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Low frequency piezoresonance 
defined dynamic control of 
terahertz wave propagation
Moumita Dutta1, Soutik Betal1, Xomalin G. Peralta2, Amar S. Bhalla1 & Ruyan Guo1

Phase modulators are one of the key components of many applications in electromagnetic and opto-
electric wave propagations. Phase-shifters play an integral role in communications, imaging and 
in coherent material excitations. In order to realize the terahertz (THz) electromagnetic spectrum 
as a fully-functional bandwidth, the development of a family of efficient THz phase modulators is 
needed. Although there have been quite a few attempts to implement THz phase modulators based 
on quantum-well structures, liquid crystals, or meta-materials, significantly improved sensitivity 
and dynamic control for phase modulation, as we believe can be enabled by piezoelectric-resonance 
devices, is yet to be investigated. In this article we provide an experimental demonstration of phase 
modulation of THz beam by operating a ferroelectric single crystal LiNbO3 film device at the piezo-
resonance. The piezo-resonance, excited by an external a.c. electric field, develops a coupling between 
electromagnetic and lattice-wave and this coupling governs the wave propagation of the incident THz 
beam by modulating its phase transfer function. We report the understanding developed in this work 
can facilitate the design and fabrication of a family of resonance-defined highly sensitive and extremely 
low energy sub-millimeter wave sensors and modulators.

In the last few decades we have witnessed a substantial development in THz technology. With the advancement 
in femtosecond laser technology and the coherent generation and detection of THz radiation1–13, the previously 
unexplored gap (ranging from 0.1 THz to 30 THz) is now finding applications in various disciplines14,15. This 
spectral region has now become accessible to numerous applications and fundamental studies such as imaging, 
communications, explosive detection, spectroscopy of molecular vibrations, and precision control of spin and 
lattice waves16–21, to name a few.

However, in order to incorporate terahertz wave devices into full-fledged applications, efforts need to be 
directed towards advancing the design and implementation of efficient THz modulators and switches in order to 
fully control and manipulate the THz wave. Quite a few attempts, as was well summarized in ref. 22, have been 
made to come up with efficient architectures. Different modulation techniques have been tested for that matter, 
all-optical23, electronic24, and thermal25 being the significant ones, along with the utilization of some promising 
candidate materials such as graphene26 and photonic crystals27.

Phase shifters or modulators that can be tuned dynamically are of fundamental importance for numerous 
devices and applications in telecommunication and wave processing systems such as phased array antennas, isola-
tors, filters, absorbers, frequency shifters, spectral lensing, amplifiers, lasers and so on. Owing to the accompany-
ing limitations of other techniques, such as the need for cryogenic temperatures of operation28, low speed29, most 
attempts have been focused on using metamaterials. The first experimental demonstration of a room-temperature 
solid state metamaterial THz phase modulator was reported by Chen and group in 200930. However, there has 
been no concerted effort to exploit monolithic yet tunable materials as the basis for THz phase modulators.

In this research, we demonstrate how a single crystalline ferroelectric material, LiNbO3, operated at the piezo-
electric resonance condition, can be designed to induce a strong lattice-phonon: polarization-gradient coupling 
effect that defines the propagation of the incident terahertz waveform by modulating its phase. This approach 
presents multiple advantages over alternate methods. In contrast to metamaterials and quantum-well structures, 
it does not involve any complex assembly or fabrication process. In addition, it does not depend on specific 
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temperature or phase transitions for its functionality and, most of all, it provides dynamic scalability as far as the 
frequency of operation and the required phase modulation are concerned.

The indices of refraction of a material are the most effective parameter that governs its interaction with elec-
tromagnetic (EM) waves and can be tailored for shaping and modulating them. For example, engineered periodic 
ferroelectric domains have been widely used for quasi-phase matching in devices for second harmonic genera-
tion31. In materials exhibiting anisotropic symmetry and operating at the piezoelectric resonance, the gradient of 
polarization vectors ∆



P  oscillates in such a manner that the equivalent circuit of the material encounters an 
impedance that varies from minimum to maximum at the resonant and anti-resonant nodes respectively. 
Therefore, the localized refractive index undergoes jumps from a maximum to a minimum, incorporating a red 
and a blue shift in the dispersion of the interacting electromagnetic (EM) wave, which can be expressed in the 
form of a phase change. Although experimental evidence and empirical understanding of this phenomenon exist 
to substantiate the perception that such resonant interactions can dramatically affect EM wave propagation32,33,34, 
due to the complexity of characterizing and modelling materials at resonance, there is limited analytical explana-
tions describing the sub-millimeter EM wave-matter interactive behavior under such singularity conditions. In 
this article we provide, for the first time to our knowledge, an experimental demonstration of dynamic control of 
terahertz wave propagation via the piezoelectric resonance of a single crystal ferroelectric thin film. The phase 
transfer function is modulated by the spatial variation of the refractive index induced by the piezoelectric reso-
nance in a multi-layered single crystal thin film system, which is excited by an applied low frequency electric field.

Results
Structure and surface morphology analysis.  The thin film system used for the phase-modulator design 
presented in this work (as depicted in Fig. 1), comprises a single-crystal Z-cut LiNbO3 (LN) having a dimension 
of 1.2 cm ×​ 1.3 cm. As described in ref. 35, the top LN layer (of 504 nm) was peeled off from its parent single crys-
tal by using ionic implantation and wafer bonding technique, prior to being implanted on a thin platinum layer 
(400 nm) using magnetron sputtering. The platinized LN is then bonded onto the parent LN substrate (500 μ​m) 
with a plasma-enhanced chemical vapor deposited SiO2 (1700 nm) layer in between.

The surface morphology was verified by using atomic force microscopy (AFM) topographical imaging (using 
Veeco Multimode V), configured at tapping mode. As observed from the AFM micrograph (shown in Fig. 1(c)), 
the surface bears a smooth morphology with a root-mean-square roughness (Rq) of ~0.194 nm which essentially 
makes any contribution onto the phase modulation due to surface topology insignificant.

The X-ray-diffraction (XRD) pattern was obtained to reveal the film device’s crystallographic-phase and ori-
entation, along with its chemical composition. The strong (00l) diffraction peaks, observed in the XRD meas-
urement of the thin film (see Fig. 1(d)), confirm the rhombohedral phase of LN, while the peak doublets, e.g., 
the (006) line, are attributed to the substrate and the film respectively. The crystallinity of the embedded metallic 
platinum (Pt) layer is also shown to be epitaxially grown on SiO2 with (111) orientation. The high crystalline 
quality of the film (with no sign of phase impurity or domain walls) has been verified, confirming it to be free 
from any crystallographic and morphological discontinuities, which ensures its suitability for application as a 
high density device.

Phase Modulation of the coupled THz wave.  The phase modulation of the incident THz wave 
ψ z t( ( , )inci , having a spectral range ωTHz/2π​ →​ 0.1–3 THz) was realized by applying a low frequency electric field 

to the LN thin film as the external excitation, while the operational temperature was maintained at 300 K. As 
illustrated in Fig. 1(a) and more elaborately described in the Methods section, the top layer of the thin film system 
was subjected to an a.c. E-field excitation with a peak-to-peak amplitude of 10 Vp-p and a set of frequencies rang-
ing from 19.2 kHz to 20.9 kHz (Eac|ω→19.2–20.9kHz). Eac was applied across the surface of the thin film via two silver 
electrodes deposited at two diagonally opposite corners. The electrodes were so positioned to avoid any direct 
obstruction to the interaction between the surface of the thin film and the THz wave. The THz was normally 
incident onto the surface of the film. In order to isolate the genuine influence of piezoresonance and avoid any 
edge effects, the entire THz beam (Full width at half maximum (FWHM) ~1 mm) was localized within the central 
region of the film. While the thin film was excited by an external a.c. field of a particular frequency, the resulting 
reflected THz time domain response ψ z t( , )reflec  was recorded using a THz time domain spectrometer (THz 
TDS), where the incident THz beam corresponded to a spectral range of 0.1 to 3 THz. The THz measurement was 
repeated each time after changing the Eac frequency by steps of 0.1 kHz.

It should be noted that before using the THz-TDS in reflection mode, the THz transparency of the sample was 
examined by performing transmission mode spectroscopy. As shown in Fig. 1(e) the thin film system exhibits a 
THz transmission ω =

ω

ωT( ) E sample
E without sample

( )
( )
THz

THz
 of only ~10%. Platinum exhibits a skin depth σ​s of 300 nm at 

0.3 THz and 90 nm at 3 THz; therefore, given the fact that the embedded platinum layer is 400 nm thick, it is 
opaque to THz waves rendering the system qualified for reflection mode spectroscopy. Detailed THz characteri-
zation is given in Supplemental Information S1.

The responses corresponding to each of the excitation frequencies |ωE( )THz
t

ac
 captured by the reflected tera-

hertz pulses ψ z t( , )reflec  were then examined by an extensive analysis for the induced effect. To correlate the 
changes observed as a function of excitation frequency, the temporal components of the reflected THz wave were 
converted into the frequency domain ωE( )THz  by a Fourier transformation in order to obtain their spectral phase 

ωE0 ( )THz  and amplitude ωETHz  information.
For each of the E-field frequencies applied, Eac|ω, the field-induced relative phase responses, 

∂ ≡ | − |ω ω
≠ =phase E E( ) [0 ( ) 0 ( ) ]THz E THz E0 0ac ac

, were calculated from the spectral components of the reflected 
terahertz beam. The relative phase response ∂​(phase) was normalized with respect to the response observed 
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without applying any external field ≡ |ω
=phase E( 0 ( ) )init THz E 0ac

. As observed in Fig. 2(a), the Eac frequency 
dependent phase response ∆ ≡ ∂ phase phase( 0 ( )/ )init  started prominently from 20.6 kHz which increases in 
amplitude as the Eac frequency increases, but undergoes a phase reversal (phase-shift of π​) at 20.8 kHz 

�ε ε∆ | ∆ |ω ω. . . .[ 0 0 ]kHz kHz20 6,20 7,20 9 20 8ac ac
 (where  signifies anti-parallelism and ω ⋅( )ac  denotes at a particular 

applied excitation frequency). Note that the excitations were observed only in the range of 0.1–0.5 THz above 
which the phase responses appear to get flattened out (see the inset of Fig. 2(a)).

As a next step, the frequency window (0.1–0.5 THz) in which the prominent phase responses were observed 
was examined in more detail. The relative phase shifts at a given THz frequency ∆ |ω( 0 )

THz
 were plotted as a func-

tion of the frequency of the applied excitation field Eac|ω. As shown in Fig. 2(b), the response starts cropping up 

Figure 1.  Experimental-setup, the crystallographic orientation and morphology of the multilayered 
single crystal LN thin film system employed for THz wave modulation. (a) Schematic of the multilayered 
thin film system comprising an ion-sliced single crystal z-cut LN (504 nm thick) deposited on platinized silica 
grown on an LN substrate (500 μ​m thick). The top layer is excited by applying an external a.c. field via two silver 
electrodes deposited at opposite corners diagonally placed on the surface. (b) Illustration of the reshaping of a 
THz wave due to its interaction with a piezoelectric crystal whose index of refraction is subject to a localized 
polarization gradient. The wave gets compressed at the positive slope of the index and expanded at the negative 
slope of the index. (c) AFM micrograph (2 μ​m ×​ 2 μ​m) of the surface of the thin film system. It depicts a smooth 
surface topography with the roughness having a root mean square value of (Rq) ~ 0.194 nm as shown in the 
inset. (d) XRD spectrum confirms the crystal orientation of the LN thin film system, deposited on Pt (111), 
being Z-axis (00 l) in pure rhombohedral phase (with the simulated crystal structure in the inset). Pure phase of 
both the substrate and the top layer of LN are prominently visible in the peak doublets (see the inset). (e) THz 
transmission spectra of the platinized thin film system. As calculated from the skin depth σs of platinum, 
the embedded 400 nm thick layer is opaque to THz waves resulting in a very low transmission amplitude 
therefore making the system suitable for reflection mode of operation where the loss of incident energy due to 
transmission is low.
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from 0.259 THz and increase in magnitude until 0.276 THz. At 0.285 THz the phase reverses, and the response is 
maximal. For frequencies above 0.285 THz, the response tapers down and vanishes mostly beyond 0.302 THz 
↑ ∆ | ∆ | ↓ω ω. . . . . .[ ( 0 ) ( 0 ) ]THz THz0 259,0 267,0 276 0 285,0 293,0 302THz THz

�ε ε
 (where ↑​ and ↓​ signifies gradual increase and 

decrease of response respectively). Moreover, the phase response seems to exhibit a rippling surface-wave like 
behavior as prominently exhibited in Fig. 2(b).

Piezoelectric resonance and its induced effect.  In order to further investigate the dependence of the 
applied field to the dynamic phase response observed, the piezoresonance frequency of the system was measured. 
For a quantitative assessment of its electromechanical coupling effect, a vibrometric surface displacement evalu-
ation technique was employed. An a.c. electric field similar to that used for terahertz phase manipulation, was 
applied via the two surface electrodes (the experimental details are elaborated further in the Methods section). 
The excitation field of a given freqnency ω​ was applied in-plane (Eac|ω. ⊥​ c-axis) while the out of plane surface 
displacement . ˆdisp n (where n̂ //c-axis) was measured as a function of the excitation frequencies applied. From the 
surface displacements measured, a maximum deflection of 108 pm was found to occur at 20.7 kHz corresponding 
to its characteristic regime of piezoelectric resonance. The displacement of 108 pm for the top LiNbO3 layer 
(504 nm thick) yields an out-of-plane strain of 214 parts per million. Moreover, the profile of the surface displace-
ment (as shown in Fig. 2(c)) has a clear correspondence to the phase modulation contour observed at 0.285 THz 
(refer to Fig. 2(d)).

To interpret and corroborate the experimental outcomes, finite element analysis (FEA) simulations have been 
performed using conditions prescribed in these experiments. Commercially available COMSOL Multiphysics 
suite 4.4 (COMSOL Inc.) was employed for this purpose. A frequency domain analysis was performed using the 
physics of piezoelectric devices, where a scan over a spectral range of 19 kHz to 25 kHz was executed.

Figure 2.  Evidence of resonance induced phase modulation. (a) Applied field dependent relative phase 
response of the reflected terahertz wave, normalized with respect to the response observed without applying any 
external field. Phase response starts from 20.6 kHz with a phase reversal occurring at 20.8 kHz. Prominent field-
dependent excitations are observed only in the frequency range of 0.1–0.5 THz, beyond which no significant 
response is observed (see inset). (b) Relative THz phase response plotted against the frequency of the applied 
external field. The relative phase response appears to exhibit a rippling surface-wave like behavior. The phase-
shift is apparent at 0.259 THz and increases gradually until 0.276 THz. A sudden phase reversal relative to 
that at 0.276 THz was observed at 0.285 THz along with an indication of maximum response. For higher THz 
frequencies, the relative phase response flattens out and disappears completely beyond 0.302 THz. (c) Contour 
of the surface displacement profile measured with a vibrometer for excitation frequencies ranging between 
19.2 kHz to 20.9 kHz. The surface displacement profile shows the maximum displacement of 108 pm at 20.7 kHz 
indicating it to be the regime of piezo-response along with rendering correspondence to (d), the THz phase 
response observed at 0.285 THz.
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As shown in Fig. 3, the FEA simulations are in very good agreement with the experimental results. The FEA 
simulated admittance and quality factor show a resonant behavior at two frequencies with the primary piezores-
onance occurring at 21.2 kHz and the secondary one at 23.4 kHz (see Fig. 3(a) and (b)). The frequency of the 
simulated primary resonance lays within ~2% of that observed experimentally (i.e., at 20.8 kHz where the THz 
phase response showed a phase reversal as depicted in Fig. 2 (a)), providing credible support towards its physical 
origin. The vibrometer surface profilometric measurement (see Fig. 3(c) and (d)) shows that the maximum dis-
placement occurs at the center of the sample and spreads out along two diagonal directions. Near the other two 
corners where the electrodes were positioned, the displacement was minimal. The vibrometer surface profilomet-
ric measurement was obtained by probing 25 points across the surface of the sample while keeping the excitation 
frequency at 20.8 kHz. A correspondence is also observed between the 2D contour plot of the vibrometer surface 
displacement profilometric measurement and the surface-contour displacement plot at 21.2 kHz as obtained from 
the FEA simulations, see Fig. 3(c) and (e) respectively. The deviation observed between the experimental and 
simulated results, however small it may be, can be attributed to the inherent limitations in reproducing the exact 
experimental boundary conditions in the simulations. As can be observed from the 2D contour plot (see the 
marked region of Fig. 3(c)), the surface displacements brought about by the piezoelectric response at the center 
of the sample, is sufficiently effective to introduce perturbation in the propagation of the interacting THz beam 
(FWHM ~1 mm) and to tailor its phase. It is the excitation-field induced surface-strain leading to differential con-
trast in dielectric-susceptibility (or the respective refractive indices, Δ​n) that subsequently results in the effective 
modulation of the phase dispersion of the incident THz beam.

Discussions
When operated at resonance condition, a piezoelectric material encounters two consecutive nodes: a resonant 
and an antiresonant frequency node. At the resonant frequency (fr) node, the system sees a minimum series 
impedence such that, if the resistance caused by mechanical losses is ignored, the impedance of the equiva-
lent electrical circuit describing the element is approximated as zero. As the frequency increases, the imped-
ance increases to a maximum value (minimum admittance). The maximum impedance frequency, termed as 
the anti-resonant frequency (fa) node, approximates a parallel resonance frequency. At the frequency fa, the par-
allel impedance in the equivalent electrical circuit is considered to be infinitely large if the contribution to the 
resistance associated with mechanical losses is ignored. For an optical material, the impedance corresponds to 
the effective index of refraction. More details on the equivalent electrical circuit of a piezoelectric resonator are 
provided in Supplemental information S2.

On the other hand, if it is operated near the resonance condition, the phonon vibrations developed from the 
piezoelectric effect get translated into surface waves which induce changes in the relative refractive index of the 
material. This change in refractive index modulates the phase of the reflected wave due to the varying optical 

Figure 3.  Vibrometry results and finite element simulation corroborating the experimental observation. 
Finite element simulations over a spectral window of 19 kHz to 25 kHz (performed by implementing prescribed 
experimental conditions) show two resonances occurring at 21.2 kHz and at 23.4 kHz which are reflected in 
(a) the admittance and (b) quality factor plots. The insets are 3D representations of the surface displacements 
simulated at the two resonant conditions. (c) 2D contour plot and (d) 3D surface plot of a set of 25 vibrometer 
data points measured at the resonant frequency of 20.8 kHz, with the marked region representing the central 
part of the film where the THz beam is focused on. (e) Simulated surface-contour displacement plot at 21.2 kHz. 
The correspondence with (c) confirms that the corners where the surface displacement is independent of the 
excitation are the regions hosting the electrodes.
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path encountered by the incident THz wave. An analytical interpretation of this phenomenon can be described 
as follows:

The normally incident THz wave ψ z t( , )inci , having an angular frequency ωTHz, propagating along the z direc-
tion with wave vector 



k can be represented as

ψ ψ ω≡ −
 



z t z t k z( , ) ( , ) exp [i( t)] (1)inci THz0

The reflected wave ψ z t( , )reflec , will have an additional phase shift Δ​ϕ​ introduced by the interaction with the 
modulated surface of the material,

ψ ψ ω∝ − − + ∆ϕ
 



z t z t k z( , ) ( , ) exp [ i( t) ] (2)reflec THz0

This phase shift can be attributed to the path length difference (Δ​L) experienced by the reflected beam sub-
jected to the relative change in refractive index due to the induced surface strain in the material,

π
λ

∆ϕ = ∆L2 (2 ),
(3)

where λ is the wavelength of the incident wave. Since both piezoelectric coefficient and electro-optic coefficients 
are third rank tensor properties, the piezoelectric effect (for a birefringent material LiNbO3) will also involve 
field-induced changes in the optical indicatrix. Thus the path length difference (Δ​L) used hereafter takes into 
consideration the field induced changes in the refractive index, i.e. Δ​L(Δ​n), of the material as well.

From converse piezoelectric effect, the charge coupled strain xjk can be related to the excitation field Ei, where 
dijk is the piezoelectric coefficient of the material,

=x d E , (4)jk ijk i

where for longitudinal displacement, the strain xjk =​ ∆L
L

 therefore Δ​L =​ L dijk Ei.
Since the applied a.c. field with excitation frequency ω

π2
ex  is sinusoidal,

ω=E E sin t( ) (5)i ex0

then equation (4) becomes:

ω∆ = .L d E sin tL ( ) (6)ijk ex0

Using (3)

π
λ

ω∆ϕ =
L d E sin t4 ( ),

(7)ijk ex0

and the reflected wave (Equation 2) becomes

ψ ψ ω π
λ

ω∝





− − +







 



z t z t k z t L d E t( , ) ( , ) exp i( ) 4 sin( )
(8)reflec THz ijk ex0 0

Therefore, the added phase shift introduced in the reflected THz beam is a function of the piezoelectric coef-
ficient (dijk) of the material involved, which can be tuned by altering the frequency of the external bias a.c. field 
(ωex). It is the varying piezoelectric strain leading to induced relative change in refractive index at different excita-
tion frequencies which altered the phase transfer function of the reflected THz beam ψ z t( , )reflec . This tuning 
effect is explicitly observed in Fig. 2(a), where the varying relative phase response is obtained for different fre-
quencies of the applied field (other than 20.8 kHz). The rippling surface acoustic wave that gave rise to this phase 
shifts is well depicted in Fig. 2(b).

When the applied frequency coincides with a piezoelectric resonance condition (like at 20.8 kHz in this case), 
the lattice vibrations are accompanied by a varying density of surface charges. For a finite medium having uni-
form bulk polarization (such as LN in this case where −Ps//z-axis), although the volumetric charges Sv remain 
constant, the induced stress ∆ = − = −X X c x e Elm lm lmjk jk ilm i

(0)  (where clmjk and eilm are the stiffness and the pie-
zoelectric stress coefficients of the material respectively and, Xlm

(0) is the initial stress) will account for changes in 
the bond surface charge density Sb = ⋅ ≠



ˆP n 0E
 (where n̂//c-axis) as shown in Fig. 4. Considering an applied 

in-plane field, the lattice vibrations of the d133 mode will be out of plane where the electromechanical factor of the 
longitudinal waves traveling along the z-axis [001] can be calculated from the modified Christoffel Equation 

ε. |γδ γδ γδ γ δ→ −e c/ , 1 3
 (see further detail in Supplemental information S3). Therefore, the fractional changes in the 

acoustic phase velocity Δ ​v/v correspond to the fractional changes in material density (ρ ​) or  
(Δ​v)2 =​ c/Δ​ρ​.

At resonance, the piezoelectric mediated material density change (Δ​ρ​) instantaneously gets transferred to a 
change in surface charge density (without any energy loss), which otherwise will either remain spatially uniform 
or temporally unable to follow the modulation field, if away from the resonance condition. The depletion or accu-
mulation of the bound surface charges develops a localized electric field Eloc 

(z, t) which couples with the polari-
zation of the incident THz wave ψ  t(z, )inci  to alter its phase response. The superposition of the electric polarization 
of the incident THz wave with the polarization direction of Eloc 

(z, t) that rotates between out-of to in-to the plane 
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of the piezoelectric resonator, is imprinted into the THz wave with the resultant phase shift of the coupled THz 
wave. Therefore, the phase modulation of the reflected wave when operating the thin film at resonance can be 
described as a combination of path-length modulated and polarization mediated modulation defined at the pie-
zoelectric resonance:

θψ ∝ ψ ±.   (z, t) (z, t) E (z, t)cos (9)reflect
Resona

locreflec

where θ​ is the angle between the polarization directions of the two electric field components.
The complex coupling effect is illustrated in the relative phase response ∆( 0) plot of the reflected THz beam 

when captured at the piezoresonance condition (with the applied excitation field at 20.8 kHz), where the resonant 
and the anti-resonant nodes are distinctly visible in the captured phase response (as shown in Fig. 4).

Thus here we have demonstrated the evolution of the phase modulation where, when the material was excited 
far away from the resonance e.g. far below 20.6 kHz, the accumulated effect was not that prominently observable. 

Figure 4.  Resonance-defined electric field controlled phase modulation of the incident THz beam. 
Schematic illustrations explaining the interplay between electromagnetic (EM) and lattice-phonon vibrations at 
piezo-resonance in a ferroelectric material. When the thin film is operated at the resonance condition (fr and fa 
represents the resonant and the anti-resonant frequency nodes respectively) by applying a low frequency 
external electric field (with ∆L depicting the path-length difference, experienced by the reflected beam due to 
the applied electric field), the material density gradient gets instantaneously translated to the surface charge 
density gradient. The incident THz beam gets coupled with this surface charge density gradient to modulate its 
phase transfer function, which is prominently depicted in the relative phase change observed in the reflected 
beam. The resonance and anti-resonance nodes are distinctively captured in the relative phase shift ∆ϕ​ when 
excited at the resonance condition i.e. at 20.8 kHz.
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At near resonance condition (20.6–20.8 kHz & 20.8–20.9 kHz), surface-displacement leads to differential contrast 
in the relative refractive indices that subsequently results in the effective modulation of the phase dispersion of 
the incident THz beam. At resonance (20.8 kHz), the combined charge-coupled surface-strain results in the phase 
reversal.

LiNbO3 being a ferroelectric material, it is the inherent hysteretic and highly nonlinear polarization behavior 
that led to this effectively observable phase-shift in the reflected THz beam, which otherwise will not be that sig-
nificant if compared with a non-ferroelectric.

We believe this qualitative demonstration of a ‘transducer effect’ where a low frequency (10 s of kHz) E-field 
was used to produce an electromechanical coupling that governs the interactions of waves, lattice vibrations and 
electromagnetic (EM) terahertz waves, can potentially set the foundation for highly efficient millimeter wave 
phase controlled devices.

While the piezoelectric-resonance controlled THz phase modulation is reported in this work, we expect that a 
proper design of the dimension and a tailored choice of ferroelectric materials will extend its implementation to 
a wide range of phase and amplitude controlled THz devices, including precision controlled broadband and nar-
rowband THz phase modulators, real-time THz switches, and THz imaging projectors with an array of crystalline 
modules operating at tunable piezo-resonance, as a few examples.

In conclusion, we have experimentally demonstrated a matter-wave interrelations defined by the piezoelectric 
resonance of a crystalline material (ion-sliced z-cut LiNbO3) that leads to the phase modulation of an incident 
EM wave in the frequency range of 200 GHz–3 THz. The THz beam modulation is achieved by operating the 
crystalline ferroelectric material at piezo-resonance by exciting it with a low frequency (10 s of kHz) electric 
field (the frequencies used, lie in between 19.2–20.9 kHz). The terahertz response is expressed in the form of 
phase-modulation of the reflected THz wave, which shows prominent correspondence for excitation field fre-
quencies near the resonance (20.6 kHz–20.9 kHz with a phase reversal at 20.8 kHz, the resonance condition in this 
configuration). The terahertz spectral window that reciprocated to the external excitation was found to lie in the 
range of 0.1–0.5 THz. The relative phase response increases in amplitude from ~0.259 to 0.276 THz, with a phase 
reversal as well as a maximum response recorded at 0.285 THz. The response mostly vanishes beyond 0.302 THz 
for the given piezoelectric resonance mode excited. The maximum out-of-plane surface displacement was found, 
as measured by vibrometer, to be near 20.7 kHz indicating it to be the regime of one of the fundamental modes 
of the piezoelectric-resonance frequency. This result was further substantiated by the FEA simulations. The sim-
ulated results showed that the primary mode of resonance is at 21.2 kHz (which deviated from the experimental 
observation only by ~2%). It has been further revealed that when at resonance, it is the combined effect of both 
the change in path-length, introduced by the applied electric field, and the polarization mediated components, 
attributed by the surface charge density gradient, that shape the phase transfer function of the reflected THz 
beam. The phase modulator architecture thus demonstrated holds scalability over the amount of phase-change 
required and the THz frequency window intended for modulation, which can be dynamically tuned based on 
the frequency of the excitation field. The design can facilitate the fabrication of the envisioned resonance-defined 
highly sensitive and extremely low energy sub-millimeter wave sensors and modulators. Moreover, its room tem-
perature platform and its relative simplicity of the fabrication process project its suitability for broader range of 
applications.

Methods
Sample configuration and Terahertz characterization.  The multilayered thin film system (as acquired 
from Nanoln Electronics (Jinan, China)) studied in this work is comprised of an ion-sliced single crystal z-cut 
LiNbO3 (LN) of 504 nm deposited on platinized silica grown on an LN substrate of 500 um. A THz time domain 
spectrometer system, the Mini-Z THz-TDS Spectrometer by Z-Omega, has been employed for the terahertz 
characterization. As detailed in one of our previous works36, it uses an external fiber coupled 1.5 μ​m femtosecond 
pulsed laser with duration <100 fs as the optical source. The laser pulses having an average power >​100 mW and 
a repetition rate of 100 MHz illuminate a photoconductive dipole antenna fabricated on a low temperature-GaAs 
wafer, to generate THz pulses. It has a bandwidth of 3 THz with the peak THz frequency lying ~0.4 THz. An ITO 
coated glass at the detector module combines the the laser pulses with the imprinted THz signal. The spatial and 
temporal overlap of the two signals, as captured by the Pockels electro-optic effect of a GaAs crystal, is recorded 
by a pair of InGaAs balanced photodiodes as the resultant temporal THz response. Standard reflection config-
uration of the system at near normal incidence was used to acquire the reflection spectra, with a polished silver 
mirror used for capturing the reference reflection beam.

Based on a previous study36 where an elaborate set of THz analysis have been performed to extract the mate-
rial properties of different crystalline orientations of electroded and non electroded LN thin film systems, the 
configuration used in this project was selected as it showed the most promise for fullfilling the requirements of 
the current device design.

Vibrometer experimental details.  The piezoresonance frequency measurements were conducted using 
an UHF-120 Polytec Vibrometer (Irvine, CA). It works on Laser Doppler Effect and is based on an interferome-
try technique, using which non-contact vibration measurements were performed on the sample surface. An a.c. 
E-field of 10 V p-p at various frequencies was applied across the surface of the sample via two silver electrodes 
situated at two opposite corners using an Agilent 33220a waveform generator. The laser beam from the Laser 
Doppler Vibrometer (LDV) was directed to the surface of the sample and the vibrational amplitude and frequency 
response were obtained from the Doppler shift of the reflected laser beam with respect to the internal reference. 
The LDV counts the bright-dark fringes on the detector and directly measures the displacement as well as the 
vibrational velocity. The frequency shift measured was introduced due to the displacement of the sample surface. 
Using suitable interpolation techniques along with digital demodulation, a resolution down to the pm range was 
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achieved. The Polytech Vibrometer was conjugated with a WavePro 725Zi LeCroy Oscilloscope (Chestnut Ridge, 
NY) and a SMBV100A Rohde & Schwarz–Vector Signal Generator (Munchen, Germany) to cover the intended 
range of frequencies.

AFM and XRD measurements.  AFM topographical scans (256 ×​ 256 pixels) were performed using 
Multimode V Scanning Probe Microscope configured in tapping mode and equipped with standard rectangular 
shaped SCM-PIT probes (supplied by Bruker). The probes have a radius of ~20 nm and a spring constant of 2.8, 
mounted on a 2.75 μ​m thick rectangular shaped antimony doped Silicon cantilever.

The X-ray θ​–2θ​ diffraction spectrum was acquired using Shimadzu 6000 X-ray Diffractometer. The Cu 
K-alpha radiation line was used for the purpose, operated in a step scan mode of 0.02 per step. CIF file no 1521772 
(available in Crystallography Open Database) was referred to for the indexing of the angular spectrum.

Finite element simulation.  Finite element simulations were performed using the commercially available 
package of COMSOL Multiphysics 4.4. To simulate the structure, the geometry of the top-electrode (diagonally 
placed at the two corners of the film surface) multi-layered thin-film was recreated with domains defined accord-
ingly. The piezoelectric devices module was used with the constitutive relation of the piezoelectric material prop-
erties set at stress-charge form. The fixed constraints were applied to the boundaries comprising the electrodes, 
with one of the electrodes defined as the terminal and the other as the ground. A frequency domain study was 
performed with the driving frequency sweeping in the range of 19 kHz to 25 kHz using the direct stationary solver 
PARDISO. In all the simulations pre-defined fine meshing was employed.
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