74£0.7 3.64
224 - - - - 53+6 285+2 [ 10.1+0.5 3.66 - - - -
296 43 +38 166 £4 |19.6+0.9 3.69 74+9 197+2 | 10.8+0.8 3.69 75+10 198+3 | 13+1 3.69
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