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Active control of the optical parameters in strontium titanate (SrTiO3, STO) thin films is highly desirable for tunable
terahertz (THz) integrated devices such as filters, phase modulators, and electro-optical devices. In this work, optically
tuned dielectric parameters of a STO thin film epitaxially grown on a silicon wafer were characterized in the THz region
with an 800 nm laser pump-THz detection system. The refractive index, extinction coefficient, and complex dielectric
constant of the STO thin film were calculated using thin-film parameter extraction. Owing to carrier transportation and
soft-mode oscillation, the above optical parameters changed notably with the pump power of the external laser. This study
is of great significance for rapid and non-contact THz phase-modulation technology and may serve as a powerful tool to
tune the dielectric properties of the STO thin films.
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1. Introduction
Terahertz (THz) tunable devices have attracted consid-

erable attention for their efficient manipulation of the lo-
cal phase, amplitude, and polarization on a subwavelength
scale.[1,2] In the past decade, great advancements have been
made in modulating THz waves by controlling the electri-
cal, magnetic, thermal, and mechanical characteristics of
artificial metasurfaces and new materials, including semi-
conductors (silicon, sapphire, GaAs, etc.), superconductors
(YBCO, NbN, etc.), two-dimensional materials (graphene,
MoS2, black phosphorus, etc.), and phase transition materi-
als (VO2, etc.).[3–15] However, applications of these materials
and devices have been limited in part because their tunable
physical parameters are mainly focused on electric conduc-
tivity and amplitude response using complex preparation pro-
cesses (doping, vacancy, etc.) and modulation means (light,
electricity, heat, etc.). There is a relative deficiency of stud-
ies on dielectric properties such as refractive index, dielectric
constant, and phase modulation. Therefore, it is of great sig-
nificance to find suitable materials with controllable dielectric
properties, which are essential parameters for understanding
the tunable properties of these materials for THz wave modu-
lation technology.

Strontium titanate (SrTiO3, STO) is a perovskite-type ox-
ide with unique ferroelectric and dielectric properties, includ-

ing a high dielectric constant, low dielectric loss, and good
thermal stability. In addition, the relative permittivity (ε r) of
STO can be determined fundamentally by its strong ferroelec-
tric soft mode.[16,17] Thus, the dielectric properties of STO can
be tuned effectively through soft-mode dynamics by modu-
lating the temperature or external direct-current (or low fre-
quency) electric field.[18,19] Thin ferroelectric films are espe-
cially attractive for tunable applications because of their lower
tuning bias, higher modulation speed, and potential for mono-
lithic integration. As a result, STO thin film is very promis-
ing for the development of fast-acting THz integrated devices
such as tunable filters, phase modulators, and electro-optical
devices.[20,21]

In 2006, Kužel et al.[22] demonstrated an electric-field in-
duced variation of the permittivity of the STO thin film from
the MHz up to THz frequency range. Komandin et al.[16,17]

investigated the dielectric constant of (Ba, Sr)TiO3 film in the
range of 8–1000 cm−1. The results indicate that the dielec-
tric constant of the Ba0.7Sr0.3TiO3 film in the THz band is as
high as 400–600 and changes with the thickness of the film.
In addition, the temperature tunability of the ferroelectric soft
mode of the STO film and the STO/DyScO3 heterostruture was
also investigated. Furthermore, a group of all-dielectric meta-
materials composed of STO rods was designed by Yahiaoui
et al.[20,21] and realized negative permeability in multiple fre-
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quency bands, which can be adjusted continuously by chang-
ing the temperature. Qi et al.[23] also designed a split-ring-
resonator (SRR) metamaterial based on the Ba0.7Sr0.3TiO3

films at different temperatures, and obtained the dielectric con-
stant of (Ba, Sr)TiO3 films in the temperature range of 0–
100 ◦C. Wu et al.[24–26] reported the electromagnetic response
of bulk STO:Fe and STO single crystals in an external optical
field, showing some unique characteristics of short response
time, large modulation depth, and reusability.

Considering the above works, most observations have
been carried out by varying the temperature or the electric-
field in bulk STO crystals. The thin STO film offers several
advantages over bulk materials, such as lower driving voltage,
higher modulation speed, and better potential applications for
monolithic integration. The dielectric tunability of the STO
thin films under an optical field, however, has rarely been
reported as it is difficult to identify the dielectric properties
of ferroelectric thin films and they exhibit process-dependent
properties.[27–30] Moreover, considerably fewer studies have
focused on the THz regime. In this work, we investigated
the active control of optical parameters of the STO thin film
grown on silicon substrate (STO/Si) under the irradiation of
an 800 nm laser. The variation of complex refractive index
and dielectric constant at THz frequencies was investigated
and discussed. We aim to find a suitable material with con-
trollable dielectric properties in the THz region.

2. Experimental methods
Epitaxial crystalline perovskite oxide thin films on sili-

con (Si) simply by virtue of their high dielectric constants,
could fundamentally change the scaling laws for silicon-based
transistor technology.[31–33] Here, the STO thin-film sample
was grown on a (100) silicon substrate by laser molecular
beam epitaxy using a XeCl excimer laser (Lambda LEXTRA
200, λ = 308 nm, 2 Hz, 1.5 J/cm2). A Si (100) substrate
(p-type, 12.95 Ω·cm) was carefully cleaned and was dipped
into HF (4%) solution for 30–40 second to remove the amor-
phous SiO2 layer from the silicon surface, leaving a hydrogen-
terminated surface. Subsequently, the Si substrate was imme-
diately moved into the epitaxial chamber. The initial deposi-
tion of about two atomic-layers of SrO film was under the base
pressure of 5×10−6 Pa at the substrate temperature of 300 ◦C
to prevent the formation of the SiO2 interface layer. After
that, the substrate temperature was raised to 620 ◦C. When the
so treated SrO surface showed a sharp streaky RHEED pat-
tern, the oxygen pressure was raised to 2×10−4 Pa. Then, the
SrTiO3 thin film with a thickness of 15 nm was deposited and
in situ annealed for 20 minutes. X-ray diffraction showed that
the STO film is single-crystal thin film without any impurity
phases. The descriptions of the growth and the measurements

of the structure and crystalline qualities have been reported in
our previous work.[33]

We characterized the dielectric tunability of the STO thin
film using a terahertz time-domain spectroscopy (THz-TDS)
system with a pair of photoconductive antennas for both gener-
ation and detection of THz waves, as shown in Fig. 1. A mode-
locked Ti:sapphire femtosecond laser with a central wave-
length of 800 nm, pulse duration of 100 fs, and repetition rate
of 80 MHz was used as the optical source. The THz radia-
tion generated form the THz emitter was collimated by a high-
resistivity Si lens and a parabolic mirror (PM1). The STO/Si
sample was placed at the midpoint of the 4 f THz-TDS system.
A continuum solid-state laser with a wavelength of 800 nm
was focused to irradiate on the STO surface, with the laser
power (P) varied from 0 to 6 W. The diameters of the spot
sizes of the THz beam and continuous-wave (CW) laser were
approximately 0.8 cm and 1.5 cm, respectively. Detailed in-
formation of the system and data process has been reported in
previous works.[8,34]
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Fig. 1. Schematic diagram of the measurement system.

3. Results and discussion
The temporal THz waveforms that passed through the

blank Si substrate and STO/Si sample are shown in Fig. 2(a)
with the laser turned off. Compared with the bare substrate
(Er), the transmitted THz pulse through the STO/Si sample
(Es) shows a slight decrease in signal amplitude and a short
shifting delay time of 0.06 ps, indicating that the 15-nm-thick
STO film has a very high dielectric constant and refractive
index. Figure 2(b) illustrates the evolution of the THz wave
when passing through the blank silicon substrate with the
pump power increasing from 0 to 6 W. It can be found that
the THz time-domain signal decreases gradually as the inten-
sity of the laser beam increases, but the shape and position of
the main peak remain almost unchanged. As can be seen in
Fig. 2(c), the variation of the THz pulse transmitted through
the STO/Si sample with different pump powers is similar to
that in the silicon substrate. A monotonous decrease in ampli-
tude from 0.79 to 0.34 was also observed under the laser irradi-
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ation, while the time delay increased with increasing the laser
power. The peak of the transmitted THz signal at P = 6 W
drifts by approximately 0.10 ps compared with that at P= 0 W.
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Fig. 2. THz waveforms of (a) samples without optical pump, (b) bare
silicon substrate, and (c) the STO/Si sample with different laser powers.

To extract the optical parameters of the thin STO film,
the THz pulse passing through the blank Si substrate is used
as a reference (Er(t)), and the transmitted THz signal of
the STO/Si sample is used as a sample (Es(t)). The ra-
tio between the Fourier transformations of Er(t) and Es(t) is
t(ω) = Es(ω)/Er(ω) = ρ e iδ . For the ultrathin STO film in
this work, the complex dielectric constant of the STO film
ε̃(ω) = εr(ω) + iεi(ω) can be represented by the following
expressions:[35]

εr(ω) =
c

ωd
(n1 +n3)ρ sinδ −n1n3 +n1 +n3, (1)

εi(ω) =
(1−ρ cosδ )c

ωd
(n1 +n3). (2)

Here, n1 (n1 = 1) and n3 (n3 = 3.42) are the refractive indices
of air and silicon, respectively; d = 15 nm is the film thickness;
and c is the speed of light in vacuum. The complex refractive
index of the STO thin film is ñ(ω) = n(ω)+ iκ(ω), which can
be deduced by

n =
1√
2
[εr +

√
ε2

r + ε2
i ]

1/2, (3)

κ =
1√
2
[−εr +

√
ε2

r + ε2
i ]

1/2, (4)

where n and κ are the real refractive index and extinction co-
efficient of the STO film, respectively. The complex refrac-
tive index and permittivity of the thin STO film calculated by
Eqs. (1)–(4) are shown in Figs. 3–5.

Figure 3 shows the frequency-dependent refractive index
and extinction coefficient of the STO film under different pow-
ers. It is clear from Fig. 3(a) that the average refractive index

of the STO film without laser pumping is aproximately 61 in
the range of 0.5–2.5 THz. In addition, the refractive index of
the STO film at 1.5 THz increases from 61 to 133 with in-
creasing laser power from 0 to 6 W. There is a strong linear
relationship between the refractive index and the laser power,
as shown in Fig. 3(b). The extinction coefficient spectra, de-
picted in Fig. 3(c), reflect the absorption characteristics of the
sample. Under the lower laser irradiation (P < 2 W), the ex-
tinction coefficient decreases with increasing frequency, and
vice versa with the laser power higher than 2 W. In addition,
the extinction coefficient increases with increasing the laser
power at frequencies above 1.5 THz, and vice versa at frequen-
cies below 1.5 THz. Thus, the relationship between the laser
power and the extinction coefficient is not linear. Based on
these results, more than one absorption mechanisms account
for the absorption of THz wave, and these mechanisms are
strongly influenced by the exciting laser. Overall, a derivative-
like shape of the extinction coefficient spectra data in the range
of 1.0–2.0 THz can be well agreed with the linear function, and
the fitting slope of the extinction coefficient curve increases
with increasing the exciting intensity. To gain further insight
into the response, the fitting slope of the rising extinction coef-
ficient in the range of 1.0–2.0 THz is plotted against the laser
power and a linear relationship is found between them, as dis-
played in Fig. 3(d).

As can be seen in Figs. 4(a) and 5(a), the real and imag-
inary parts of the dielectric constant of the STO film in the
range of 0.5–2.5 THz under different powers are similar to
those in Figs. 3(a) and 3(c), respectively. The real part of
the complex permittivity is caused by various types of dis-
placement polarization in the material, and represents the en-
ergy storage term of the material. The imaginary part of the
complex permittivity represents the loss term of the material
caused by various types of relaxation polarization. It can be
found that the real part of the dielectric constant of the STO
film changes notably in the range of 4000–50000, and de-
creases monotonically with increasing frequency. In addition,
the real part increases with increasing pump power, which in-
dicates that the displacement polarization in the STO film in-
creases under the excitation of the laser beam. Simultaneously,
due to an increase in the dispersion and absorption effect, the
rate of decrease of εr with frequency also increases signifi-
cantly, thus, εr decreases with increasing pump power at high
frequency range. Figure 4(b) shows the fitting slope of εr in
the range of 1.0–2.0 THz. In the case of weak absorption (κ is
very small), |∆εr|∝ n due to εr = n2−κ2. Thus, the change of
|∆εr| with power should be consistent with the change of re-
fractive index n with power (as shown in Fig. 3(b)). As can be
seen in Fig. 4(b), however, the relationship between the laser
power and the slope of εr is not linear but shows an exponen-
tial rise, indicating that the STO film has a strong absorption
under the laser irradiation.
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Fig. 3. (a) Frequency-dependent refractive index under 800 nm laser irradiation with different laser powers; and (b) variation of refractive index
at 1.5 THz vs. laser power; (c) frequency-dependent extinction coefficient under 800 nm laser irradiation with different laser powers; and (d)
slope of extinction coefficient in the range of 1.0–2.0 THz vs. laser power.
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Because the energy of the 800 nm laser is higher than the
band gap of silicon, a large number of photogenerated carriers
are generated in the silicon substrate and diffuse to the STO
thin film and the other interface of the silicon wafer. Conse-
quently, the conductivity is enhanced by the movement of the
photogenerated carriers and a surface field is formed due to the

different mobilities of electrons and holes. On the other hand,
the conductivity and surface electric field further affect the
soft-mode resonance. Thus, the spectroscopic data of the STO
film in the range of 0.5–2.5 THz have relied on the diffusive
behavior of the photogenerated carriers and oscillatory motion
of the soft-mode resonance. The Drude model is ordinarily
suitable for two-dimensional-free electron gas with complete
momentum randomization following elastic scattering events.
In addition, the Lorentz model is generally appropriate for res-
onance polarization in dielectrics with the damped harmonic
oscillator. The frequency-dependent, complex permittivity,
ε̃(ω) = εr(ω)+ iεi(ω), provides a fundamental description of
the STO film, which ban be described by a sum of Drude for-
mula and single resonance Lorentz function[36]

ε̃(ω) = ε∞ +
S ·ω2

p

ω2
s −ω2− iγω

−
ω2

p

ω2 + iΓpω
, (5)

where ε∞ is the high-frequency dielectric constant; the second
term represents the Lorentz oscillation, which describes the
damped harmonic oscillation of the bonded charge; and the
third term is described as the Drude oscillation, which repre-
sents the contribution of nonlocalized conduction of the pho-
togenerated carriers. ωp and Γp are the plasma frequency and
charge relaxation rate, respectively. ωs, γ , and S represent the
angular frequency, peak width, and oscillation intensity of the
soft mode oscillation (TO1 phonon resonance), respectively.
The imaginary part of εi can be expressed as

εi(ω) =
S ·ω2

p · γω

(ω2
s −ω2)2 + γ2ω2 +

ω2
pΓp

ω3 +Γ 2
p ω

. (6)
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The solid line in Fig. 5(a) is the calculated imaginary part
of the dielectric constant according to Eq. (6) under different
pump powers. It can be seen that the theoretical curves are in
good agreement with the experimental results. The fitted val-
ues of the soft-mode frequency (ωs/2π) are listed in Table 1.
Figure 5(b) shows that the soft-mode frequency decreases lin-
early with increasing laser power.
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Table 1. Fitted values of the soft mode frequency under different powers.

Power (W) 0 1 2 3 4 5 6
ωs/2π (THz) 3.66 3.55 3.23 3.05 2.51 2.42 1.62

The soft-mode frequency of the STO bulk material was
reported to be in the range of 2.7–3.0 THz and determined
by the thickness, interface stress, temperature, electric field,
and other factors.[20–28,30–33] When an 800 nm CW laser ir-
radiates the sample, temperature variation is inevitably intro-
duced. To further characterize the temperature-dependent op-
tical parameters of the STO/Si sample, the THz time-domain
waveforms were measured at different temperatures and illus-
trated in Fig. 6. It was found that the amplitudes of the THz
signals changed slightly and the time delay remained almost
unchanged as the temperature was varied from 20 ◦C to 55 ◦C.
Therefore, we excluded the temperature influence on the mod-
ulation of the external light field.

However, the dielectric constants obtained here were
higher than the values reported for SrTiO3 films ob-
tained by other techniques, considering about the same

thickness.[17,19,22] The increased dielectric constant in the THz
range is believed to be related to interfacial polarization of
space charges. Photoexcitation with 800 nm light does only
produce carriers in the silicon substrate, but not in the STO
film due to the wider band gap. Because the photogenerated
electrons and holes have different mobilities, diffusion voltage
was caused on the front and back surfaces of the silicon sub-
strate, known as Dember voltage, as shown in Fig. 7. The opti-
cal skin depth is on the order of the 10 µm thickness of silicon
layer with 800 nm photoexcitation, and leads to the Dember
electric field up to 104 V/cm.[37] In addition, the Dember elec-
tric field increases with increasing laser power, EDember ∝ I,
which may have induced an increase in displacement polar-
ization and dielectric constant in the STO film. The change
in dielectric constant directly led to a change in the refractive
index. Generally, the shift of refractive index due to linear EO
effect (Pockels effect) is given by ∆n ∝ EDember ∝ I. Thus, the
refractive index of the sample was changed and exhibited a lin-
ear dependence on the laser intensity. Also, the photovoltaic
field can change some internal characteristics of STO film,
such as the domain structure, coercive field, and so on, so as
to further modulate the resonance frequency of the soft mode.
However, the observed frequency softening of the soft-mode
resonance in this work is quite different from the hardening of
TO1 mode in KTO crystal under external light field.[38] Fur-
ther work should be conducted on electrical monitoring with a
voltage-varying system, experimentally finding a special cor-
relation between the soft-mode frequency and electric field.
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4. Conclusions
The dielectric response of a 15-nm thick SrTiO3 thin film

grown on a silicon substrate in the THz range was measured
using an 800 nm CW laser pump-THz detection system. With
the laser on, both the number of photogenerated carriers and
the Dember electric field were increased with laser power, giv-
ing rise to stronger absorption and displacement polarization.
It was observed that the refractive index, extinction coeffi-
cient, and real and imaginary parts of the dielectric constant
varied notably with the laser power. Moreover, the resonant
frequency of the soft mode was linearly related to the laser
power. The results presented here are of great significance for
rapid and non-contact THz phase-modulation technology, and
may serve as a powerful tool to tune the dielectric properties
of STO thin films.

Appendix A: Thin-film parameter extraction
The refractive index, dielectric constant, and other optical

parameters of the STO film can be extracted by comparing the
temporal THz waveforms with or without the STO thin film on
silicon substrate. The schematic diagram of the THz transmis-
sion field is shown in Fig. A1, where n1 is the refractive index
of air, ñ = n+ iκ is the complex refractive index of the film,
and n3 is the refractive index of the silicon substrate. Here,
n1 = 1, n3 = 3.42, n is the real refractive index, and κ is the
extinction coefficient, ñ2 = (n+ iκ)2 = εr + iεi.

E0↼ω↽ E0↼ω↽Er↼ω↽

n3 n3n1 n

d
Es↼ω↽

n3

Fig. A1. Schematic diagram of film parameter extraction.

In Fig. A1, E0(ω) is the incident THz electric field, Er(ω)

is the transmitted THz field through the bare substrate, Es(ω)

is the transmitted THz field through the STO/Si sample, and d
is the thickness of the film

Er(ω) = t13E0(ω)eiωd/c, (A1)

Es(ω) =
t23t12eiωnd/c

1− r21r23ei2ndω/c
E0(ω), (A2)

in which c is the speed of light and ω = 2π f is the angu-
lar frequency. According to the Fresnel formula, the reflec-
tion and transmission coefficients of the THz wave at the
three interfaces are respectively obtained as follows: r21 =

(n−n1)/(n + n1), r23 = (n−n3)/(n + n3), t13 = 2n1/(n1 +

n3), t23 = 2n/(n+n3), and t12 = 2n/(n1 +n); then

Es(ω)

Er(ω)
=

t23t12eiω(n−1)d/c

t13(1− r21r23 e i2ωnd/c)
, (A3)

in which e iω(n−1)d/c ∼ 1 + iω(n − 1)d/c because ω(n −
1)d/c� 1, and e i2ωnd/c ∼ 1+ i2ωnd/c because d � 1 and
2ωnd/c� 1; then

t12t23

t13
eiω(n−1)d/c =

2n(n1 +n3)

(n1 +n)(n+n3)
[1+ iω(n−1)d/c] ,

(A4)

1− r21r23 e i2ωnd/c =
2n(n1 +n3)−(n−n1)(n−n3)2iωnd/c

(n+n1)(n+n3)
,

(A5)

Es

Er
= 1+

i2n(n+n3)ω(n−1)d/c+(n−n1)(n−n3)2iωnd/c
2n(n1 +n3)− (n−n1)(n−n3)2iωnd/c

.

(A6)

As ωd/c� 1, Eq. (A6) can be reduced to

Es

Er
= 1+

iωd
c(n1 +n3)

[
−n1 +n1n3 +(n+ iκ)2−n3

]
. (A7)

If Eq. (A7) is simplified to ρ e iδ , then

Es

Er
= 1+

iωd
c(n1 +n3)

[−n1 +n1n3 +(εr + iεi)−n3] = ρ e iδ ,

(A8)

ρcosδ = 1− ωd
c(n1 +n3)

εi, (A9)

ρ sinδ =
ωd

c(n1 +n3)
(−n1 +n1n3 + εr−n3). (A10)

For a thin film, i.e., |nωd/c| � 1, the dielectric response ε̃ =

εr + iεi can be represented by the following expressions:[35]

εr(ω) =
c

ωd
(n1 +n3)ρ sinδ −n1n3 +n1 +n3, (A11)

εi(ω) =
c

ωd
(n1 +n3)(1−ρ cosδ ). (A12)

The complex refractive index of the STO thin film ñ = n+ iκ
can be deduced by

n =
1√
2

[
εr +

√
ε2

r + ε2
i

]1/2
, (A13)

κ =
1√
2

[
− εr +

√
ε2

r + ε2
i

]1/2
. (A14)
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[20] Yahiaoui R, Němec H, Kužel P, Kadlec F, Kadlec C and Mounaix P
2011 Appl. Phys. A 103 689
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