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Abstract—Actively controlling the phase of terahertz wave has
received much attention. Here, we present a complete theoretical
treatment by using coupled-mode theory to actively control the
reflective wave phase in a attenuated total reflection-based metasur-
face. Controlling is achieved by variations in the air gap, enabling
the radiative loss (radiative Q factor) to be continuously adjusted
over a narrowband frequency range. A singularity can be found
in the phase slope spectrum when the radiation loss is equal to the
intrinsic loss determined by material properties. The theoretical
results have been verified by simulation and the experimental re-
sults. The physical mechanism of this phase transition in attenuated
total reflection configuration would pave the way for potential
applications such as polarization modulation, and guide further
research works for terahertz physics.

Index Terms—Attenuated total reflection (ATR), coupled-mode
theory (CMT), phase transition, spoof surface plasmons, terahertz
(THz).
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1. INTRODUCTION

HE requirement for terahertz (THz) devices is remarkably
T increasing owing to their applications in diversified areas
[1]-[3]. Among THz devices, the ability of phase transition
has been extremely vital due to the fact that they can open
up new perspectives and applications in THz holograms, po-
larization converters, and beam deflectors [4]-[12]. Recently,
the study of phase transition has been extended to passive
systems achieved by using metasurfaces [13]-[20]. For instance,
the phase transition systems based on a periodic grating can
be modeled as two-port resonators and could be tuned elec-
trically or optically in the THz range. This phase transition
system supports resonant and Rayleigh—-Wood anomalies and
operates in the transmission type. Moreover, the related in-
vestigations have been done to study the phase diagram of
a metal-insulator—metal (MIM) metasurface, which is simply
governed by the intrinsic and radiative ) factors [18]-[20]. The
critical transition can also be achieved for transmitted beams in
chiral metamaterial, which is related to the intrinsic and radiative
losses, similar to the phase change of the reflected beam in MIM
structure [21].

In addition to the phase transition in MIM cavity, the phase
transition was also observed in Brewster angle design [22] or
attenuated total reflection (ATR) configuration [23]-[25] with
prism coupling spoof surface plasmons polaritons (SPPs) con-
figurations in THz range. We note that early contributions on
periodic structures supporting complex surface modes in the
microwave community can be traced back to the 1950s [26]-
[29]. The surface waves confined on a corrugated surface in the
perfectelectric conductor (PEC) limit are somewhat called spoof
SPPs because their properties are similar to those of SPPs in the
visible region [30]—[32]. It can be seen that the resonance dip was
found in the reflection spectrum due to excitation of spoof SPPs
modes. The phase shift changes drastically at the critical point
which gives maximum absorbance/minimum reflectivity, simi-
lar to phenomenon in MIM metasurface configuration [18]-[20],
[33]. However, the clear and complete physical insight of the
phase transition in prism coupling spoof SPPs configurations is
ignored because a one-port single-mode resonator model which
is suitable in MIM metasurfaces cannot be utilized to prism
coupling spoof SPPs configurations [25], [34], [35]. Such phase
transition in spoof SPPs configurations with coupling prism
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Reflected THz wave

Incident THz wave

Fig. 1. Prism coupling spoof SPPs configuration with the period of the
periodic grooves (D = 60 pm), the width (d = 30 pm), the groove height
(h =60 pm), and the total height (H = 120 um). The air gap g can be
tuned mechanically. A TM polarized beam is coupled to the spoof SPPs wave
propagating in the  direction.

have potential applications in THz phase manipulations and
polarization controls.

In this article, the phase transition in THz ATR configurations
has been investigated by tailoring the radiative loss. A coupled-
mode theory (CMT) model involving scattering parameters of
one cell of the structure is used to explain the transition of
the configuration. Moreover, we control the phase of a prism
coupling spoof SPPs system by tailoring the radiative loss which
is dynamically adjusted by mechanically tuning the air gap. Such
a prism coupling technique was tracked back from experiments
on integrated optics in the 1970s [36], [37]. The reflection
coefficient can be easily obtained by the characteristic matrix of
the medium at optical frequencies. However, the reflection coef-
ficient and relative parameters are obtained more complicatedly
by CMT due to the complex corrugated doped silicon surface.
We present a complete theoretical treatment at THz frequencies
by CMT, which provides clean insight of physical mechanism.
Experimental results show good agreement with CMT. Besides
the application of sensing with liquids through the grooves [25],
this phase transition in ATR-based metasurface will have other
potential applications in a different set of THz wave manipu-
lation such as multifunctional polarization converter and THz
fingerprint detection sensor.

II. CMT ANALYSIS

Fig. 1 shows the designed THz ATR configuration with prism
coupling spoof SPPs configuration. A Teflon prism was placed
on the top with dielectric constant € and was used for the phase
matching [38]. An array of periodic grooves was fabricated in
the highly doped silicon with a dielectric constant £; which can
be calculated by the Drude model [39], [40]. This structured
surface supports spoof SPPs mode because doped silicon shows
metallic properties in the THz range. The air gap between the
prism and designed silicon can be adjusted mechanically. THz
wave with transverse magnetic (TM) polarization (H in the U
direction) is incident on the prism/air interface with the angle 6.
Spoof SPPs mode with the vector k is excited on the corrugated
surface and propagates in the & direction. In the following,

AN, E,
Resonator
A B,

Fig. 2. Model of the two-port resonator described by CMT.

according to the prism shape, THz wave is incident on the
prism/air interface at an angle of 74.28° subject to total internal
reflection. The penetration depth of the evanescent waves for the
incident polarization is 56.368 pm at 0.78 THz [41].

The coupling principle can be described by the two-port
resonator model as shown in Fig. 2, which consist one period
of the doped silicon grating and the prism. In Fig. 2, A and
Bs represents the THz beam incident on and reflected from the
interface between the prism and the air gap, respectively. A; and
B; is the coupling surface wave coming from the previous unit
and transmitting to the next unit.

According to the CMT, the schematic in Fig. 2 can be de-

scribed as
(Bl> - (t 7) <A1> .
BQ YT A2

where t is the transmission coefficient of the spoof SPPs wave,
is the reflection coefficient of the incident wave at the prism/air
interface, and -y is the coupling coefficient without consider-
ation of the material loss. According to the above definition,
the relation between the reflection coefficient and the coupling
coefficient can be expressed as the following formula by using
the energy conservation law:

[rf* + y[* = 1. 2
and B; and A; satisfy the following relationship:
By =e 7% A 3)

where ¢ is the phase change between two adjacent cells which
can be written as ¢ = w/c * /€ * sin(f) x D, and w represents
the angular frequency. Bringing (3) into (1), we get

v

B, = 1 _citvw * Ag 4
2 Jjé
B ¥ % e
B= (v pgeey) ©

Assuming A; = 1, the radiation-induced quality factor Q.q
can be given by

(6)

Qrad:w*w

where B is the reflected wave coupling only from Ay, and the
stored energy W in a periodic cell can be written as

W=|Af*T (7
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where T is the energy transportation time from one cell to the
next cell and can be expressed as

D
T=— (8)
Vg
where v, = dw/dk is the group velocity of the spoof SPPs
wave. Combining with (6)—(8), the absolute value of coupling
coefficient can be simplified as

B _

2«7+ D ¢ 1
=2 = [
1 v

* *

g A Vv Qrad
1

[
B f, (‘b) Vv Qrad ' (9)

Here, the phase change (®) of one periodic cell without mate-
rial loss is equal to k * D, and f'(®) = df /d®, where f(P) can
be derived by the accurate dispersion relation in one-dimensional
(1-D) grating structure including first-order diffraction, similar
to Eq. (21) in [42]

dw wh <
1= zﬁztan <?) nz

=1

s 2
sine? (k,d/2) (10)
(7)) (kn)
where k, =k + (2nn/D) and ag(ky, ) =[(£ )2 — k2142,
where k is the wave vector propagating in the corrugated grating.

According to (6), the radiation-induced Q factor without the
material loss is

f 1

rad = e & — 11
Q d f,(q)) * |’y|2 ( )

Next, we obtain the material loss induced Q factor Qi
without prism when A; = 1. Similar to (6), the @, can be
described as

Qint = w (12)

S r—
1—|Bf”
Owing to the loss of the periodic-doped silicon, the relation

between the transmission coefficient and the coupling coefficient

can also be obtained

f 1
* =
f(®) " Qing
The absolute value of coupling parameters can be found by
substituting (11) into (2) and (13)

It + ]9 +

1. (13)

_ f 1

r| = \/1 “F@ " O (14)
_ _ f 1 1

‘t| - \/1 f, (Q)) : (Qrad - Qint>' (15)

Finally, we determine the phase of r, t, and ~. The phase of
r can be approximated by the phase shift of a TM wave when it
undergoes total internal reflection [41]
_ koy/Ecosf — ekoVesin?0 — 1
koy/z cos O + ekoVesin?0 — 1

@ (r) (16)

Highly doped silicon

Fig.3. (a) One cell of the periodic structure without prism but with a metallic
loss for calculation of W and Qjn¢. (b) One cell of the periodic structure without
metallic loss but with prism for calculation of ® and ~.

And the phase of ¢ is equal to

e(t)=—(2+ 7). (17)

Here, W is the additional phase caused by material loss. The
phase of v can be calculated as

20(7) —p(r)=¢ () +

We note that the four key coupling parameters in CMT (&,
v, 1, and Qi) are obtained by using Ansoft HFSS. A method
for extraction of ¥ and @);¢ which are independent of the air
gap can be used by eigenfrequency simulation of one period of
the doped silicon grating with material loss but without prism as
shown in Fig. 3(a). The boundaries should be set as master and
slave boundaries (i.e., the periodic boundary). It is terminated
vertically with a perfectly matched layer, which is located above
the column to eliminate its effect on the field distribution. By
setting the Floquet port, a plane wave is incident on periodic
structure. Mesh and adaptive solutions (maximum number and
maximum delta energy) are the default settings. We define
the doped silicon grating by setting relative permittivity, bulk
conductivity, and dielectric loss tangent [39], [40]. Meanwhile,
we can also obtain the ® and ~ which are both the function of
the air gap by performing the simulation of a cell with prism
but without material loss [see Fig. 3(b)], where the grating is set
as PEC. Periodic boundary condition is also used on sidewalls.
Other conditions are similar to those in Fig. 3(a).

Equation (5) allows the reflected wave to be calculated for a
given set of (®, 7, ¥, and Q;,t ). As described in the manuscript,
1) and Qi represent the additional phase change which is caused
by material loss and Q factor induced by the material loss,
respectively. ¢ and @i, can be obtained from simulation of
the period of the doped silicon without prism but with material
loss, so these two parameters are independent of the air gap.
® and ~ represent the phase change through one periodic cell
and the coupling coefficient, respectively. The two parameters
can be calculated by simulating a cell with prism on the top

(18)
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Fig. 5. (a) Amplitude and (b) phase of the reflected plane wave for air gap of

43, 73, and 103 pm. Solid curves are the results obtained from simulation and
dots represent the results of CMT.

but without material loss, so they are the function of the air
gap. Fig. 4(a) and (b) plots the dependence of two parameters
on the air gap by using Ansoft HFSS. Fitted curves are also
shown in Fig. 4(a) and (b). We can see that || decreases with
increasing g due to the decreased radiative loss. ¢ also decreases
with increasing g. This is because the prism can disturb the spoof
SPPs mode and modify its wave vector. Taking g = 73 pm, for
example, we get |y| = 0.2358 [see Fig. 4(a)], ® = 1.22 [see
Fig. 4(b)], v = 0.15, and Qins = 172.13. According to (13),
(14), (16)—(18), the reflected wave amplitude and phase (solution
to (5)) can be obtained as 0.0505° and 103.9°.

In order to demonstrate the validity of the CMT model, 2-D
simulation has been carried out to obtain the reflectivity spec-
trum by using Ansoft HFSS with a single groove as the unit cell.
Fig. 5(a) and (b) shows the reflected wave amplitude and phase
with three air gaps, respectively. The results clearly show that
minimum reflectivity (perfect absorption) occurs at the critical
condition of the spoof plasmon frequency f. = 0.785 THz and
the air gap near 73 um. Meanwhile, we could clearly observe
the variable phase span across the resonance frequency from the
underdamped (g = 43 um) to the overdamped (¢ = 103 pm)
regime with the increase of air gap.

III. DEVICE FABRICATION AND EXPERIMENTAL RESULTS

In the experiment, the array of periodic grooves was fabricated
by using the traditional photolithography and the inductively
coupled plasma etching on a doped silicon with resistivity
of 1.07e — 32 - cm. Fig. 6(al)—(c1) show the photograph and
scanning electron microscope (SEM) images of the doped sili-
con with periodic grooves. The experimental ATR setup shown
in Fig. 6(a)—(f) have been designed for coupling THz radiation

Fig. 6. Left: (al) Photograph of the fabricated highly doped silicon with an
array of periodic grooves, (b1) oblique view, and (c1) top view of SEM image.
Right: Experimental ATR setup. (a) Coupling prism (Teflon), (b) the prism
stand, (c) acrylic translation stage, (d) translation stage above the substrate (e),
including a spiral micrometer and a liquid crystal display (f) that can show air
gap in real time.
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Fig. 7. Schematic illustration of the experimental setup.
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Fig. 8. Experimental spectrum of prism without doped silicon (reference) and

with the corrugated doped silicon (sample). The air gap is 73 pm.

into the spoof SPPs mode propagating on the periodic structure.
The air gap can be easily tuned by adjusting a spiral micrometer
on translation stage. The value of air gap displays in a small
liquid crystal screen in real time.

The experiment was carried out via THz Time-Domain Spec-
troscopy (THz-TDS) for sample (prism with doped silicon grat-
ing) and reference (prism) and the humidity is 5% [38], [43].
A schematic illustration of the experimental setup is shown
in Fig. 7. The spot size of the incident THz wave is 13 mm.
The frequency spectrum was obtained from the time-domain
signal by using the Fourier transform. Fig. 8 shows the measured
frequency domain spectra of reference (black) E,¢r and of the
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Fig. 9. (a) Reflected wave amplitude and (c) phase between reference signal
and sample signal measured by THz-TDS. (b) and (d) Amplitude and phase of
the reflected plane wave for different air gap obtained by CMT.

sample (red) Egap. The reflection with amplitude and phase
information is normalized to the reference signals. As spoof
SPPs mode is excited, a sharp dip at resonance frequency fspps
of 0.755 THz could be observed (red line). The additional reso-
nance at 1.7 THz comes from the absorption of water vapor. And
the resonance at 2.1 THz results from the prism. The reasons
may come from the tiny nonuniform density in the Teflon prism.

The measured amplitude and phase spectra of the ATR config-
uration with different air gap are presented in Fig. 9(a) and (c).
The calculated results by CMT are also shown in Fig. 9(b) and
(d) for comparison. As predicted by the CMT, the inequality be-
tween the two quality factors would induce the phase transition.
As we can see from Fig. 9(a) and (b), for g = 43 um (at under-
damped region), Q.4 is calculated as 62.45 by CMT, which is
lower than the Q;y¢, the phase changes in Fig. 9(c) and (d) show
underdamping state, and the phase slope is negative value. When
the air gap is near the critical condition (g = 73 pm), Qyad is
calculated as 170.06 by CMT, which is approximately equal
to Qint (172.13), the reflected wave amplitude exhibits perfect
absorption shown in Fig. 9(a) and (b), the phase slope diverges to
infinite negative value in the underdamped region. As g further
increases, the radiative loss is decreased to less than the intrinsic
loss. For g = 103 pum (at overdamped region), (9,4 is calculated
as 813.99 by CMT, which is higher than the Qj,, the phase
changes in Fig. 9(c) and (d) show overdamping state, and the
phase slope is positive value. The large phase span nearly 360°
are observed in underdamped regime (Qyaq — Qint < 0) and
the phase span small range (<180°) in an overdamped regime
(Qraa — Qint > 0). The phase slope indicates the phase jump
effect by changing the air gap. Different from spacer thickness
of the resonator that determines the () factors [16], [20], the air
gap in ATR configuration reveals a key impact on the radiative
quality factor. Tailoring the air gap g provides a simple pathway
to tune the difference between the quality factors. In addition, the
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Fig. 10.  (a) Reflected wave amplitude vs air gap. The experimental dots and
theoretical curve are selected at the minimum reflectivity for different air gaps.
(b) Resonance frequency with respect to air gap according to Fig. 9(a) and (b).

Q factor of different resonances in Fig. 9(a) and (b) is determined
by total loss (radiative and intrinsic losses) in system. As we
know the radiative loss decreases with increasing gap while the
intrinsic loss maintains constant, so the total loss is decreased,
resulting in the increase of Q factor. As a result, we have
experimentally demonstrated the active phase transition of the
ATR-based metasurface between underdamped and overdamped
regimes by manipulating the radiative loss.

Fig. 10(a) depicts how the air gap (or radiative loss) influence
the perfect coupling. It is known that the absorbance decreases
significantly if any of these two quality factors deviate from the
equality condition [21]. When we tune the radiative loss, there
is an optimum solution to air gap (g) by which Qyaq = Qint
(perfect absorption occurs). The vertical line (g = 77 um) di-
vides the excitation of the resonance modes into underdamped
and overdamped regions [16]. Experimental results fit well with
the CMT model. Fig. 10(b) shows the resonance frequency
with respect to air gap according to Fig. 9(a) and (b). The
resonance, which originates from the spoof SPPs resonance of
the corrugated doped silicon, redshifts with the increase of air
gap due to the change of effective propagation constant from
perturbation of prism.

We also plotted the Smith chart according to the reflectivity
and phase at a different frequency with air gap changing (see
Fig. 11). when g < 77 um, the Smith curve (red and black)
passes through the four quadrants of the plane, indicating that
the reflective phase varies from 0° to 360°. With the increase
of the air gap, the trend of phase change decreases gradually.
From the above analysis, it can be obviously seen that the state
changes from the underdamped to overdamped with controlling
the air gap.

Phase transition can further result in GH shift which can be
written by the stationary-phase approach [33]

cxcosf 4P (%)

5= T 2ry/esind df

19)

where c is the speed of light in vacuum. The THz wave lateral
displacement that is normalized by wavelength (~385 um) at
0.78 THz was calculated with different air gap as shown in
Fig. 12. When the g < 77 pm, we can obtain a positive lateral
displacement and when g = 77 um, the THz wave lateral shift
reaches the maximum. However, the negative shift occurs when
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g > 77 pm. As we explained previously, the lateral wave shift
was depended on the radiative and intrinsic losses [44].

Next we discuss the possible experimental scheme of GH
shift in prism coupled metasurface system. The experimental
scheme is depicted in Fig. 13. The THz radiation with frequency
f1 from a tunable continuous-wave THz source is incident,
through the center of the focusing lens. The reflected beam can
be measured by detector which is moved along the interface
to find the position of the peak of electric field. The reflective
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Fig. 14. Performance of the proposed polarization converter (a) Phases of
reflection wave at g = 43 pm (black) and 103 pm (red) for TE (dot) and TM
(line) polarization. (b) Their phase differences.

beam from prism without metasurface serves as a reference. The
relative GH shift is the shift difference between reference and
system. The related experiment will be performed in the future
contribution. We believe that our present design will provide the
guide useful for future measurement.

IV. CONCLUSION

In this article, phase transition has been found in an ATR
configuration-based metasurface by narrowband tunability. A
CMT was introduced to find the critical point by controlling the
intrinsic and radiative losses. We demonstrated that the phase
and amplitude of the reflected plane wave was closely related to
radiative loss by tuning air gap. The results of the CMT model
was verified by simulation and experimental results. Finally, we
also demonstrated the positive and negative lateral THz wave
displacement can be controlled by tuning the air gap which is
dependent on the radiative loss. Since the air gap can be easily
mechanically adjusted, the phase transition can be tunable and
have been used in multifunctional devices with different phases
switch. It should be noted that the phase transition could be
further tailored by filling with lossy analytes, which can further
tune the intrinsic (absorptive) loss [44]. We hope that our work
can pave the wave for THz phase transition devices.

The phase transition with different air gap has enabled many
applications in a diversified field. For instance, the phase dia-
gram with different air gap can be used for designing multifunc-
tional devices that can be actively switched between different
phases. Here we take the application of polarization modulation
for example. Fig. 14(a) shows the phase of reflected THz wave
for TE and TM polarizations at g = 43 pm (underdamped
state) and 103 pum (overdamped state). Their phase difference
is approximately equal to —90° at g = 43 pum and —180° at
g = 103 pum in a frequency range from 0.74 to 0.78 THz. It
implies that the linearly-polarized incident wave is converted
into the circularly-polarized wave at g =43 pum, and the linearly-
polarized incident wave is converted into the perpendicular
linearly-polarized wave at g = 103 pm. By tuning the air gap,
multifunctional polarization converter is made due to the large
phase change from underdamped regime to overdampled regime
in ATR based metasurface.

Moreover, the resonance frequency can be tuned to coincide
with the fingerprint peak of the target sample to achieve absorp-
tion induced transparency [45], [46]. The ability to adjust the air
gap during operation makes the fingerprint sensor quite robust to
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variations in the fabrication process. Since the air gap can also
be electrically tuned by using mechanical stage controlled by
piezo-electric actuator, these results will guide our application
work, which we hope to complete in the future.
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