3444

Letter

Vol. 46, No. 14 / 15 July 2021 / Optics Letters

Tunable Doppler shift using a time-varying
epsilon-near-zero thin film near 1550 nm
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We experimentally investigate the tunable Doppler shift in
an 80 nm thick indium-tin-oxide (ITO) film at its epsilonnear-zero (ENZ) region. Under strong and pulsed excitation,
ITO exhibits a time-varying change in the refractive index.
A maximum frequency redshift of 1.8 THz is observed in
the reflected light when the pump light has a peak intensity
of ∼140 GW/cm2 and a pulse duration of ∼580 fs, at an
incident angle of 40◦ . The frequency shift increases with the
increase in pump intensity and saturates at the intensity of
∼140 GW/cm2 . When the pump pulse duration increases
from ∼580 fs to ∼1380 fs, the maximum attainable frequency shift decreases from 1.8 THz to 0.7 THz. In addition,
the pump energy required to saturate the frequency shift
decreases with the increase in pump pulse duration for <
∼1 ps
and remains unchanged for >
∼1 ps durations. Tunability
exists among the pump pulse energy, duration, and incident
angle for the Doppler shift of the ITO-ENZ material, which
can be employed to design efficient frequency shifters for
telecom applications. © 2021 Optical Society of America
https://doi.org/10.1364/OL.430106

Materials containing free charges, such as highly doped semiconductors, can exhibit a zero real part of permittivity at their
bulk plasmon wavelength (zero-permittivity wavelength,
λzero ) [1]. These materials, known as epsilon-near-zero (ENZ)
materials, have a near-zero linear refractive index near λzero due
to the vanishingly small real permittivity value. This region
near λzero is referred to as the ENZ region of the material. Such
ENZ materials are reported to exhibit unique linear and strong
nonlinear properties [1–10]. Based on their strong nonlinear
optical responses, ENZ materials may be suitable candidates
for exploiting various reconfigurable applications, such as
0146-9592/21/143444-04 Journal © 2021 Optical Society of America

high-speed optical switching, optical signal processing, dynamic
routing, and broadband frequency shifting [11–14].
A subwavelength-thick indium-tin-oxide (ITO) material, as
one example of ENZ materials, has been reported to possess an
ultrafast, large, non-instantaneous, and intensity-dependent
time-varying refractive index change [5,6]. The induced timevarying refractive index can then shift the optical frequency
of a sub-picosecond pulsed excitation beam by up to terahertz
(i.e., tens of nanometers in wavelength) in a sub-micrometer
thick ENZ material [7,8]. This frequency shift is analogous
to the Doppler shift of light arising from a moving boundary
[7,15,16].
The nonlinear frequency shift utilizing time-varying ENZ
materials has been previously demonstrated: (i) an up to
∼2.8 THz frequency shift was induced in a 900 nm thick
aluminum-doped zinc oxide film when pumped at λzero of
1250 nm [7], and (ii) an up to 14.9 THz frequency shift was
observed in a 620 nm thick ITO film when pumped near its
λzero of 1240 nm [8]. However, there have been few reports
describing such nonlinear frequency shifts in the “telecom C
band” ∼1550 nm. Therefore, it could be of interest to explore
the nonlinear optical effects, such as Doppler shift of light in an
ENZ material in this wavelength region.
In this paper, we experimentally demonstrate tunable
Doppler shifts in the reflected light from an 80 nm thick
ITO-ENZ film. The ITO film is pumped with pulsed light
centered near its ENZ region (i.e., ∼1550 nm). We observe a
tunable frequency redshift in the spectra of light reflected from
the ITO film with a maximum value of 1.8 THz when the pump
light has a ∼140GW/cm2 peak intensity (where the shift saturates), a ∼580 fs pulse duration, and a 40◦ incident angle. The
maximum attainable frequency shift decreases from 1.8 THz to
0.7 THz when the pump pulse duration increases from ∼580 fs
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Fig. 1. Concept of Doppler shift. A Doppler shift can be induced
when light is reflected by (a) moving medium with a fixed refractive
index n 0 or (b) stationary medium with a time-varying refractive
index n(t). (c) In the latter case, the refractive index change (1n)
of the medium results in a frequency shift 1 f in light. L, medium
thickness.

to ∼1380 fs. Moreover, for <
∼1 ps pulse duration, the saturation
energy of the frequency shift for the ITO film decreases with
the increase in pump pulse duration. This saturation intensity
remains almost constant for >
∼1 ps pulse durations. When comparing our experiment to commercial state-of-art frequency
shifters such as acousto-optic frequency shifters (AOFSs), the
following are observed: (i) AOFS changes the frequency of a
beam by gigahertz and requires acousto-optic crystal of millimeter thickness [17]; and (ii) our result achieves three orders
of magnitude larger frequency shift by using a four orders of
magnitude thinner ITO material. Previously, Alam et al. [6]
investigated the self-phase modulation in ENZ material using
the spatial distortion of light. In this study, we investigate the
manifestation of this effect in both time and frequency domains,
specifically in reflection geometry. The pulse intensity, incident
angle, and duration could be used as “knobs” for controlling
the frequency shift amount introduced by the time-varying
ITO-ENZ film.
A Doppler shift can arise from light reflected by: (i) a medium
with a moving boundary and fixed refractive index n 0 [Fig. 1(a)]
or (ii) a stationary medium with a time-varying refractive index
n(t) [Fig. 1(b)], which are identical to each other. In (ii), the
constant phase plane experiences a phase shift φ [15,16]:
φ = k0 n(t)L,

(1)

where k0 = (2π f 0 /c ) is the free-space wavenumber of the
pump light, and L is the medium thickness. For a thin (submicrometer) time-varying medium, the induced frequency shift
1 f [7] is
1ω
1 ∂φ
k0 L dn(t)
dn(t) f 0
=−
=−
= −L
;
2π
2π ∂t
2π dt
dt c
(2)
with the time-dependent change of n(t) in the material, a
Doppler shift could be induced in light [7,18] [Fig. 1(c)].
We design and deposit an 80 nm ITO film by using direct
current (DC)-magnetron sputtering at an elevated temperature
of 500◦ C, in an oxygen partial pressure on a z-cut sapphire
substrate [Fig. 2(a)]. The λzero of the ITO can be engineered by
tuning the doping density [6,19,20]. We design this λzero to be
∼1550 nm, which is verified by the linear permittivity measurement using ellipsometry, as shown in Fig. 2(b). We define the
ENZ region to be the wavelength range where |Re ()| < 0.2;
thus, ∼1520 nm to ∼1580 nm. The Drude model is used
1f =
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Fig. 2. (a) 80 nm thick ITO film deposited on a sapphire substrate.
(b) Linear permittivity of the ITO material measured by spectroscopic
ellipsometry, showing λzero ∼ 1550 nm.

Fig. 3. (a) Experimental setup for the Doppler shift characterization. Examples of (b1) input and (b2) output spectra of the ITO film.
The output spectrum shows a maximum attained frequency shift of
1.8 THz. HWP, half-wave plate.

to obtain the complex permittivity. The Drude model gives
the resistivity ρ = 2.55 × 10−4  · cm with a scattering time
τ = 7.49 × 10−15 s. The carrier concentration and the mobility
∗
can be calculated as n = qm2 τρ and µ = mq τ∗ , respectively, where
m ∗ is the carrier effective mass, and q is the electron charge.
The m ∗ value varies between different ITO samples and in
the range of ∼0.41 ± 0.5 [21,22]. Thus, it is calculated that
n = 7.4 × 1020 cm−3 and µ = 32.9 cm2 · V −1 · s−1 . We collect
the n and µ values through Hall effect measurements from a
similar ITO sample, and the measured results matches the fitted
ρ value from the Drude model [23].
We characterize the Doppler shift, and the experimental
setup is shown in Fig. 3(a). A pulsed laser source with a 606 kHz
repetition rate and a ∼580 fs pulse duration provides the pump
light. The laser output light has a spectral wavelength center at
∼1550 nm and is polarized parallel to the plane of incidence.
The incident power is tuned by using a polarizer and a halfwave plate. We focus the light onto the ITO film to a spot with
a ∼13 µm diameter using an aspheric lens with an effective
focal length of 11 mm. The reflected light from the ITO film is
collected by another aspheric lens of the same focal length and a
1 m multimode fiber with a core diameter of 50 µm. An optical
spectrum analyzer is used to measure the spectrum. We observe
a 1.8 THz maximum frequency shift value in the reflected light
at a pump intensity of ∼140 GW/cm2 and an incident angle
of 40◦ . Figures 3(b1) and 3(b2) present the normalized spectra
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Fig. 4. (a) Illustration of pulse intensity influence on the frequency shift. (a1) A lower pump power leads to a smaller 1n in ITO, resulting in
smaller 1 f , while (a2) a larger pump power leads to a larger 1 f . (a3) The amount of 1n has a limitation due to the free-electron density limitation
that 1 f saturates with the increase in pump power. (b) Measured Doppler shifts as functions of pump intensity under various incident angles (θ ).

of the incident and reflected light, respectively, showing the
maximum frequency shift of 1.8 THz. The reflected spectrum
has two peaks: the reflected pump light with a center of 1545 nm
(∼194.0 THz) and the redshifted light with a center at 1560 nm
(∼192.2 THz). The reasons for the two observed peaks in the
reflected light might be (i) the ITO thickness is smaller than
the longitudinal length of the pulse, and therefore not all of
the pulses reside inside the layer at the same instance and the
spectrometer measures the time-averaged spectra of the reflected
pulse. We hypothesize that the thickness plays a nontrivial role
on the frequency shift amount due to thickness-dependent thin
film interference effects [5]. (ii) Some of the pump light may be
reflected directly from the top surface of the ITO and may not
pass through the time-varying ITO medium. (iii) The 1n in the
ITO medium induced by the pump light might be delayed in
the time domain compared to the pump pulse itself so that some
of the pump light does not experience this 1n and cannot be
shifted [6].We note that an additional peak around 1580 nm in
Fig. 3(b2) is perhaps due to the cascading effect resulting from a
fraction of the pulse passing the boundary more than once.
A pulsed pump with a central wavelength λzero of ITO
induces a time-dependent 1n of the ITO film over subpicosecond time [6,8]. The pump light then interacts with
the 1n of the ITO, resulting in the observed frequency shift.
According to Eq. 2, the light’s frequency shift is proportional to
dn
. When the light experiences a positive 1n during the pulse
dt
rising, a redshift in the frequency can be observed. The amount
and sign of dn
depend on the pump intensity, pump temporal
dt
envelope, and the intrinsic nonlinear properties of the ITO
material [6,8,9]. For pump pulses with fixed durations, this
experiences a fixed time period (1t), and a higher pump intensity leads to a larger 1n over the same 1t compared with the case
of lower pump intensity [Figs. 4(a1)–4(a2)]. In addition, the 1n
in the ITO has a limitation due to the limitation of free-electron
density inside the ITO medium [24]; thus, dn
saturates as 1n
dt
reaches the limitation at a certain pump intensity, leading to the
saturation of the frequency shift [Fig. 4(a3)]. We characterize the
magnitude of the frequency shift as functions of pump intensity
for various pump incident angles (θ ) as shown in Fig. 4(b), and
frequency redshifts are observed. When θ is fixed, the frequency
shift increases with the increase in pump intensity until reaching
saturation (i.e., the frequency shift amount does not continue
to change with the increase in pump intensity). This agrees with

Fig. 5. Experimental setup for modifying the pump pulse duration
for measurements in Figs. 6(b)–6(d). Insets (i), (ii): FROG measurement of the pulse: (i) initial pulse and (ii) one stretched pulse. M,
mirror; FROG, frequency-resolved optical gating.

the time-dependent 1n explained in Fig. 4(a). In addition, we
note that the saturation incident intensity varies with the angle
of incidence. We believe this results from an interplay between
the field enhancement from the discontinuity of the longitudinal component of the electric field and the angle-dependent
Fresnel reflection [6].
To investigate the influence of the pump pulse duration
on the Doppler shift effect of ITO, we stretch the pulse duration. The experimental setup is presented in Fig. 5. A pair of
diffraction gratings (Richardson Gratings, 53-*-660R) is used
to stretch the pulse duration. Between the gratings, different
wavelength components in the pulsed light travel with different distances, leading to stretching of the pulses due to the
chromatic dispersion of light. This dispersion is measured to
be positive and can be tuned by varying the distance between
the two gratings using a moving stage. A frequency-resolved
optical gating (FROG) is used to measure the stretched pulses
in the temporal domain. Figure 5 inset (i) shows the FROG
measurement of the original pulse with 584 fs duration, and
Fig. 5 inset (ii) shows an example of modifying the pulse to
1020 fs duration. The pulsed light is then focused onto the ITO
film using the same aspheric lens as in Fig. 3(a) to achieve the
same spot diameter of ∼13 µm. With the same reflected light
collection method as in Fig. 3(a), the output light is collected for
analysis.
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Fig. 6. (a) Illustration of the pump pulse duration influence on the n(t) of ITO. (b) Measured frequency shift as functions of the pump pulse
energy. (c) Maximum attainable frequency shifts and (d) frequency shift saturation energy as functions of pump pulse duration.

As presented in Fig. 6(a), a pump pulse with a shorter duration has a larger pulse amplitude changing slope, leading to a
larger dn
in the ITO material compared to the case of a longer
dt
pump pulse duration. Moreover, the saturation of dn
would also
dt
be reached at a higher pulse energy when the pulses are narrower
in the time domain. The Doppler shift amount is relatively
in the ITO material. Figure 6(b) presents the
proportional to dn
dt
measured Doppler shifts under different pump pulse durations.
The measurements are taken at an incident angle of 40◦ , under
which the maximum frequency shift is achieved for the original
case with 584 fs pulse duration. We find that, for a given pump
pulse duration, the frequency shift initially increases with the
increase in pulse energy, then saturates, which is similar to the
case with the original, unstretched pulse. We note that adding
the grating pair introduces extra loss in the setup; thus, the
stretched pulse case has lower maximum energy than the original pulse case in Fig. 6(b). The maximum attainable frequency
shifts for different pump pulse durations are summarized in
Fig. 6(c). When the frequency shift saturates with pump energy,
the maximum attainable frequency shift is achieved. This maximum attainable frequency shift decreases almost linearly from
1.8 THz to 0.7 THz when the pump pulse duration increases
from ∼580 fs to ∼1380 fs. This may be due to the smaller dn
dt
induced by the longer pulse duration. We estimate this close-tolinear decrease from our experimental results. Figure 6(d) shows
that the saturation energy of the frequency shift decreases with
the increase in pulse duration and remains almost unchanged for
pulses longer than 1 ps. This is likely because that dn
saturates at
dt
a lower pump pulse energy under a wider pulse, and the saturation of dn
leads to the saturation of the frequency shift amount
dt
with the pulse energy [6,8,9].
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