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Abstract

We present two ideas to simplify the measurement and analysis of terahertz time-
domain spectroscopic ellipsometry data of ultrathin films. The measurement is
simplified by using a specially designed sample holder with mirrors, which can be
mounted on a cryostat. It allows us to perform spectroscopic ellipsometry by simply
inserting the holder into a conventional terahertz spectroscopy system for measure-
ments in transmission geometry. The analysis of the obtained data is simplified by
considering a single interface with a certain sheet conductivity o, (since the film
thickness is significantly smaller than the wavelength of the terahertz light). We
demonstrate the application of these ideas by evaluating the sheet conductivities of
two perovskite rare-earth nickelate thin films in the temperature range 78-478 K.
The use of this particular analytical method and the sample holder design will help
to establish terahertz time-domain spectroscopic ellipsometry as a characterization
technique for ultrathin films.
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1 Introduction

Spectroscopic ellipsometry is a characterization technique where the optical con-
stants of a sample are evaluated by measuring the change in the polarization that
occurs when the probe light is reflected from the sample at oblique incidence.
From the ellipsometry coefficient p = r,/r, (the ratio of the complex reflection
coefficients), we can obtain the refractive index n, the extinction coefficient x and
the surface roughness of the measured sample. Since spectroscopic ellipsometry
is sensitive to extremely thin films and their interfaces, it also allows us to evalu-
ate the layer thicknesses in a multilayer sample [1]. Spectroscopic ellipsometry is
an established characterization technique in various areas of science and indus-
try including areas concerned with semiconductors, and many ellipsometer sys-
tems with a broad wavelength coverage from the ultraviolet to the infrared are
commercially available. This technique is also applicable to the terahertz (THz)
frequency range [2], and many important material properties, such as dielectric
properties and electric conductivity, are related to states that can be excited with
THz photons [3]. THz spectroscopic ellipsometry is a powerful technique, espe-
cially for thin films on thick absorbing substrates, which are difficult to character-
ize by conventional transmission measurements [4]. It is powerful because spec-
troscopic ellipsometry is self-referencing, and thus solves the phase uncertainty
problem in a reflection measurement [5, 6]. THz spectroscopic ellipsometry was
first demonstrated in 2001 by Nagashima and Hangyo, based on THz time-domain
spectroscopy [7], and since then, THz spectroscopic ellipsometry has been used
successfully in many investigations [8-21].

Here, we present two approaches to simplify the characterization of ultrathin
conductive films using THz time-domain spectroscopic ellipsometry. The first
approach is to use an analysis model that treats the film as a single interface with
sheet conduction, rather than assuming a complex structure of dielectric multilay-
ers. This analysis method is commonly used to determine the optical responses of
graphene [22, 23] and is applicable to layers that are sufficiently thin compared to
the wavelength of the used THz light. The approach of using a conductive sheet
model is applied in the well-known Tinkham’s equation for normal incidence
[24], which is used for the analysis of superconducting thin films with THz spec-
troscopy. The second approach is a specially designed sample holder in a cryostat
that allows us to perform THz spectroscopic ellipsometry measurements easily.
Typically, when evaluating the temperature dependence of optical constants, a
cryostat with a window oriented in a specific direction is required. However, by
integrating mirrors into the sample holder mounded on a cryostat, the incident
and reflected light can be aligned coaxially. This allows for spectroscopic ellip-
sometry to be performed by simply inserting the holder into a conventional THz
spectroscopy system designed for transmission geometry. The proposed design is
similar to that of the Dove prism used in THz time-domain attenuated total inter-
nal reflection spectroscopy [25, 26]. Previously, we performed THz time-domain
spectroscopy measurements at low temperatures using a sample holder that ena-
bles reflection measurements at an incident angle of 30° [27-29]. We redesigned
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this sample holder for high-temperature measurements at an incident angle of 60°.
The presented ideas are demonstrated by evaluating the sheet conductivities of
two perovskite rare-earth nickelate thin films in the temperature range 78—478 K.

2 The Conductive Sheet Model

We first consider an ultrathin film with thickness d. The complex refractive index of
this film is denoted by n;, and the film is placed on a substrate (with refractive index
n,) in vacuum (n; = 1), as shown in Fig. la. If d is sufficiently small compared to
the wavelength of the light, A, we can consider the film as an interface between the
vacuum region and the substrate with a zero-thickness sheet conductivity of
o, = —iwey(n} —n3)d, as shown in Fig. 1b. According to the boundary conditions
for Maxwell’s equations, the electric fields parallel to the interface is continuous,
and the difference between the magnetic fields is the sheet current, which is induced
by the electric field on the substrate side and the sheet conductivity o,. Thus, the
complex reflection coefficients r, and r, for the angle of incidence ¢, can be
expressed as follows [23]:

(n2 + Zy0,c08 02)00s 0, —n;cos 0,

r = 9 1
P (ny + Zyo,c08 0,)cos 0, + nycos 6, &

n,cos 8, —nycos 0, — Zyo,

r.= .
* " nycos 0, + nycos 0, + Zo,

(@)

Here, Z, = 377 Q is the vacuum impedance, and 6, is a complex parameter sat-
isfying n;sin 6, = n,sin 6,. If we derive the complex transmission coefficients in
a similar way, we can obtain Tinkham’s equation for normal incidence [24]. The
derivation of these equations is shown in Sections 1 and 2 of the Supplementary
Information. Recently, Watanabe et al. proposed an analytical model for expanding
the equivalent electrical transmission circuit to a finite angle of incidence based on
a multilayer-film model [30]. Their proposed equations are the same as Eqgs. (1) and

Q).

Fig. 1 a The considered single-layer model and (b) the corresponding conductive sheet model for d <« A
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The conductive sheet model helps us intuitively understand the contribution of o, to
r,- Liet al. experimentally demonstrated that the dielectric constant of a thin film can
be evaluated under the Brewster condition [31], which can be easily understood from
Eq. (1): Under the Brewster condition for the substrate (n,cos 8, — n,cos 6, = 0),
the numerator of r, is Zyo,cos 6,cos 6,. This suggests that r,, is more sensitive to o
than r, at large incident angle, and also means that approximating ¢, with a real num-
ber changes the predicted Brewster angle depending on the contribution of o,. Fur-
thermore, Eq. (1) shows that the refractive index n, and Z,o, contribute to the same
degree, which means that spectroscopic ellipsometry is suitable for measuring sheet
conductivities on the order of milliSiemens (Z,o, =~ 1).

The conductive sheet model has also the advantage that o, can be easily derived
from the ellipsometry coefficient p. The analytical expression for p is given in
Eq. (3) below.

T (nzcos 0, — nycos 62)/005 0,cos 0, + Zyo, (nlcos 0, + n,cos 92) + Zyo,
= X

- T - (nzcos 0, + ncos 02)/cos 0,cos 0, + Zyo, (nlcos 0, — nycos 02) — Zy0,
3)
This equation can be rewritten as p = (A + Zy0,) (C + Zy0,) /(B + Zy0,) (D — Zy0,),
and thus o, can be obtained by solving a quadratic equation (numerical calculations
are not necessary).

1

_ 1 [ ) ——— -
%= 2tz | AT D) £ \/(A+C+ (B~ D)p)’ - 4(p + 1)(AC - pBD)

“

A = (n,cos 8, — n;cos 02)/005 0,cos 0,
B= gnzcos 0, + n,cos 92)/c0s 6,cos 0,

C =n,cos 0, + n,cos 6,

D =n,cos 8, —n,cos 0,

There are two solutions to the above equation, but we used the positive solution
in the analysis in Section 6.

3 Comparison Between the Conductive Sheet Model
and the Multi-Layer Model

In order to confirm the validity of the conductive sheet model, we compare the
reflection coefficients predicted by the conductive sheet model and the conventional
multi-layer model, which is explained in Sections 3 and 4 of the Supplementary
Information. We assume a film thickness of d = 1 um and p-polarized light at an
angle of incidence of 60°. The calculation results for s-polarized light are provided
in Fig. S1 of the Supplementary Information.

Figure 2a shows r, as a function of the frequency of the p-polarized light for
ne =5 and n, = 3.4. Figures 2b and 2c¢ show the results for different values of n,.
The thick solid and thick broken curves represent the amplitude and phase of r,, pre-
dicted by the conductive sheet model, respectively, and the thin solid and thin
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Fig.2 Complex reflection coefficients in the case of a film thickness of d=1 pum and p-polarized light
with an angle of incidence of 60°. (a) The data for a thin film with n, = 5 and a substrate with n, = 3.4.
(b), (¢) The data for n, = 3.5 + 1i and 10 + 10, respectively. (d) The data for a thin film with n, =5+ 1i
and n, = 3.4 + 1i. The solid and broken curves represent the amplitude and phase of the complex reflec-
tion coefficient, respectively, and the thick and thin curves represent the calculation results of the conduc-
tive sheet model and the single-layer model, respectively

broken curves show the calculation results of the single-layer model. If there is no
absorption in the thin film, which is the case in Fig. 2a, interference appears at high
frequencies, whereas it is small at low frequencies. This behavior can be explained
by the conductive sheet model: the dielectric thin film has a small contribution to the
complex reflectance at low frequencies due to the surface conductiv-
ity o, = —iwy x w. Figure 2 suggests that the conductive sheet model is sufficiently
accurate below 2 THz for film thicknesses less than 1 pm. In the case of n, = 3.5 + 1i
and n,=34, in which Re[o,] is much larger than Im[o,]

from o, = —iwe, <nf2 - n%) = (7 + 0.31i)we,, the change in |r,| calculated for both

models is also the same below 2 THz and Arg (rp) is constant, as shown in Fig. 2b.
Figure 2c shows the results for stronger absorption (o, = (200 + 11.56i)we;). As can
be seen in Figs. 2b and 2c, a thin conductive film has a significant effect on the
amplitude of the complex reflection coefficient. Additionally, we find that the con-
ductive sheet model can be used for film thicknesses less than 1um, which is less
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than 1/100 of the wavelength. We also calculated the reflection in the case of absorp-
tion in the substrate (n, = 5 + 1i, n, = 3.4 + 1i) as shown in Fig. 2d. The prominent
features are almost the same.

Next, we performed calculations for GaAs, which is a realistic material exhib-
iting dispersion. Figures 3(a) and (b) show r, as a function of the frequency
of the p-polarized light for an n-doped GaAs thin film with a thickness of 1
um on a semi-insulating GaAs substrate, with carrier densities of 10"”em™3 and
10"8cm™3, respectively. The thick solid and thick dashed curves represent the
amplitude and phase of r, predicted by the conductive sheet model, respectively,
while the thin solid and thin dashed curves show the results calculated using the
single-layer model. The dielectric constant was taken from previously measured
data [28]. The complex reflectance for s-polarized light is provided in Fig. S3 of

1.0F 33 10F 3 3
an-GaAs 10" cm” b n-GaAs 10'°cm”

08+ — 2 0.8 —~—————— - 2
06+ —_— Q 06 czzcszz=Ias g
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Fig.3 Complex reflection coefficients in the case of a 1 um-thick n-GaAs film on the semi-insulating
GaAs substrate and p-polarized light with an angle of incidence of 60°. The refractive index of n-GaAs
can be written as n2(®) = €, — (ne2/60m:)/(a)2 + ia)/r), where €, = 12.8, m’ = 0.067my, and T = 92 fs
(e, is the background dielectric constant, m, is the mass of free electron, and 7 is the scattering time).
Carrier density of n-GaAs is (a) n = 10!7cm™ and (b) 10'8cm™3, and that of semi-insulating GaAs is n =
0 cm~3. Figures (c¢) and (d) show complex reflection coefficients when a 0.1 um thick semi-insulating
GaAs film is layered on the thin film assumed in Figures (a) and (b), respectively. The solid and broken
curves in all figures represent the amplitude and phase of the complex reflection coefficient, respectively,
and the thick and thin curves represent the calculation results of the conductive sheet model and the mul-
tilayer model, respectively
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the Supplementary Information. Both spectra show nearly identical results in the
frequency range below 2 THz. Therefore, we conclude that the conductive sheet
model is applicable to real materials with dispersion.

In the conductive sheet model, the complex reflectance is calculated by simplifying
the structure to a zero-thickness conduction sheet. This approximation remains valid even
when a dielectric multilayer with a total thickness much shorter than the wavelength lies
on a substrate, a scenario in which the single-layer model is no longer applicable. In gen-
eral, semiconductor thin films often have a cap layer on the surface. According to the con-
ductive sheet model, we predict that this semi-insulating layer does not contribute to the
reflection coefficient due to the absence of surface current. To verify this, we calculated
the reflectance for a structure consisting of a semi-insulating GaAs layer with a thickness
of 0.1 pm, a 1 pm thick n-GaAs layer, and a semi-insulating GaAs substrate. Figures 3(c)
and 3(d) show the r, values calculated using both the conductive sheet model and the
double-layer model with different carrier concentrations in the n-GaAs layer. The spectral
shapes calculated by both models are clearly identical below 2 THz.

In spectroscopic ellipsometry, the pseudo-dielectric function (e) is often used as
an approximation for thin films within a dielectric multilayer model [1, 14]. This
approach utilizes the change in the effective dielectric constant of the substrate in
spectroscopic ellipsometry when a thin film is present on the surface. The pseudo-
dielectric function {€) can be expressed as a function of the ellipsometric parameters
which can be expressed by r,, and r, in a dielectric multilayer model. Thus, the dielec-
tric constant of the thin film can be derived by differentiating (e) with respect to the
film thickness d. This expression includes terms of o,. In the conductive sheet model,
the dielectric response in the thin film is first approximated as a surface current at the
interface with no thickness, and we then discuss how this affects the complex reflec-
tance of p-polarized and s-polarized light. If we consider a quantity analogous to the
pseudo-dielectric function, we can define the pseudo-refractive index for p-polar-
ized and s-polarized light as follows by comparing Eqs. (1) and (2) with the Fresnel
coefficients:

(n3), = ny + Zyo, €08 0, (ny) = ny + Zyo,/cos 0, 5)

This provides an intuitive and physically insightful understanding. However,
the above expressions in the conductive sheet model do not exhibit the anoma-
lies at e, = 0 and €, = 1 that are apparent in pseudo-dielectric functions (e) [14].
This suggests that surface plasmons polariton or surface-guided waves cannot
be described by the conductive sheet model with the assumption of no current
perpendicular to the surface. This represents a condition in which the conductive
sheet model is not applicable.

4 Design of a Compact Sample Holder
In order to demonstrate thin-film characterization using THz spectroscopic ellipsom-

etry easier, we designed a sample holder with mirrors mounted on a cryostat that
can be used to perform reflection measurements by inserting it in a conventional
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THz spectroscopy system for measurements in transmission geometry. The design
is shown in Fig. 4a. If we use the two mirror surfaces of the prism at the bottom and
consider a plane wave entering the system parallel to the base of the prism, the light
is incident on the sample at a certain angle 8, and exits the system coaxially if the
sample position is correctly chosen. The angle 6, and the apex angle a of the prism
mirror satisfy the relation €, 4+2a=90° (on the mirror surface, the incident angle is
90°-a). The size of the prism is determined by the beam diameter 24 as shown in the
figure. The prism length is W = 4h/tana, and the distance from the optical axis to the
sample is p = 2h/(1 — tan’a). If we assume 6, = 60° and 2h = 6 mm, we obtain o=
15°, p=6.46 mm, and W = 44.8 mm. This holder can be mounted in a cryostat.

In the experiment, we need to consider that inserting this sample holder (which
extends the optical path length) changes the optimal detector focal plane. The optical
path length change determined by the geometry in Fig. 4ais AL = W(1/cos2a — 1)/2
= 3.46 mm. This can be corrected by slightly adjusting the emitter and detector posi-
tions. Furthermore, we need to consider the uncertainty in the angle of incidence, A6,
when inserting this small sample holder at the sample focal plane of the experimental
setup. As shown in Fig. 4b, the cone angle of the beam probing the sample center
corresponds to a numerical aperture of NA=0.125, which is determined by the size
of the sample holder. By assuming a Gaussian beam and A = 0.3 mm (corresponding
to 1 THz), the beam waist radius at the focal plane is wy = A/2NA = 0.76 mm, and
the Rayleigh length is z; = nwg /A = 6.0 mm. While the incident angle may shift at
both ends of the irradiation spot on the sample, its uncertainty is very small (A6,

a Sample

Fig.4 a Design of the sample holder for THz spectroscopic ellipsometry. b The beam trajectory near
the sample holder for #; = 60°. The cone angle of the beam probing the sample center corresponds to
NA=0.125
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=0.6° in the case of 8, = 60° and the corresponding uncertainty of the surface con-
ductivity for a thin film on a Si substrate is 0.05 mS.) owing to the long confocal
length [2]. Therefore, Af, is mainly determined by the misalignment of the sample
holder. The accuracy of sample holder position can be increased by restricting the
visible sample area with an aperture during the adjustment.

Note that, even for 8; = 60°, the performance of this sample holder is greatly
limited by the reflection condition at the mirror, where the incident angle is
90° — a (=75° for 6, = 60°). As 6, increases, the size of the holder increases and
the incident angle at the mirror also increases, which distorts the polarization
of the THz light. This can be seen from the fact that the dielectric constant of
gold above 0.5 eV can be evaluated by ellipsometry using an angle of incidence
of 75° [32]. To clarify the details, we calculated the polarization distortion of a
THz pulse reflected from a gold surface (we calculated the Fresnel coefficients
for s- and p-polarized light using the Drude parameters evaluated by spectro-
scopic ellipsometry above 0.5 eV). The refractive index of gold can be written
as n(0) = ¢, — wﬁ/(co2 + ina)), where €, = 1, hw, =8.71 eV, and 2 ', = 0.048
eV (e, is the background dielectric constant, ,, is the plasma frequency, and I,
is the damping constant at room temperature).

The broken bold curves in Fig. 5 show the frequency dependence of p = r,/r,
for gold in the case of 8, = 75°. At high frequencies, the reflection coefficient for
p-polarized light is smaller than that for s-polarized light, and here the phase
shift is also relatively large. On the other hand, at THz, the amplitude ratio is
’rp / rs| ~ 0.97, and the phase difference is 27 mrad. Therefore, even for a gold

mirror with an incident angle of 75°, it is necessary to compensate for polariza-
tion rotation. The polarization dependence of the gold mirror in the data can be
removed by performing reference measurements where another gold mirror is
placed at the sample position. As shown by the broken curve in Fig. 5, the devia-
tion from |rp /rs| ~ 1for 6, = 60° is about 40% of that for 8, = 75°.

If the temperature dependence of p needs to be determined, we also need to con-
sider that the temperature of the mirror changes during the measurement, and thus
the polarization characteristics may change. In general, electron scattering in a metal
increases with temperature. According to Ref. [32], the Drude parameters of gold at
470 K are g, = 1, fzwp =8.58 eV, and A Fp = 0.067 eV . Figure 5 shows that, in the
case of #; = 60° and a frequency of 1.8 THz, the difference between the phases at
470 K and 300 K is only 3 mrad. On the other hand, it is known that the morphology
of a gold thin film can change at temperatures above 400 °C [32]. We also observed
the formation of a copper—gold alloy at a temperature of 500 °C. Therefore, this
sample holder should be operated in the temperature range below 400 °C.

5 Experimental
In our experiment, an amplified Yb:KGW laser (Pharos, Light Conversion) with a

repetition rate of 50 kHz, a pulse duration of 180 fs, and a pulse energy of 0.2 mJ
was used as the light source. The output beam was split into one beam for THz pulse
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Fig.5 Amplitude (upper panel) and phase (lower panel) of p = r,/r, for gold at 300 K (bold curves) and
470 K (thin curves) in the case of §; = 60° (solid curves) and §, = 75° (broken curves)

generation and one beam for detection. The THz pulses generated in a 1-mm-thick
(110) CdTe crystal [33] (Fig. 6a; emitter) were focused on the sample using two
off-axis parabolic mirrors with effective focal lengths of 100 mm, and guided to the
detector using further off-axis mirrors with effective focal lengths of 100 mm and
50 mm. We detected the THz electric field using a I-mm-thick (110) CdTe crystal
[33] (Fig. 6a; detector), and the polarization modulation induced by the THz elec-
tric field was digitized using a A/4 plate, a Wollaston prism, and balanced detectors.
We modulated the THz pulses at 0.8 kHz using an optical chopper to improve the
signal-to-noise ratio. The signals from the balanced detectors at each sampling pulse
delay time were digitized every 5,000 shots (corresponding to an accumulation time
of 100 ms) using a data acquisition device (National Instruments, usb-6210), and
the modulation components due to the THz electric field were extracted on a com-
puter. The delay time of the sampling pulse was varied in 67 fs increments, obtain-
ing a terahertz electric field time waveform with 256 data points. This electric field
waveform does not include signals from back reflections on the InSb or substrates.
As shown in Fig. 6a, we used three wire grid polarizers P,, P,, and P; for the THz
spectroscopic ellipsometry measurements (these polarizers are the same as the one
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a

Fig. 6 a Schematic of the experimental setup. (b) Photographs of the fabricated sample holder

described in Ref. [34]), and the effective diameter of the THz beam is mainly limited
by their size (=40 mm). P, and P; were set to 45°, and P, was either set to 0° or
90°.

The fabricated sample holder with a prism for THz spectroscopic ellipsometry
at 8; = 60° is shown in Fig. 6b. The prism was machined from a copper block,
and then we polished the two mirror surfaces and used gold electroforming with a
nickel layer. We attached the sample holder to a liquid N, cryostat (Cryo Industries
of America, Inc.) with 3-mm-thick anhydrous silica windows. The thermal expan-
sion of the cryostat may cause a vertical movement of the sample, but due to the
chosen holder design this has only a small effect on the measurements. Before the
experiment, we adjusted the THz spectroscopy system for operation in transmission
geometry without our sample holder. Then, we inserted the cryostat, adjusted the
position and azimuth of the sample holder to maximize the signal, and adjusted the
positions of the CdTe crystals. For reference, we first performed THz spectroscopic
ellipsometry measurements on a gold-plated copper plate in the temperature range
300-478 K. In this temperature range, we observed a phase drift of 15 mrad at 1.8
THz due to the temperature-dependent reflection coefficient of the gold mirrors and
the gold reference plate. As expected from Fig. 5, the temperature-induced phase
drift is negligible for our present purpose.

To verify the performance of this system, we performed THz spectroscopic ellip-
sometry measurements on undoped InSb in the temperature range 78-478 K. Fig-
ure 7a shows time-domain waveforms of the THz electric field reflected from the
reference gold mirror and InSb. Since we also see a signal due to reflection at the
rear surface, we calculated the Fourier transform of the data within a narrow time
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range to determine the dielectric constant [2]. Figures 7b and 7c¢ show the frequency
dependence of the real part of the bulk dielectric constant € of InSb and that of the
real part of the bulk conductivity o, respectively. We can confirm negative Re[e]
values at low frequencies and that Re[o] increases with temperature. These are char-
acteristics of the Drude response.

InSb has a small bandgap, and the density of thermally excited carriers increases
with the temperature. We can further analyze the obtained THz dielectric constants
using the Drude model, where we assumed a background dielectric constant of ¢,
=16.8 [35]. The fitting results for the estimated plasma frequency and attenua-
tion are shown in Fig. S4 of the Supplementary Information. We confirmed some
deviations from the Drude model that are probably due to a phonon resonance,
but here we would like to focus on the DC bulk conductivity ¢. Figure 7d shows
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Fig.7 a Time profiles of the reflected THz pulse for the reference sample and bulk undoped InSb. (b)
The real part of € and (c) the real part of ¢ of InSb at different temperatures. (d) The DC bulk conductiv-
ity evaluated by using our measurement method. The solid curve shows the empirical curve reported in
Ref. [35]

@ Springer



Journal of Infrared, Millimeter, and Terahertz Waves

the temperature dependence of o of InSb; in the range above 180 K, o gradually
increases with the temperature. Previously reported DC conduction measure-
ments of InSb have shown that the temperature dependence of the DC bulk con-
ductivity of InSb can be described by ¢ = euN, where u = 1.09 x 10°T-168 and
N? =3.6x% 1029T3exp(—0.26 [kgT ) [36]. This theoretical temperature dependence is
shown by the solid curve in Fig. 7d. Because our experimentally obtained ¢ roughly
follows the same trend, we confirmed that our system can be used in the temperature
range 78—478 K.

6 Evaluation of the Sheet Conductivities of Perovskite Rare-Earth
Nickelate Thin Films

For the demonstration of the simplified characterization of thin films by THz
time-domain spectroscopic ellipsometry, we focused on the rare-earth nickelates
NdNiO; and SmNiO;. These perovskites exhibit unique physical properties such
as a metal-insulator transition due to strong electronic correlation, and it has been
reported that the properties of rare-earth nickelates can be effectively modulated by
chemical doping and proton doping [37]. By changing the ionic radius of the A-site
cation, the tolerance factor can be changed, and the phase transition temperature can
be tuned over a wide temperature range [38].

For this work, a NdNiOj thin film and a SmNiO; thin film were grown on LaAlO;
substrates (10 mm x 10 mm) by pulsed laser deposition using an ArF excimer laser.
The preparation technique can be found in Refs. [39-42]. The film thicknesses esti-
mated using step measurements are 32 nm and 15 nm for the NdNiO; and SmNiO;
thin films, respectively, and for the initial characterization, we performed X-ray dif-
fraction measurements and DC resistance measurements (the results are shown in
Figs. S5 and S6 of the Supplementary Information).

In spite of being a popular substrate for perovskite oxide thin films, LaAlO;
exhibits dielectric dispersion [43], absorption, birefringence [44], and twinning,
which make conventional THz transmission spectroscopy for thin film samples
difficult, because here the interaction length in the substrate is much longer than
that in the film. The uncertainty in the refractive index is An, =~ 0.1, and the cor-
responding uncertainty of the sheet conductivity in spectroscopic ellipsometry is
Ao, ~ An, /Z,= 0.3 mS according to Eq. (5). For the analysis, we used n, = 5.0.

Figures 8a and 8b show the real parts of sheet conductivity of the NdNiO; and
SmNiO; thin films, respectively, evaluated by THz time-domain spectroscopic ellip-
sometry for two characteristic temperatures: above and below the so-called critical
temperature T,. The sheet conductivities are low below T, and high above T... Their
imaginary parts of sheet conductivity are shown in Fig. S7 of the Supplementary
Information. The data points in Figs. 8c and 8d show the corresponding temperature
dependences of the average sheet conductivity in the range of frequencies from 0.9
THz to 1.1 THz. The electric sheet conductivity measured while increasing the tem-
perature is shown by the solid curves. We find that the electric sheet conductivity is
approximately the same as the THz sheet conductivity.
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Fig.8 Real parts of sheet conductivity for (a) the NdNiO; and (b) the SmNiOj; thin films evaluated by
THz time-domain spectroscopic ellipsometry. The temperature dependence of the average sheet conduc-
tivity in the range of frequencies from 0.9 THz to 1.1 THz for NdNiO; and SmNiO; is shown in (c)
and (d), respectively. The solid curves show the sheet conductivities determined from electrical measure-
ments (the data was taken while the temperature was increased)

7 Conclusion

We have presented two ideas to simplify the characterization of ultrathin conduc-
tive films by THz time-domain spectroscopic ellipsometry. We proposed to use
an analytical model for the evaluation of the recorded data, in which the thin film
is treated as a single interface with a certain sheet conductivity o,. This model is
valid for thin film thicknesses much smaller than the used wavelength (d <1 um).
For the actual experiments, we presented a sample-holder design of the cryostat
that enables us to perform THz spectroscopic ellipsometry measurements of thin
films by inserting the holder into a conventional THz spectroscopy system for
measurements in transmission geometry. We evaluated the sheet conductivities
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of rare-earth nickelate thin films in the temperature range 78—478 K. The demon-
strated approach is a powerful method for the evaluation of semiconductor thin
films, two-dimensional materials such as graphene, and topological insulators.
The presented ideas will help many researchers concerned with the measurement
and analysis of THz spectroscopy ellipsometry data of ultrathin conductive films
to save time.
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