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1. Introduction

The rapid development of terahertz (THz) 
technology provides exciting opportuni-
ties for vast applications ranging from 
security screening, spectroscopy, remote 
sensing, to sixth-generation wireless com-
munications.[1–3] Among various emerging 
technologies, plasmonic metasurfaces 
can confine, guide and manipulate THz 
waves in deep-subwavelength scale which 
is superior to dielectric metasurfaces for 
the realization of THz nanophotonics.[4–11] 
A further step toward tunable THz metas-
urfaces is offered by chalcogenide phase-
change materials (PCMs).[12–15] They can 
be thermally,[16–18] electrically, or opti-
cally[19–21] switched between the amor-
phous and crystalline states without static 
power consumption after the removal of 

external stimulus, leading to the non-volatilely switched strong 
THz optical contrast and enabling convenient programming. 
Yet, efforts of PCM-based terahertz metasurfaces with effective 
plasmonic resonances reported so far rely on layers or patches 
of PCMs that reside with metallic microstructures.[22–29] Chal-
lenges remain that the low conductivity and high ohmic loss of 
the crystalline PCM may lead to an over-damped situation that 
prevents an effective plasmonic resonance.[25,30]

Here we propose and experimentally demonstrate all-PCM 
and lithography-free THz plasmonic metasurfaces based on 
laser printing of a thin film of In3SbTe2 (IST). IST is catego-
rized as next-generation “plasmonic PCM” that undergoes a 
dielectric-to-metal phase transition upon crystallization,[31,32] 
providing a versatile platform for actively manipulating elec-
tromagnetic waves. Previous works have mainly focused on the 
infrared spectral range,[31–33] while the applications of IST at 
terahertz frequencies are still underexplored. In the following, 
we show the large difference in terahertz optical properties 
between the dielectric amorphous state (a-IST) and the metallic 
crystalline state (c-IST) in an ultra-broadband. By employing a 
nanosecond pulse laser to locally crystallize a thin film of a-IST, 
we are able to produce large-scale and ultrathin THz plasmonic 
metasurfaces with effective plasmonic resonances. We also 
show the first optical-pump terahertz-probe experiments on 
IST metasurfaces and demonstrate dynamic modulation of the 
transmission resonances, where photocarriers in both a-IST 
and c-IST regions together provide tunability of metasurfaces.

Chalcogenide phase-change materials (PCMs) have offered an appealing 
material solution by acting as a switchable dielectric layer to tune the electro-
magnetic properties of terahertz metamaterials and metasurfaces. Here, this 
work demonstrates large-scale and lithography-free manufacturing of all-PCM 
terahertz metasurfaces based on direct laser switching of crystalline micro-
domains in a thin film with high switching ratio of the emerging plasmonic 
PCM, In3SbTe2 (IST). The fabricated high-quality IST metasurfaces achieve 
efficient plasmonic resonances and a large modulation depth with ultrafast 
response (full width at half maxima of the modulation time ≈1.6 ps) in a deep-
subwavelength switching volume. For the dynamic evolution of terahertz 
resonance modes, theoretical modeling reveals a delicate interplay between 
amorphous and crystalline IST due to the bonding-structure-induced different 
carrier lifetimes and spatially localized electric fields. These studies open new 
avenues for realizing all-PCM terahertz ultrafast nanophotonics.
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2. Results and Discussion

While THz optical properties of conventional PCMs (e.g., 
Ge2Sb2Te5, Ge1Sb2Te4, GeTe) are accessible in the litera-
ture,[34–36] we report the first THz transmission experiment of 
the emerging plasmonic PCM, IST. The IST film was depos-
ited on a THz-transparent sapphire substrate, capped with a 
thin protection layer of SiO2. The as-deposited film was initially 
in the state of a-IST. After annealing at 300 °C for 10 min, it 
was thermally switched to the crystalline phase[37] with resis-
tivity reduction of more than six orders of magnitude and 
significant change in structure (Figure S1, Supporting Informa-
tion). For obtaining ultra-broadband THz transmission spectra 
(0.3–7 THz), both IST states were measured with THz time-
domain spectroscopy (TDS) and Fourier transform infrared 
spectroscopy (FTIR). Note that the spectra measured by the 

two methods may show discrepancies due to separate data  
normalization.
Figure 1b,c shows the measured broadband THz transmit-

tance spectra of IST thin films (two different thicknesses: 
black lines, 170  nm; red lines, 350  nm). It can be seen that 
all spectra are rather flat as the frequency changes, without 
exhibiting obvious spectral features of THz phonon absorp-
tion (except a minimum of a-IST in Figure 1c due to the asym-
metric Fabry–Perot cavity effect), in contrast to recent experi-
ments of Ge1Sb2Te4 (ref. [38]). For all measured frequencies, the 
350-nm-thick a-IST film is almost transparent (transmittance 
T  > 0.9), in remarkable contrast to its metallic c-IST counter-
part that is highly reflective (T < 0.05). Such transmission con-
trast becomes weaker for the thinner IST (170 nm) due to the 
much higher transmission of the c-IST state. This is because 
the surface plasmons of plasmonic materials have limited scale 

Adv. Optical Mater. 2023, 2202651

Figure 1.  Terahertz transmission of IST films. a) Schematic of the IST film permitting or shielding the terahertz wave by changing between two crystal-
lographic states. Normalized THz transmissions of IST and GeTe films in amorphous (solid line) and crystalline (dashed line) states with different 
thickness are measured by b) TDS and c) FTIR. d) Terahertz conductivity of the 350-nm IST film extracted from the data in (b). e) Pump-induced change 
of the terahertz peak electric field for the 350-nm IST film in amorphous and crystalline states as a function of the pump–probe delay time. f) Dynamic 
change of the terahertz transmission ∆T/T extracted from the dashed frame in (e), solid line indicates the fit result (see Experimental Section).
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of energy concentration. In the case of c-IST, the skin depth is 
calculated to be ≈290 nm at 0.55 THz. But it is still obviously 
larger than that of a 250-nm-thick GeTe film (gray lines), illus-
trating the good performance of IST in screening the THz 
transmission. For a conductive film, the Fourier transforms of 
the time-dependent fields are related to the complex conduc-
tivity of the films via the thin film equation[39,40]
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where E (E0) is the extracted complex spectra of the Fourier 
transform of the terahertz wave forms through the sample 
with (without) the IST film, Z0 is the vacuum impedance, d 
is the film thickness, and ns is the refractive index of the sub-
strate, ϕ is the phase, and σ(ω) is the complex conductivity of 
the film. The calculated permittivity and conductivity of dielec-
tric a-IST are shown in Figure S2, Supporting Information. 
The c-IST film (350  nm, ≈λ/2800 when wavelength λ approx-
imates to 1  mm at 0.3 THz) shows conductivity about five to 
seven orders of magnitude higher (≈106 S m−1) than that of the 
a-IST film. ωp  = 7.3 × 1015  Hz (Drude plasma frequency) and 
τ = 2 fs (scattering time of free carriers) of c-IST were extracted 
by fitting the complex conductivity to the Drude–Smith model 
(Figure S3, Supporting Information). The results demonstrate 
that the c-IST film is akin to a metallic layer and possesses large 
optical and electrical contrast to its amorphous state. Overall, 
the switchable IST thin film shows excellent combined advan-
tages of high efficiency and simplicity for tuning and modu-
lating THz waves.

To characterize the response of THz ultrafast modulation 
with IST thin films, we performed ultrafast pump–probe trans-
mission experiments. The 350-nm IST films were excited by 
400-nm light pulses at 800 µJ  cm−2 fluence (the highest avail-
able on our experimental setup to ensure that a-IST and c-IST 
are both in the excited states). We note that the photoexcitation 
time and the relaxation time of the THz modulation for IST are 
essentially independent of the pump fluence (Figures S4 and 
S5, Supporting Information), in line with recent report on the 
dynamics of charge carriers in GST films.[28] The employed 
photon energy (3.1  eV) is larger than the band gaps of both 
c-IST (0.45  eV) and a-IST (0.70  eV) according to calculations 
(Figure S6, Supporting Information). When optically pumped, 
the excited free charge carriers increase the film conduc-
tivity and decrease the terahertz transmission, before quickly 
decaying back to the equilibrium state.[28,41] However, Figure 1e 
shows that such charge carrier dynamics is only found for 
the a-IST film and there is no noticeable change in the trans-
mitted terahertz field for the c-IST film. The latter is resulted 
by the highly delocalized electrons in c-IST, where the THz 
transmission is already so suppressed that contributions of 
pump-induced free carriers in transmission is not observable. 
Note that for clarifying the time dependence of c-IST, one 
could measure ultrafast transmission of ultrathin c-IST films 
or measure ultrafast reflectance of c-IST films. From the dif-
ferential change (ΔT/T) of THz transmission in Figure  1f, 
we determine that the excitation and recombination time of 
photo-generated carriers in the a-IST film are 2.9 and 5.3  ps, 
respectively, following the standard fitting procedure[42,43] 

(Experimental Section). The full width at half maxima (FWHM) 
of this curve is 2.3 ps. The observed dynamics of photo-gener-
ated charge carriers of a-IST is similar to other phase change 
materials such as GST[28] and GeTe[44] in terms of the excitation 
time, relaxation time, and maximum modulation depth.

Ultrafast responses of IST thin films hold great promise for 
THz devices with a high operational speed. On the other hand, 
the drastic difference in THz optical responses of a- and c-IST 
states prompts us to directly pattern c-IST “metallic” struc-
tures in the single a-IST thin film without the need of cumber-
some lithography. To this end, we applied a nanosecond pulsed 
laser beam (power 70  mW, pulse duration 80  ns, see Experi-
mental Section) to scan over a 350-nm a-IST film. Through 
laser-induced local thermal crystallization, we thus optically 
printed the arrays of c-IST split ring resonators (SRRs) in the 
a-IST film, as illustrated in Figure 2a. The inset of Figure  2a 
shows a photograph of a 2 × 2 cm2 sample with four squares, 
each containing 5000–15  000 SRRs arranged in an array. The 
morphology of such device under the optical microscope is 
displayed in Figure  2b, with geometrical parameters anno-
tated: periodicity (P), side length (L), and gap size (g). The 
morphology image showcases the homogeneously distributed 
microstructures and the clear edge between c-IST and a-IST, 
illustrating the high fabrication quality of direct laser writing of 
the metasurface structures.

To characterize polarization-controlled THz responses of 
the printed SRR metasurfaces, we measured their far-field 
transmittance for both transverse-electric (TE) and transverse-
magnetic (TM) polarizations. In Figure  2c,d, we show the 
experimental spectra of two metasurface samples consisting 
of different-sized SRRs. For TE polarization, the sample A 
(P  = 40  µm, L  = 25  µm, g  = 3  µm) shows three dips in the 
transmission spectrum (Figure  2c, solid red line, indicated by 
red arrows) at frequencies of 0.58, 1.80, and 2.52 THz, respec-
tively. The simulated spectrum (Figure 2c, dashed red line) well 
reproduces these dips and confirms that they result from SRR 
resonance modes of the first three orders (TE1, TE2, and TE3). 
The mode profiles can be identified from the simulated electric-
field intensity distributions shown in Figure 2e. For TM polari-
zation, the sample A shows only a single transmission dip at 
f = 1.5 THz (see Figure 2d, red line). We assign this dip to the 
TM1 mode of the SRR, according to the simulated spectrum 
(dashed red line in Figure  2d) and the near-field distribution 
(Figure 2e). Those distinct resonant responses for TE and TM 
polarizations thus verify the functionality of IST metasurfaces 
for the polarization-control of THz waves.

For the sample B (P  = 75  µm, L  = 60  µm, g  = 3  µm), we 
observed only a single transmission dip for each polariza-
tion (black lines in Figure  2c,d), respectively. These two dips 
correspond to TE2 and TM1 modes of the SRR, respectively, 
corroborated by simulations (dashed black lines, see also 
Figure S7, Supporting Information). Compared to the spec-
trum of the sample A, the spectral positions of the two resonant 
modes are drastically redshifted due to the larger periodicity 
and size of SRRs. Figure  2f further shows a contour plot dis-
playing the simulated transmission of the SRR metasurface 
(sample A) as a function of the frequency and the polarization 
angle θ. We see that the spectral positions of the SRR reso-
nances can be tuned by varying the angle θ. One can thus tune 

Adv. Optical Mater. 2023, 2202651

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202202651 by N
anjing U

niversity, W
iley O

nline L
ibrary on [20/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2023 Wiley-VCH GmbH2202651  (4 of 9)

www.advopticalmat.de

the resonances by changing different metasurface parameters, 
including the a- and c-IST states, the geometric sizes and the 
polarization angle.

Figure  2 demonstrates that IST metasurfaces exhibit polar-
ization-dependent THz resonances of relatively narrow band-
widths, by comparing with IST films showing ultra-broad-
band THz optical contrasts (Figure  1). In which way IST can 
be utilized depends on different application purposes. For 
instance, the resonant near-field enhancement of the metas-
urfaces (Figure 2e) is suitable for promoting THz light-matter 

interaction. To measure the near-field responses of the IST 
metasurfaces, we combined scattering-type scanning near-
field optical microscopy (s-SNOM) with a TDS system[45–47] for 
measuring near-field responses of printed IST metasurfaces. In 
such a system, the metallic atomic force microscope (AFM) tip 
of s-SNOM in the vicinity of the sample was illuminated by a 
linearly polarized, broadband THz pulse. Note that the oblique 
illumination has a large incident angle (~60°) with respect to 
the normal of the surface, which may distort the intrinsic field 
distribution of a photonic structure. The scattered signal from 

Adv. Optical Mater. 2023, 2202651

Figure 2.  Terahertz resonance of the laser-printed IST metasurface. a) Schematic of printing a split ring resonator (SRR) in a 350-nm-thick a-IST film 
by scanning a pulsed laser beam with 70 mW power and 80 ns pulse duration. Inset: photograph of a 2 × 2 cm2 sapphire chip with four regions con-
taining SRR arrays. b) Optical microscope of a printed SRR array and geometrical parameters of its unit cell (inset): periodicity P = 75 µm, side length 
L = 60 µm, and gap size g = 3 µm. In this work, the gap (g) and the line width are fixed at 3 µm. c,d) Experimental and simulated terahertz transmis-
sion of two metasurfaces (sample A: P = 40 µm, L = 25 µm; sample B: P = 75 µm, L = 60 µm) with the electric field polarization of the incident wave 
parallel (TE) and perpendicular (TM) to the gap, respectively. e) Simulated electric field distribution of different excited modes (sample A). f) Simulated 
transmission of the SRR metasurface (sample A) as a function of the frequency and the polarization angle θ.
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the sample was then recombined with a controlled delay pulse 
onto the detector (illustrated in Figure 3a). At a fixed position 
of the s-SNOM tip over the sample, one can obtain single near-
field THz-TDS spectra by sweeping the time delay ∆t of the ref-
erence pulse.

To suppress the background, we obtained demodulated scat-
tered signal Sn with a lock-in amplifier according to the nth har-
monics of the tip tapping frequency Ω. The higher order signal 
contains less background. For measuring near-field images, we 
first adjusted the time delay to obtain the spectral integrated 
peak near-field THz-TDS signals on the center of the image 
(center a-IST in the SRR). By scanning and collecting near-field 
signals on each tip position over the metasurface sample, we 
obtained 2D near-field THz image with deeply subwavelength-
scale THz optical resolution (determined by the radius of tip 
apex). By rotating the sample (with respect to the laser beam), 
we measured near images of the metasurfaces for TE and TM 
polarizations.

The sample topography image was simultaneously recorded 
during the scanning of AFM tip position (Figure 3b). Depres-
sions can be found in the switched c-IST region compared to 

the neighboring a-IST area due to the increased density of crys-
talline phase.[48] We show THz near-field images in Figure 3c–f 
(TE and TM polarizations) for both S1 and S2 near-field signals. 
The higher harmonic S2 signal has far-field background less 
than S1 and typically shows the near-field image distinguished 
from that of S1. Here the two signals observe the same near-
field patterns, implying a negligible background. All these near-
field images show that the c-IST SRR displays stronger signals 
than the surrounding a-IST due to the higher reflectivity. Fur-
ther, the optical width of the SRR arm is remarkably wider than 
its geometric width measured from the topography, as shown 
by the AFM topography and optical profiles (Figure  3g). For 
the same position on the left arm, we see that the optical width 
(FWHM) of the SRR arm depends on polarization: 4.1 (TE) and 
3.6 µm (TM). Both values are larger than the topography width 
of 2  µm. This observation can be explained by an inhomoge-
neous crystallization resulting from the Gaussian distribution 
of laser power[49] or by local optical fields extended from the 
resonators, or by the combination of both effects. Further in-
depth THz-SNOM experiments and simulations will be helpful 
for clarifying it more clearly.

Adv. Optical Mater. 2023, 2202651

Figure 3.  THz s-SNOM nano-imaging of the laser-printed IST metasurface. a) Schematic of real-space nano-imaging of the printed anisotropic meta-
surface measured by the s-SNOM with a TDS system. b) AFM topographic image of a printed SRR in the array of sample A. c,d) Near-field images 
SRR (amplitude signal S1) of the same SRR for TE and TM modes. e,f) Near-field images SRR (amplitude signal S2) of the same SRR for TE and TM 
modes. Signals S1 and S2 are normalized to the background intensity measured on the center a-IST of the images. g,h) Amplitude and near-field signal 
(S1) profiles along the dashed lines L1 and L2 in (b–d). i) Normalized near-field signal spectra S2

gap/S2
ref, where S2

gap and S2
ref are the amplitude signal 

measured at the SRR’s gap and the surrounding a-IST far away from the SRR array, respectively. Vertical dashed lines are resonance positions taken 
from Figure 2c,d as references.
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We further observe polarization dependences of the SRR 
in the near-field images. For TE (TM) polarization, the right 
(bottom) arm shows a larger optical signal than the left (upper) 
arm. Most importantly, we observe a remarkably asymmetric 
near-field distribution on the gap of the SRR for TE polariza-
tion (Figure 3c–e, red dots in Figure 3h), while for TM polariza-
tion the gap near-fields are more symmetric (Figure 3d–f, black 
dots in Figure  3h). According to recent THz-SNOM experi-
ments,[50,51] such polarization-dependent asymmetric field dis-
tribution in the gap is typical for SRR resonant modes, which 
are intrinsically symmetric but distorted by the interference 
of oblique incidence in the s-SNOM setup. We also measured 
THz near-field spectra on the SRR gap, revealing multiple 
features of dips and peaks (Figure  3i, see also simulations in 
Figure  S8, Supporting Information). Future studies using a 
monochromatic source (instead of the broadband source used 
in this work) and a sophisticated tip–sample coupling model 
of THz s-SNOM may help to verify and elucidate the near-field 
data.

For evaluating dynamic modulation properties, we executed 
far-field pump–probe experiments for the laser-printed IST 
metasurface (sample A). Figure 4a shows the differential trans-
mission ΔT/T as a function of the pump–probe time delay Δt 
with various pump fluences. It is seen that the largest modu-
lation (the dip in ΔT/T) is reached at ≈1.8  ps after the pump 
excitation. The modulation strength increases from 4.1% 
(127 µJ cm−2 pump fluence) to 19.6% (762 µJ cm−2) with rising 
pump fluence, while the FWHM of the dip in ΔT/T remains 
almost unchanged (1.6  ps) for different pump fluences, sug-
gesting that an ultrafast and stable response time for modula-
tion is facilitated by the IST metasurface. Table S1, Supporting 
Information, gives a literature survey on the terahertz ultrafast 
response of representative materials, which shows IST as a 
competitive alternative in terms of the response time and mod-
ulation depth.

By executing Fourier transform for the probe pulse (see 
Experimental Section), we obtained THz transmission of IST 
metasurfaces at various pump–probe delays Δt (pump fluence 
635  µJ  cm−2). The results verify the dynamical modulation of 
the transmission resonances (see also the phase modulation 
in Figure S9, Supporting Information) of TE1, TE2, and TM1 
modes (sample A, Figure 4b,c) and, more interestingly, further 
reveal the modes showing distinctive temporal variations. For 
instance, when strongly modulated (e.g., Δt = 1.4 ps), TE2 and 
TM1 modes show a clear red shift in their resonance frequen-
cies (indicated by red arrows), while the frequency position of 
TE1 mode is slightly blue-shifted (blue arrow). To better com-
pare such temporal differences, we traced the transmittance 
(values taken from the dips) of TE1, TE2, and TM1 modes for 
different time delay Δt (Figure  4d). As a reference, the results 
of a-IST film are also displayed in Figure  4d (purple symbols, 
see also Figure S4a, Supporting Information). Comparing those 
results, we see that the TE1 mode (red symbols) exhibits the 
temporal change showing a transmission dip at Δt = 1.8 ps. In 
contrast, the TM1 and TE2 modes show transmission peaks 
at Δt = 1.4 ps, the latter further showing a transmission dip at 
Δt = 1.8 ps. To quantitatively illustrate the dynamic coupling and 
damping mechanism, Figure 4e,f shows two sets of normalized 

fitting values, the resonance frequency ω, the damping rate γ 
and the coupling strength g for TE1 and TE2 modes, respec-
tively, within the coupled Lorentz oscillator model as a func-
tion of Δt (cf. Figures S9 and S10, Supporting Information). 
The normalization was done by calculating the ratio of each 
parameter at dynamic and static conditions, respectively, minus 
unity, for example, ωnormalized = ωdynamic/ωstatic − 1. Overall, γ and 
g undergo a similar change during the excitation and relaxa-
tion, namely first increasing and then decreasing with the delay 
time, in contrast to the much smaller change of ω. The param-
eters γ and g of TE1 has additionally a quick drop at 1.8 ps, pos-
sibly due to the different speed of excitation onset of a-IST and 
c-IST. The absence of such additional behavior for TE2 can 
be rationalized by its electric field that is more distributed on 
the ring and therefore less sensitive to the dynamic change of 
a-IST in the gap upon excitation (see the inset in Figure 4f). We 
highlight that such distinctive temporal responses result from 
the all-PCM nature of our printed IST metasurfaces, providing 
advantages of more functionalities over conventional metallic 
or PCM-incorporated metasurfaces.

In Figure 4g, we show that the resonances of the IST metas-
urface can also be tuned by adjusting the pump fluence. When 
increasing the pump fluence, the overall transmission is contin-
uously decreased and the resonances are gradually suppressed. 
Our all-PCM metasurfaces exhibit ultrashort response time 
and bear the potential to enable reconfigurable THz photonics 
beyond the resonance modulation.

3. Conclusions

In conclusion, we have demonstrated a flexible platform of 
laser-printed THz metasurfaces made with ultrathin films of 
the plasmonic phase change material IST. Our findings high-
light that the crystalline states of IST have Drude-like plasmonic 
behavior in the terahertz range and can be effectively utilized 
as an excitable metal in terahertz metasurfaces. We envision 
the IST-based, all-PCM photonic platform to be a comple-
mentary companion to conventional metallic meta-structures 
(see Figure S11, Supporting Information, for a comparison 
between IST-based SRR and noble-metal SRR) and other tun-
able plasmonic devices using, for example, graphene/insulator 
stacks,[39,52] providing a new degree of flexibility via optical con-
trol of PCM’s bonding nature. We remark that the reversible 
crystalline-to-amorphous switching of IST infrared photonic 
devices has been demonstrated[31–33] (cf. Figure S12, Supporting 
Information). Compared to those infrared devices, THz devices 
require a larger size of patterned structure and thus enlarged 
volume that needs to be switched by laser. For amorphization 
of IST, short laser pulses with high power are needed, leading 
to the laser beam size smaller than the geometric sizes of our 
laser-written THz elements. Thus, it is time-consuming and not 
efficient to completely “erase” the arrays of THz elements. With 
progress in laser alignment and optimized thermal design, an 
extension to re-amorphization of IST for reversible switching is 
feasible. A combination with volatile switching based on elec-
tric biasing or thermal heating may enrich further possibilities 
for dynamic THz modulation.

Adv. Optical Mater. 2023, 2202651
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4. Experimental Section

Sample Fabrication: In3SbTe2 (IST) was deposited on 400-µm-thick 
sapphire substrates using stoichiometric targets by direct current 

magnetron sputtering (2 × 10−6 mbar background pressure, 20 s.c.c.m. 
Ar flow, 0.15  nm  s−1 deposition rate). The thickness of IST film was 
controlled by a stylus profiler (Brucker DektakXT). Subsequently, 
80-nm-thick SiO2 was deposited on top of the IST film as a protective 

Figure 4.  Picosecond evolution of volatile terahertz wave manipulation of the printed IST metasurface. a) Relative pump-induced change to the trans-
mission (∆T/T) of metasurface as a function of the pump fluence and the pump–probe delay time ∆t. Error bars are deviations calculated from fits and 
experimental data at the peaks. Solid line indicates the fit result (see Experimental Section). Inset: Schematic of the ultrafast optical-pump terahertz-
probe experiment on the IST metasurface. b,c) Time evolution of the ultrafast terahertz resonance modulation (TE and TM modes) at 635-µJ cm−2 
pump fluence. d) Transmission change of resonance dips for TE1, TE2, and TM1 modes as a function of ∆t at 635-µJ cm−2 pump fluence. The total 
transmission change obtained on an a-IST film is shown as a reference. e,f) Normalized resonance frequency ω, damping rate γ and coupling strength 
g for TE1 and TE2 modes, respectively, by fitting the experimental curves in b) within the coupled Lorentz oscillator model. g) Transmission change as 
a function of the pump fluence at ∆t = 1.8 ps corresponding to the time of peak positions in (a).
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capping layer by radio frequency magnetron sputtering. The as-deposited 
IST films were in the amorphous state, the crystalline state of IST shown 
in Figure  1 was achieved by heating in a vacuum oven at 300 °C for 
10 min.

Laser Printing: A customized setup was built for patterning the IST film 
by focusing a laser beam through a ×20 objective (numerical  aperture 
= 0.4) on the sample surface. A nanosecond laser diode source with a 
central wavelength of 660 nm provides single pulses with tunable output 
power (up to 400  mW) and pulse duration (from 1  ns to 10 µs). To 
crystallize the IST film, laser pulses of 70 mW power and 80 ns duration 
were used. An x–y movable sample stage with maximum range of 
50 mm in each direction and minimal step size of 700 nm was used to 
prepare the structures shown in Figures 

2–4. The repetition rate of the setup can be tuned between 1 Hz and 
10  MHz, with scanning speed up to 20  mm  s−1. In the laser writing, 
the scanning speed was set at 4–8  mm  s−1, while the corresponding 
repetition rate was not less than 20 kHz.

Broadband Terahertz Spectrum Measurement: A Bruker Vertex 80v 
Fourier transform infrared (FTIR) spectrometer was used to measure the 
high frequency terahertz transmission spectrum of the IST film with a 
resolution of 0.03 THz from 1.5 to 7.5 THz.

Terahertz Time-Domain Spectroscopy: In order to observe the higher 
order modes of the metasurface, two THz sources were used. One was 
generated by exciting a photoconductive semiconductor InAs antenna 
with a 1560- nm femtosecond laser (Menlo Systems GmbH, Germany) 
and another was generated by exciting a LiNbO3 waveguide with a 
1560-nm femtosecond laser (Advantest, Japan). A photoconductive 
antenna was used for detecting the transmitted THz pulses. The whole 
beam path was purged with dry nitrogen gas, which results in higher 
signal-to-noise ratio due to the moisture removal (same with the near-
field and pump-probe beam path described below).

THz Scattering-Type Scanning Near-Field Optical Microscopy: 
The measurements were performed with an s-SNOM (NeaSpec 
GmbH, Germany) and the THz radiation was generated by exciting a 
photoconductive antenna with a 1560-nm femtosecond laser (Menlo 
Systems GmbH, Germany). The atomic force microscopy (AFM) probe 
was 80  µm long (Rocky Mountain Nanotechnology LLC, USA), with 
the THz wave illuminating the tapping tip for signal modulation. The 
first and second order near-field signals (S1 and S2) were obtained by 
demodulating the tip-scattered signal at the first and second harmonic 
of the tip’s oscillation frequency Ω to remove the background signal, as 
was routinely done in s-SNOM.

Ultrafast Optical-Pump Terahertz-Probe Spectroscopy: The setup was 
based on a ZnTe crystal which provides nonlinear terahertz generation 
(optical rectification) and detection (electro-optic sampling). A 
femtosecond laser (800  nm center wavelength, <50 fs pulse duration, 
1 kHz repetition frequency) was divided into three beams: the generation 
and detection of terahertz pulses, and the photoexcitation of the IST 
sample. The 400-nm pump laser (3.10 eV) in Figure 1 used the second 
harmonic generated from a β-barium borate crystal. The 800-nm 
excitation light pulses were used in all pump–probe measurements 
since the photon energy (1.55  eV) is larger than the bandgap of IST 
(Figure S6, Supporting Information) for both phases, except that in 
Figure 1e,f the 400-nm pump laser (3.10 eV, second harmonic generated 
from a β-barium borate crystal) was used. This work noted that, for 
the a-IST film, the change of photon energy from 3.10  eV (400  nm) in 
Figure  1f to 1.55  eV (800  nm) in Figure  4d reduces the effective mass 
of charge carriers, leading to the shorter scattering time and thus the 
decreased FWHM of the THz transmission transient. For the pump–
probe measurements, the pump delay stage between optical-pump 
and terahertz-probe pulses was scanned (Δt, in Figures  1e,f and  4a). 
For the spectral analysis of the pump-induced resonance changes 
(in Figure  4b,c,g), the pump time delay was set at fixed position for a 
specific Δt, while the THz delay time was varied to scan the transmitted 
terahertz pulse.

Fitting for Differential Transmission Data: The excitation and the 
recombination time of the a-IST film and the printed metasurface 
were extracted by fitting the data points to an error function 

f(t) = a  × erf(t−τ1) + b and an exponential decay function f(t) = c  × 
exp(−t/τ2) + d, respectively, where τ1 and τ2 are time constants of the 
excitation and the recombination processes, and a, b, c, d are offset 
parameters.[42,43]

Numerical Simulation: The terahertz response of the printed 
metasurface and the electric field distributions were simulated using 
the commercial software CST Studio Suite. The TE and TM floquet 
mode ports were set as the excitation and the receiver. Periodic 
boundary conditions were set in four sides of the unit cell. The static 
terahertz dielectric and conductivity settings of IST were shown in 
Figures S2 and S3, Supporting Information. Variable polarization angles 
were set in the phi option in phase shift/scan angles of the boundary 
conditions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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