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Switchable metasurfaces fabricated on a doped epi-layer have become an important platform for

developing techniques to control terahertz (THz) radiation, as a DC bias can modulate the transmis-

sion characteristics of the metasurface. To model and understand this performance in new device

configurations accurately, a quantitative understanding of the bias-dependent surface characteristics

is required. We perform THz variable angle spectroscopic ellipsometry on a switchable metasur-

face as a function of DC bias. By comparing these data with numerical simulations, we extract a

model for the response of the metasurface at any bias value. Using this model, we predict a giant

bias-induced phase modulation in a guided wave configuration. These predictions are in qualitative

agreement with our measurements, offering a route to efficient modulation of THz signals.

Published by AIP Publishing. https://doi.org/10.1063/1.5004194

The possibility of using terahertz (THz) frequencies for

wireless communications is attracting much research inter-

est.1,2 One of the key challenges for THz devices is phase

modulation. A low-loss high-speed phase modulator would be

valuable in numerous applications, such as for advanced data

modulation3 or for electrically driven beam steering.4 Many

different approaches to modulation have been discussed,5–7

with a recent focus on active metamaterial-based structures.8

These metamaterials are planar structures (i.e., metasurfaces),

with active elements integrated into the layer9,10 or with the

meta-elements fabricated on a lightly doped epilayer with

active electrical control of the carrier density via the forma-

tion of a Schottky contact.11–15 In most cases, however, the

magnitude of the phase modulation is well below 2p, limited

by the effective interaction length of a free-space propagating

wave normally incident on a two-dimensional structure.

One intriguing alternative is to use a guided wave geome-

try, in which the THz electromagnetic wave propagates paral-

lel to the metasurface. This approach would enable a dramatic

increase in the effective interaction length between the THz

wave and the metasurface. In combination with actively tun-

able meta-elements, this idea offers a promising route to high-

contrast electrical phase modulation. Moreover, this guided

wave geometry is compatible with pixelation of the metasur-

face for versatile wavefront engineering.12–14 Previous studies

have considered surface plasmon waves propagating on pas-

sive THz metasurfaces.16,17 However, active metasurfaces

have so far not been studied in a waveguide geometry. Indeed,

the extent to which electrical modulation changes the surface

parameters has not yet been quantified with sufficient accu-

racy to model a dielectric slab waveguide structure in which

the modulated surface forms one of the dielectric-air bound-

aries.18,19 Active metasurface devices have a large design

space to explore, and metamaterial scattering element design

is a rich field.20 Yet, predicting the performance of the active

nature of such devices is an open question, making optimiza-

tion of practical devices difficult, especially if the fundamental

switching performance is not well characterized.

Here, we report the results of characterization measure-

ments on a switchable metasurface, performed using spectro-

scopic THz ellipsometry.21,22 By optimizing the concurrence

between the experimental data and a model prediction, we

develop a relation between the external input of an active

metasurface (i.e., the applied switching voltage) and the mate-

rial properties of the substrate. Based on the results of this

analysis, we build a numerical model to predict the phase

modulation performance of the metasurface in a dielectric

slab waveguide geometry. This prediction agrees qualitatively

with our experimental results and points the way towards the

development of a high-speed, low-loss, and high-contrast

THz phase modulator.

Our metasurface device is comprised of electric split-ring

resonator (eSRR) scattering elements on an intrinsic GaAs

substrate with a 1-lm-thick n-doped epilayer (carrier density

�2� 1016 cm�3). The eSRR elements, shown in Fig. 1(a),

feature a strong resonance at 400 GHz when illuminated at

normal incidence13 and are interconnected with metallic

wires, making a Schottky contact with a pad for the external

bias, as shown in Fig. 1(b). The mechanism behind the active

control of the metasurface has been described previously: the

excess electrons in the n-doped epilayer effectively short the

capacitive split-ring gap and damp the resonant response.11,13

A DC reverse bias depletes the charges in the substrate under-

neath the eSRR, reducing the conductivity and restoring

the capacitive response and the THz resonance. Typically, the

magnitude of the phase modulation of such a device (i.e., the

difference in the phase between the state where the maximum

voltage is applied and where no voltage is applied) is about
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0.5 rad in a normal-incidence transmission geometry,8 which,

although impressive for a 2D structure, is still not sufficient

for, e.g., wide-angle beam steering or advanced data modula-

tion schemes.

To understand the voltage-driven response of our meta-

surface device in detail, we employ THz ellipsometry.

Ellipsometry is a sensitive technique for surface characteriza-

tion because it measures the polarization and relative phase

change induced in a polarized beam after reflection from the

sample and is thereby largely insensitive to amplitude noise

in the THz source.21,22 The measured quantities are W, the

amplitude ratio between the s and p polarization components,

and D, the phase difference between the polarization compo-

nents. W and D are directly related to the Fresnel reflection

coefficients for the s and p linear polarization states, according

to Rs=Rp ¼ tan WeiD. In order to derive useful results from an

ellipsometry measurement, we need to solve an inverse prob-

lem, where we model the physical system which has some

unknown parameters and seek the best match between our

prediction and the experiment.23 We use a frequency domain

variable angle spectroscopic ellipsometry (VASE) setup,21

which uses a backward-wave oscillator (BWO) with

Schottky-diode multipliers to generate continuously tunable

radiation between 330 and 515 GHz. The system is a rotating-

polarizer rotating-compensator ellipsometer, having a fixed

analyzer. Detection is performed using a Golay cell. Rotation

stages are used for angle of incidence control, where the sam-

ple holder and detection subassembly rotate in tandem during

data collection. We acquire data at angles of incidence from

30� to 60� in 10� increments, over the full bandwidth of the

BWO source. At each angle of incidence, we measure the

response for 6 different voltages applied to the metasurface.

Figure 2 shows a typical dataset. This displays W and D
versus frequency, measured at an incidence angle of 30�. The

slow oscillations in both W and D originate from Fabry-P�erot

interference due to multiple reflections in the 650-lm-thick

GaAs substrate. On top of this oscillating background, we

readily observe the effect of the applied voltage bias on the

surface characteristics which are probed through this mea-

surement. We note that this surface tuning is not limited to

the frequency region near the eSRR resonance (at 400 GHz);

indeed, we see a significant voltage dependence in W and D
across the entire measured frequency range. This indicates

that the applied bias is tuning a coupled amplitude and phase

modulation between the s and p reflection coefficients, as

anticipated.8

For the analysis of the measured W and D data, we build

a model using finite element method (FEM) simulations,

with the dimensions given in Fig. 1. The unit cell (Floquet)

boundary condition was used to describe the array with

FIG. 1. (a) Illustration of the metasurface unit cell and substrate, showing an individual eSRR element. The dark gray substrate layer represents the higher car-

rier density in the n-doped GaAs epilayer, and the white region beneath the metal Schottky structure indicates the depletion in the epilayer upon a reverse volt-

age bias. (b) Schematic showing how the eSRR elements in (a) are tiled to form the metasurface array. The entire array is interconnected making up the

Schottky gate; one of each of the Ohmic and Schottky pads is shown. (c) Illustration of the metasurface device. The dark gold region indicates the metasurface

array, controlled by the reverse voltage bias applied between the Schottky pads (yellow) and the Ohmic contacts (orange).

FIG. 2. (a) Experimental metasurface ellipsometry parameter spectra for dif-

ferent values of applied reverse voltage bias at an angle of incidence of 30�.
Sharp features emerge on top of the Fabry-P�erot interference as the external

bias increases. (b) Modelled W and D spectra at an angle of incidence of 30�

for the best-fit epilayer conductivity parameters that correspond to the vol-

tages in (a).
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88 lm periodicity. Vacuum regions at the input and output

for excitation and absorption in free space had a thickness of

200 lm. Adaptive mesh refinement was used with the final

structure having �100k elements. We account for the

applied DC bias by varying the simulated conductivity of the

top 1 lm region of GaAs (corresponding to the epilayer

thickness). This choice is useful because it is intuitive and

simple; a relation to epilayer conductivity can be used effec-

tively in the design of active devices. Obviously, the conduc-

tivity in the real device is not spatially uniform at any given

DC voltage, as the carrier density must vary with the distance

from the metal-semiconductor contact. However, we have con-

firmed that a more complicated model (than what is presented

here) which attempts to account for this non-uniformity does

not significantly improve the agreement between the simula-

tions and experiments. The results of simulations for W and D
are shown in Fig. 2(b) for the same situation as the experimen-

tal results in Fig. 2(a); the correspondence is remarkably good.

Figure 3 shows data at other angles of incidence, directly com-

paring the numerical results with the measured data, and each

voltage is compared with the corresponding modelled conduc-

tivity as seen in Fig. 2. The agreement is satisfactory at all

angles. We note that the agreement becomes slightly worse at

lower frequencies, possibly due to the fact that at oblique illu-

mination angles, the elliptical spot size of the THz beam

approaches the size of the sample at low frequencies.

By optimizing results such as those shown in Figs. 2 and

3, we can extract the epilayer conductivity parameter for

each value of the DC bias studied in the experiments. We

use a regression analysis by minimizing the mean squared

error between the measured and simulated spectra. These

results, shown in Fig. 4 (data points), show that at low

reverse bias, the conductivity drops quickly but then satu-

rates at higher voltage. This saturation is consistent with pre-

vious observations of the voltage-induced change in the

normal-incidence THz transmission on similar devices.8,11,13

The best fit conductivity for zero volts, 350 S/m, is also in

reasonable agreement with earlier estimates on a similar

structure.24 To further validate these results, we compare

with semiconductor DC field simulations, using the finite

volume method, of an ideal Schottky barrier diode in a

cross-section centered on the eSRR split gap. From this sim-

ulation, we obtain the spatially averaged DC conductivity,

r¼NDlne, within the top 0.5 lm of the epilayer. This simu-

lated trend with voltage is in reasonable agreement with the

conductivity values obtained from the ellipsometry experi-

ments, further confirming the plausibility of our results. The

slight disagreement could result from the spatial averaging,

which neglects the continuous variation in carrier density

near the metal contact.

Using Fig. 4, we can now predict the behavior of this

active metasurface in different configurations. One geometry

of particular interest is to use the GaAs substrate as a planar

dielectric slab waveguide19 with the active 2D metasurface

forming one boundary between the dielectric and air. This

configuration is similar to previous studies of surface waves

on THz metasurfaces,16,17 but unlike in earlier measure-

ments, our meta-elements are switchable, and our primary

focus is on the possibility of active phase modulation of the

guided wave.

A schematic of the experiment is illustrated in the inset

of Fig. 5, showing the wafer illuminated in an end-fire con-

figuration. To optimize the coupling efficiency from the free-

space input beam, we use a metal parallel-plate waveguide

(PPWG) to first form a well-defined TE1 mode. This short

section of PPWG (not shown in Fig. 5) is positioned directly

adjacent to the edge of the metasurface slab, on-axis with the

input beam. The plate separation of the PPWG is adjusted

to be 50 lm larger than the thickness of the 650 lm GaAs

slab. The initial edge of the wafer is not patterned with any

metasurface, and so, we can directly excite the TE1 mode of

the slab waveguide with high efficiency. We estimate the

FIG. 3. Comparison between experimental and best-fit modelled data for the

ellipsometric parameter W at 40�, 50�, and 60� at different DC reverse volt-

age biases, showing the extent of the range of data used in the fitting proce-

dure. The level of agreement between the measured and modeled values for

the phase parameter D (not shown) is similar.

FIG. 4. Relation between the best-fit modelled epilayer conductivity value

for each value of applied bias (red data points). The epilayer conductivity

drops quickly and saturates with increasing voltage. The error bars represent

the standard deviation of the best fit. The black curve shows a simulation of

the gap region in the eSRR unit cell, showing how the averaged epilayer

conductivity drops when a reverse bias is applied. The inset shows the simu-

lated conductivity vs. position in the epilayer with an 8 V reverse voltage

bias applied to the Schottky contacts (shown in yellow).
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mode-matching efficiency by computing the spatial overlap

between the TE1 PPWG mode and the lowest-order TE slab

mode. This overlap is greater than 99%, and the coupling

efficiency from the PPWG to the slab is calculated to be

62% due to reflection losses at the air-semiconductor bound-

ary. With the given slab thickness, it operates as a single-

mode waveguide only for frequencies up to 67 GHz;

however, our mode-matching procedure efficiently excites

only the lowest-order TE mode, even above the cutoff of

higher-order modes.25,26 Therefore, we can assume that the

propagation remains single-mode in the slab, until the propa-

gating mode reaches the region patterned by the metasurface.

At this point, the mode experiences a voltage-dependent

phase and amplitude response. This asymmetry in the wave-

guide disrupts the TE1 mode, leading to coupling to higher-

order TE-like hybrid modes.

We are especially interested in the phase modulation

capabilities of this active waveguide, which occur as part of a

coupled amplitude-phase modulation arising from the meta-

material response. We define this phase modulation D/ as

the difference in the total accumulated phase of the guided

mode between the case when the metasurface has no DC bias

applied and the case when there is a 6 V DC reverse bias

applied to every element of the metasurface. The length of the

slab waveguide containing meta-elements (eSRR elements) is

2.35 cm. In this distance, the propagating guided mode passes

224 rows of eSRR elements (and several connecting wires) as

it traverses through the waveguide. Experimentally, we obtain

D/ by measuring a transmitted time-domain waveform at a

fixed location outside of the waveguide in the two voltage

configurations and comparing their spectral phases. A direct

comparison with the simulation is impossible because the

structure is far too large for a simulation of the entire propaga-

tion path. In addition, the eSRR structures on one surface of

the slab induce multi-mode propagation in the thick slab as

noted above, which makes a detailed analysis challenging.

Nevertheless, we can obtain some information by simulating a

smaller region of the waveguide (56 rows of eSRR elements,

corresponding to a propagation length of 4.9 mm) and then

assuming that D/ accumulates linearly with the number of

eSRR elements. In this case, we can scale the predicted value

of D/ to compare with the length used in the experiment.

This comparison is shown in Fig. 5. We find rough agreement

between the measured and simulated values of the 650 lm

device, which displays a surprisingly large phase modulation

in the low-frequency range of this measurement. As a sugges-

tive comparison, we also show in the inset the simulated value

of D/ for a thinner dielectric slab waveguide (100 lm), with

the same switchable metasurface on one face. The thinner slab

is advantageous because it supports only a single TE mode to

447 GHz, and the propagation remains single-mode (and dom-

inantly TE) even when the wave is in the asymmetric region

of the waveguide (with a metasurface on just one boundary).

As a result, the phase modulation results are more readily

extracted from the simulation. In addition, thinning the slab

reduces the mode confinement, resulting in an enhanced over-

lap between the guided wave and the metasurface. Our calcu-

lations predict a giant phase modulation at the metasurface

resonance frequency, exceeding 2p per 8 eSRR elements, cor-

responding to only 700 lm of interaction length. The possibil-

ity of achieving 2p phase modulation in such a short structure

holds great promise for device applications, as it will mini-

mize the insertion loss of the device.

In conclusion, we have used THz ellipsometry to char-

acterize the active response of an electrically tunable meta-

surface device, where the applied voltage is modelled as a

tuning of the epilayer conductivity. Using these results, we

predict the performance of the device in a slab waveguide

configuration and compare with experimental results. We

observe a phase modulation with a remarkably large magni-

tude of, e.g., 0.4 rad/mm of propagation at 300 GHz, which

can be switched using a DC voltage. Moreover, we propose

a waveguide geometry in which a modulation exceeding 2p/

mm can be achieved for radiation with a free-space wave-

length between 0.88 and 1.2 mm. This will enable full phase

control of THz signals in this spectral range as well as versa-

tile engineering of THz wavefronts.
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FIG. 5. Results of the phase modulation measured in the experimental slab

waveguide (solid red curve), compared with the phase modulation predicted

from the simulation (dashed red curve). Here, we plot the unwrapped phase

modulation D/ (as defined in the text) per mm of interaction with the meta-

surface. The qualitative agreement between the two red curves is acceptable,

given the multi-mode nature of the propagation in this thick substrate. In the

inset, we show the simulated result for a thin (100 lm) slab waveguide,

where single-mode propagation is guaranteed up to �450 GHz. Here, the

phase modulation per mm is very large, especially at low frequencies. The

cartoon inset shows a simplified illustration of the slab waveguide geometry.

The metasurface device in Fig. 1 is face up with the THz input beam spot

shown in green. Propagation direction in the slab waveguide mode is indi-

cated by k. For TE modes, the electric field is in the plane of the metasur-

face, as shown.
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