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Huygens metasurfaces have demonstrated remarkable potential in perfect transmission and precise wavefront
modulation through the synergistic integration of electric resonance and magnetic resonance. However, prevailing
active or reconfigurable Huygens metasurfaces, based on all-optical systems, encounter formidable challenges
associated with the intricate control of bulk dielectric using laser equipment and the presence of residual thermal
effects, leading to limitations in continuous modulation speeds. Here, we present an ultrafast electrically driven
terahertz Huygens metasurface that comprises an artificial microstructure layer featuring a two-dimensional elec-
tron gas (2DEG) provided by an AlGaN/GaN heterojunction, as well as a passive microstructure layer. Through
precise manipulation of the carrier concentration within the 2DEG layer, we effectively govern the current dis-
tribution on the metasurfaces, inducing variations in electromagnetic resonance modes to modulate terahertz
waves. This modulation mechanism achieves high efficiency and contrast for terahertz wave manipulation.
Experimental investigations demonstrate continuous modulation capabilities of up to 6 GHz, a modulation ef-
ficiency of 90%, a transmission of 91%, and a remarkable relative operating bandwidth of 55.5%. These signifi-
cant advancements substantially enhance the performance of terahertz metasurface modulators. Importantly, our
work not only enables efficient amplitude modulation but also introduces an approach for the development of
high-speed and efficient intelligent transmissive metasurfaces. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.517350

1. INTRODUCTION

Metasurfaces are sub-wavelength artificial electromagnetic
structures capable of precisely controlling incident electromag-
netic waves, including their amplitude, phase, polarization, and
beam direction [1–3]. In recent years, extensive research has
demonstrated various metasurfaces with specific functionalities,
such as metalenses [4–7], beam deflectors [8–11], and polari-
zation converters [12–14]. As digital information technology,
artificial intelligence, and next-generation communication
systems continue to advance, there is an increasing demand
for metasurfaces capable of dynamically manipulating electro-
magnetic waves with high speed and efficiency [15–17].
Consequently, significant efforts have been devoted to integrat-
ing metasurfaces with tunable materials, enabling active
control through electrical, optical, and temperature excitations.
Examples include tunable absorbers [18–20], intelligent

reflective surfaces (IRSs) [21–24], phase modulators
[25–27], amplitude modulators [28–30], tunable lenses
[31–33], and digital metasurfaces [34–37]. However, these ac-
tive metasurfaces primarily rely on the tuning of a single elec-
trical resonance (ER), thereby hindering the reduction of
insertion loss and limiting the realization of superior character-
istics such as high transmittance, reflection suppression, and
complete phase coverage.

Compared with single ER metasurfaces, the Huygens meta-
surface exhibits synchronous electrical magnetic resonance
(EMR), and by adjusting the intensity of the ER-MR coupling,
the insertion loss of the device can be significantly reduced, the
transmission rate can be enhanced, and the electromagnetic
wave can be manipulated more flexibly [38–40]. In the
microwave band, the utilization of a multi-layer dynamic struc-
ture facilitates control over ER and MR, thereby forming
Huygens metasurfaces [41,42]. However, as the operating
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frequency increases, the reduction in wavelength poses chal-
lenges in achieving sub-wavelength scale bilayer dynamic
structures on the substrate. Current active Huygens metasur-
faces employ all-optical tunable all-dielectric strategies, such as
doped silicon and germanium antimony telluride compounds,
within the terahertz (THz) and optical frequency bands
[43–47]. The prevailing optical excitation methods predomi-
nantly rely on pulse modulation techniques; while literature
demonstrates the attainment of picosecond-level or even femto-
second-level response rates [48–54], challenges persist in sus-
taining long-term continuous wave modulation owing to the
persistent thermal residual issues of the dielectric material,
thereby constraining its utility in communication, imaging, and
diverse domains. Urgent innovation is imperative to surmount
the existing impediment of sluggish continuous response rates,
necessitating the development of novel mechanisms for en-
hanced operational efficiency and expanded applicability. The
two-dimensional electron gas (2DEG) based on AlGaN/GaN
heterojunction [55] has high electron mobility and carrier con-
centration, which can provide a faster continuous modulation
response, so combining it with a metal microstructure can
achieve continuous high-speed modulation. However, the cur-
rent metasurfaces based on GaN-HEMT [56–58] are all single-
layer structures, and the operating mode is a single ER state,
which limits the working bandwidth and transmission.

In this paper, we propose a double-layer metasurface struc-
ture combining GaN-2DEG and the Huygens principle, which
can not only reduce insertion loss and enhance the transmission
characteristics of metasurfaces, but also broaden the bandwidth
and improve the modulation speed. As a demonstration, we
present a high-speed dynamic amplitude control device for free
space THz waves, achieving a monophonic 6 GHz modulation
speed, 90%modulation efficiency, and 91% transmission. This

breakthrough not only surpasses the limitations of traditional
multi-layer modulated dynamic Huygens metasurfaces but also
addresses the issue of slow response speeds encountered with
all-dielectric dynamic Huygens metasurfaces. Moreover, our
approach provides a novel avenue for low-loss, high-efficiency,
and high-speed THz dynamic manipulation, opening new pos-
sibilities in this field.

2. RESULTS AND DISCUSSION

A. Principle of the 2DEG Huygens Metasurface
The dynamic Huygens metasurface proposed is a sandwich
structure comprising a double layer artificial microstructure
and a dielectric substrate, as illustrated in Fig. 1. The metasur-
face has a total thickness of approximately 0.11 λ (where λ rep-
resents the operation wavelength in free space). The top
subunit of the metasurface consists of an I-shaped metal struc-
ture (IMS) embedded with a 2DEG provided by AlGaN/GaN
HEMT (for detailed model information, refer to Section 4.A).
Four subunits are connected in series to form a single top unit,
and each row of HEMT is linked by a gate while sharing a
common source and drain, thereby creating a gate-controlled
2DEG transistor array. Additionally, the bottom unit of the
metasurface comprises two split resonant rings (SRRs) posi-
tioned beneath the IMS at both ends of the top unit. The
2DEG, serving as the pivotal structure for dynamically control-
ling the electron distribution of the metasurfaces, enables ad-
justment of the phase difference between the top and bottom
surface currents by regulating its concentration. In its initial
state, the 2DEGs are uniformly distributed, maintaining a high
electron concentration. The THz wave-induced electrons
smoothly traverse the entire top unit, generating long dipole
ER, while the SRRs assume an in-phase ER state. These

Fig. 1. Schematic diagram of the overall effect of Huygens metasurface. All metal layers are 50 nm thick gold, fabricated on both sides of 100 μm
SiC substrates. 2DEG with a thickness of 3 nm is provided by AlGaN/GaN HEMT, which is composed of a GaN layer with a dielectric constant of
8.9 and a thickness of 1.5 μm, and an AlGaN layer of 25 nm. The carrier concentration at room temperature is 1.125 × 1013 cm−2, electron
mobility 2248 cm2∕�V · s�, and square resistance 250.3 Ω∕□. The applied gate voltage controls the carrier concentration of 2DEG and flexibly
handles the current distribution of the top and bottom units on the metasurface.
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two ER modes interact and merge, resulting in a unified pure
ER mode that leads to the reflection of normally incident THz
waves. Upon application of a gate voltage, the free electrons
within the 2DEG are depleted, causing capacitive effects
among the IMSs and leading to a phase delay between the
top and bottom surface currents inducing an equivalent MR
mode. Notably, there is no SRR below the two IMSs in the
middle of the top unit and thus they remain in an ER state.
In this configuration, the metasurface exhibits EMR, enabling
high transmission of THz waves. Building upon this concept,
when modulation signals are applied to the 2DEG transistor
array in a Huygens metasurface, the transmission intensity
of incident THz waves in free space can be modulated with
exceptional speed and efficiency.

B. Operation of Huygens Resonance
Within a metasurface, individual units can be considered as
Huygens sources comprising magnetic and electrical dipoles
supported by both IMSs and SRRs. When a terahertz
(THz) wave impinges upon the Huygens metasurface, it indu-
ces transverse electric and magnetic currents, which can be ef-
fectively described by the average surface impedance. Local
boundary conditions for the incident wave can be defined in
terms of the normalized surface magnetic impedance Z e

ms and
surface electric admittance Y e

es (refer to Section 4.B for a com-
prehensive theoretical derivation), directly related to the com-
plex reflection and transmission coefficients of the metasurface
[59]. By varying the carrier concentration of nanostructured
2DEG, the distribution of magnetic and electric currents on

the Huygens metasurface can be dynamically adjusted, allowing
flexible tuning of the real and imaginary parts of Z e

ms and Y e
es. It

is known from previous theoretical knowledge that perfect
transmission with no reflection occurs when the normalized
surface admittance and impedance are equal and purely imagi-
nary (Y e

es � Z e
ms) [60–62]. Employing the generalized boun-

dary transformation condition, we calculate the real and
imaginary components of Y e

es and Z e
ms for different carrier con-

centrations, resulting in near-perfect transmission at 333 GHz
(refer to Section 4.B for detailed calculation methodology).

To elucidate the dynamic resonance process, CST
Microwave Studio’s frequency domain solver is employed to
simulate and monitor the current and magnetic fields.
Y -polarized THz waves are incident vertically onto the meta-
surface. In order to characterize the electron transport in the
2DEG, a Drude model is established (see Section 4.A for model
details). Figure 2(a) illustrates the distribution of magnetic
fields and current density on the Huygens metasurface with
an initial carrier concentration of 1014 cm−2. The 2DEG
nanostructures are filled with free electrons, facilitating effective
electrical connections between adjacent IMSs on the metasur-
face, inducing long dipole electric resonances. It can be ob-
served that both top and bottom structures exhibit currents
predominantly in the y direction. Furthermore, the surface cur-
rent calculations indicate a phase difference of 20° between the
top and bottom currents, as depicted by the blue solid line in
Fig. 2(e). The opposing currents generate equivalent magnetic
fields that counteract each other within the substrate, resulting
in independent ER. As the carrier concentration decreases, the
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Fig. 2. Electromagnetic properties of the Huygens metasurface. (a)–(c) Magnetic field and surface current distribution at (a) 333 GHz with
1014 cm−2 carrier densities, (b) 333 GHz with 2 × 1010 cm−2 carrier densities, and (c) 425 GHz with 2 × 1010 cm−2 carrier densities.
(d) Transmission spectra at different carrier concentrations. (e) Phase difference of the top and bottom current. (f ) Normalized intensity of electric
and magnetic fields at 333 GHz.
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electron transport channels within the 2DEG nanostructure
become increasingly constrained, leading to a pronounced
capacitive effect between adjacent IMSs. This, in turn, causes
a phase delay in the surface currents of the IMSs. Upon reduc-
ing the carrier concentration to 2 × 1010 cm−2, the electron
channels within the 2DEG nanostructure are fully depleted,
giving rise to multiple independent short dipole electric reso-
nances. In Fig. 2(b), the surface currents of the IMSs and SRRs
at both ends flow in opposite directions along the y direction,
while the phase difference between the currents amounts to
180° [refer to the blue solid line in Fig. 2(e)]. The equivalent
magnetic fields produced by these currents are superimposed
and enhanced within the substrate, resulting in independent
MR. Notably, the two IMSs located in the middle of the
top unit lack counterpart SRRs on the bottom unit, maintain-
ing independent ER consistently. This suggests the existence of
an EMR mode within the Huygens metasurface.

Figure 2(d) presents the transmission spectrum of the
Huygens metasurface, showcasing the resonance mode transi-
tion from EMR to ER as the carrier concentration of the 2DEG
gradually increases. Consequently, the THz propagation trans-
mittance decreases from T EMR � 0.925 to T ER � 0.115. This
resonance transition yields a remarkable 90.3% power modu-
lation efficiency �η � ��T 2

EMR − R2
ER�∕T 2

EMR� × 100%�, and a
half-efficiency frequency coverage spanning 235 to 421 GHz,
with a relative operating bandwidth (ROB) of 56.7%. The
underlying driving force behind the expanded operational
bandwidth originates from a stationary resonance in proximity
to the transition region, as exemplified in Fig. 2(c). At this spe-
cific frequency, THz waves weakly interact with IMSs, resulting
in feeble surface currents. Conversely, these waves interact
strongly with SRRs, inducing robust current and pronounced
electric resonances. The aforementioned resonance synergizes
with the resonance of the top unit featuring a high concentra-
tion of 2DEG, giving rise to a superposition of resonant
frequencies, as visually represented by the yellow dotted line
in Fig. 2(d). This superposition effect engenders an expanded
modulation bandwidth, concomitant with diminished trans-
mission spanning the entire spectral range. Due to the passive
nature of the SRRs involved in this resonance, the phase of the
surface current remains relatively unchanged, irrespective of
variations in the 2DEG concentration within the top unit.
This is evidenced by the consistent phase profile depicted by
the red solid line in Fig. 2(e). To provide further clarity on
the interrelationship between the ER and EMR transition
within the Huygens metasurface, we extract the average electric
field intensity and magnetic field intensity within the unit, each
normalized to its respective maximum value. Figure 2(f ) de-
picts the normalized electric field intensity (red solid line),
the magnetic field intensity (blue solid line), and the ratio
of the two (yellow solid line). With a gradual increase in the
2DEG concentration, the normalized electric field intensity
surpasses the magnetic field intensity. At a 2DEG concentra-
tion of 1014 cm−2, the normalized electric field intensity is 2.7
times higher than the magnetic field intensity, firmly establish-
ing the dominance of the ER mode. This observation under-
scores the ability to flexibly configure the electric and magnetic
field intensities by modulating the 2DEG concentration,

thereby demonstrating excellent control over the manipulation
of the electromagnetic field.

C. Fabrication and Spectral Experiments
The proposed Huygens metasurface was fabricated using a stan-
dard photolithographic process, which involved multilayer
lithography, electron beam lithography, and rapid thermal
annealing procedures (see Section 4.C for detailed process in-
formation). The substrate utilized was a 100 μm thick SiC
material, with the top and bottom units etching with IMS
and SRR metal patterns, respectively. Optical microscopy im-
ages of the fabricated metasurface are provided in Figs. 3(a)
and 3(b). To create nanostructured 2DEG, AlGaN/GaN het-
erostructures were introduced within the gaps of IMS struc-
tures. The heterostructure consisted of a 25 nm Al0.27Ga0.73N
barrier layer and a 1.5 μm GaN layer. The two ends of the
heterostructure were connected to the metal through ohmic
contacts to form the source and drain, while the center formed
a Schottky contact, serving as an electronically controlled valve.
The Huygens metasurface electrodes were attached with exter-
nal PCB, as illustrated in Fig. 3(c). The voltage signal was
loaded onto the gate via an SMA connector, while the sources/
drains remained grounded, enabling electrically controlled ad-
justment of electromagnetic characteristics through carrier dis-
tribution modulation among the 2DEG nanostructures.

To measure the spectral properties of the metasurface, THz
time-domain spectroscopy (THz-TDS) was employed (exper-
imental setup provided in Section 4.D). In this experiment,
broadband THz waves were emitted from a photoconductive
antenna and passed through two lenses to ensure proper beam
focusing on the metasurface after collimation. The electric field
polarization direction was set parallel to the y-axis. During the
measurement process, a gate voltage ranging from 0 to −7 V
was applied to the metasurface through a DC source connected
to the SMA interface on the PCB. The frequency-dependent
transmission intensity spectrum was obtained by performing a
fast Fourier transform of the time-domain wave detected.
Figure 3(d) illustrates the transmission spectrum obtained for
different gate voltages, with the bare SiC substrate serving as
a reference. As the gate voltage varied from 0 to −7 V, the carrier
concentration in the 2DEG within the HEMT channel experi-
enced depletion from the saturation state. As the experimental
results, the THz transmission at 321 GHz increased from 0.273
to 0.911, demonstrating a modulation efficiency of up to
90.9%. Under actual measurement conditions, the modulation
efficiency exceeded 50% from 225 to 398 GHz, with a band-
width of 173 GHz and an ROB of 56.7%, as illustrated in
Fig. 3(e). The experimental results closely matched the simula-
tion outcomes in terms ofmodulator transmission. Additionally,
the experimental results revealed that the composite Huygens
metasurface not only induced mode transition of Huygens res-
onance and elevated transmission but also significantly broad-
ened the modulation bandwidth.

D. Modulation Speed Measurement
To ascertain the real-time modulation speed of the Huygens
metasurface, we undertook a dynamic experiment employing
a sinusoidal voltage to modulate the THz carrier wave.
Within our experimental paradigm for modulated velocity
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analysis, we integrate three pivotal components: a terahertz
wave transmitter, a terahertz wave receiver, and a modulation
signal generator. The transmitter emits terahertz waves verti-
cally irradiated onto the metasurface, enhancing the efficacy
of interaction with the metasurface. Concurrently, the modu-
lation signal generator delivers swift gate voltage to the meta-
surface, expediting the regulation of 2DEG depletion and
saturation essential for terahertz wave propagation and trun-
cation. This modulation technique achieves on–off keying
(OOK) modulation of the terahertz wave. The OOK-
modulated signal, experiencing post-normal metasurface oper-
ation, is captured by the terahertz wave receiver, culminating in
a signal modulation process with efficacy (see Section 4.D for
details of the measurement system). Figures 4(a) and 4(b) de-
pict the dynamic measurement results for modulation frequen-
cies ranging from 300 MHz to 6 GHz. All demodulated signals
exhibited sinusoidal waveforms, indicating favorable modula-
tion characteristics. The maximum continuous modulation
speed corresponds to a time scale of 167 ps. Notably, as the
modulated signal frequency increased gradually, the intensity
of the demodulated signal diminished. This observation can
be attributed to inconsistency variations in the concentration
of 2DEG carriers within each HEMT present in the Huygens
metasurface. These variations result in impedance mismatch
between the internal and external circuits and the lossy feed-
ing of high-frequency modulation signals into individual
gates, consequently reducing the modulation efficiency and
decreasing the amplitude of the demodulated signals. Despite
the aforementioned challenge, our metasurface still achieves
extremely high continuous modulation speed. A complete
sinusoidal waveform was detected within the measured band
range.

Additionally, to evaluate the carrier operating bandwidth of
the metasurface, we keep the modulation frequency fixed at
1 GHz and vary the carrier frequency from 327 to 348 GHz.
Figure 4(c) presents the amplitude variation of the demodu-
lated signal at different carrier frequencies with a modulation
rate of 1 GHz. The maximum demodulation intensity is ob-
tained at a carrier frequency of 338 GHz, with a gradual decay
in demodulation amplitude observed on both sides of the car-
rier frequency. This phenomenon can be attributed to the out-
put bandwidth limitation of our experimental system multiplier
link. Figure 4(d) shows the maximum output power of our ex-
perimental system multiplier link at 338 GHz, with the output
power gradually decreasing for both end frequencies, resulting
in convexity in the intensity of the received modulated signal
across the carrier spectrum. This issue can be addressed by
replacing the current source with a broadband THz source.
Nevertheless, the Huygens metasurface has been experimen-
tally verified to exhibit excellent modulation performance and
high-speed modulation effects across a wide spectral range.

3. CONCLUSION

We have presented a novel approach for achieving ultrafast and
highly efficient modulation of terahertz waves using a 2EDG
Huygens metasurface. By combining an active 2DEG metasur-
face with a passive metasurface, we have successfully achieved
dynamic conversion between ER and EMR modes through the
manipulation of the carrier concentration in the 2DEG layer
controlling the current phase of both layers. To demonstrate
the feasibility of our proposed metasurface, we conducted com-
prehensive experimental measurement. Nanofabrication tech-
niques were employed to fabricate the metasurface, and its

(a) (b) (c)

(d) (e)

Top unit Bottom unit

PCB

SMA
connector

Huygens
metasurface

200 250 300 350 400 450
0.0

0.2

0.4

0.6

0.8

1.0

0V

-1V

-2V

-3V

-4V

-5V

-6V

-7V

Tr
an

sm
is

si
on

Frequency(GHz)

90%

200 250 300 350 400 450
0.0

0.2

0.4

0.6

0.8

1.0

M
od

ul
at

io
n

ef
fic

ie
nc

y

Frequency(GHz)

Experiment

Simulation

Experiment

Simum lation

ROB = 55.5%

225GHz 398GHz

173GHz

Fig. 3. Fabricated Huygens metasurface and its experimental results of spectrum characteristics. (a) Photograph of the top and bottom units.
(b) Photograph of a portion of the fabricated Huygens metasurface. (c) Image of the assembled Huygens metasurface. (d) Frequency-dependent
transmission curves at different gate voltages. (e) Modulation efficiency of Huygens metasurface.
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spectral performance was characterized using time-domain
spectroscopy measurements. The dynamic modulation perfor-
mance was assessed through terahertz solid-state electron
system measurements. Remarkably, experimental results exhib-
ited agreement with the numerical simulations. Our metasur-
face reveals remarkable achievements in modulation efficiency,
with a measured efficiency of 90.9%. Furthermore, the effec-
tive bandwidth, defined as the range where the modulation ef-
ficiency remains above 50%, reaches an impressive 176 GHz.
Moreover, we have demonstrated a continuous modulation
speed of up to 6 GHz, surpassing the limitations of conven-
tional microwave and optical methods in terahertz metasurface.
The proposed method not only addresses the challenges
of low modulation efficiency, slow modulation rates, and nar-
row bandwidth but also offers a platform for integrating con-
cepts such as information coding and Snell’s theorem. This
integration holds the potential to unlock broad and efficient
electromagnetic multifunctional manipulation capabilities.
Consequently, our approach holds promising applications in
high-speed wireless communication, super-resolution imaging,
and efficient high-speed beam manipulation.

4. MATERIALS AND METHODS

A. Device Modeling
The metasurface was subjected to a comprehensive full-wave
electromagnetic simulation using the industry-standard soft-
ware CST Microwave Studio. To accurately capture the

behavior of the metasurface, unit cell boundary conditions were
applied to the x-axis and y-axis of the unit structure, effectively
simulating the entire metasurface. Meanwhile, an open boun-
dary was set along the z-axis to ensure accurate representa-
tion of the metasurface’s response to electromagnetic waves.
The polarization of the electric field was aligned along the
y-direction, while the incident electromagnetic wave propagated
perpendicularly to the metasurface along the z-direction. The
simulation was conducted using the frequency domain solver,
enabling thorough analysis of the metasurface’s performance.

The intricate components comprising our metasurface are
depicted in Fig. 5. This well-conceived design takes advantage
of the inherent characteristics of GaN, specifically its sponta-
neous polarization, as well as the piezoelectric polarization
within the AlGaN/GaN heterostructure. As a result, a 2DEG
with an exceptionally high surface density is formed. Notably,
our metasurface features an ohmic contact between the metal
plate and AlGaN, while an elongated metal gate wire, posi-
tioned at the center, establishes a Schottky contact with AlGaN
within the IMS gap. By precisely controlling the applied volt-
age, we are able to manipulate the concentration of the 2DEG,
thereby adjusting both the thickness of the depletion layer be-
neath the Schottky contact and the height of the Schottky
barrier to suit our specific requirements.

During the simulation process, the 2DEG within the meta-
surface is partitioned into two distinct regions, as depicted in
Fig. 5(d). The first region corresponds to the 2DEG gated
active area, which interfaces with the gate line. It exhibits a
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varying electron concentration in response to changes in the
gate voltage and spans a width 0.3 μm wider than the gate line
itself [57]. The second region refers to the 2DEG ungated
active region, which forms an ohmic contact with the source
and drain electrodes. In this region, the electron concentration
remains constant relative to the gate voltage.

An AlGaN layer with a dielectric constant of 10 is estab-
lished between the gate and the 2DEG gated region to simulate
the Schottky contact of the gate. A conductive layer with a con-
ductivity of 2427 S/m is established between the source, drain,
and 2DEG ungated to simulate and characterize the ohmic
contact [57]. Following the 2DEG thin layer is a GaN layer
with a dielectric constant of 9.8 and a thickness of about
1.5 μm. The overall structural system of AlGaN/GaN high-
electron-mobility transistor (HEMT) is placed on a 100 μm
SiC substrate.

During room temperature operation, the carrier concentration
of the 2DEG is measured at approximately 1:125 × 1011 cm−2,
while the electron mobility reaches up to 2248 cm2∕�V · s�.
The square resistance of the device amounts to 250 Ω. These
parameters collectively contribute to the excellent performance
demonstrated in our experimental results.

In this study, the Drude model [56,63] implemented within
CSTMicrowave Studio is utilized to analyze the transport char-
acteristics of the 2DEG in GaNHEMTs. The change in carrier
concentration is simulated by altering the plasma frequency in
the model. To simulate the varying physical characteristics
of the 2DEG under different voltages, its equivalent complex
dielectric constant is expressed as follows:

ε�ω� � ε∞ � jω2
p

γω−1

ω2 � γ2
: (1)

Here, ε∞ represents the real part of the complex permittiv-
ity, with a magnitude of 9.8ε0, which is equivalent to the per-
mittivity of GaN. The imaginary part of the complex dielectric

constant is described by the Drude model, where ωp denotes
the plasma frequency and γ represents the electron collision
frequency.

The plasma frequency is specifically expressed as

ω2
p �

e2N s

ε0m�d
: (2)

The electron collision frequency is specifically expressed as

γ � e
m�μ

: (3)

In these equations, m� represents the effective mass of elec-
trons in the 2DEG, d denotes the thickness of the 2DEG chan-
nel, N s corresponds to the carrier surface density of the 2DEG,
e represents the charge of an electron, and μ represents the elec-
tron mobility of the 2DEG. During simulation, manipulating
the plasma frequency within the Drude model enables the sim-
ulation of equivalent carrier density changes.

B. Average Surface Impedance of Huygens
Metasurface
Huygens metasurfaces are characterized by the surface electric
admittance and surface magneto-impedance, which can be ma-
nipulated to generate arbitrary electromagnetic fields in specific
regions. This capability allows for the independent specification
of field distributions in space. The surface current density ~Js
and magnetic current density ~Ms are the corresponding quan-
tities associated with these fields, as given by Eqs. (4) and (5),
respectively:

~Js � n̂ × � ~H 2 − ~H 1�, (4)

~Ms � −n̂ × �~E2 − ~E1�: (5)

To describe the electromagnetic properties of the metasur-
face, we establish a relationship between the average tangential
electric field ~Et,avg and magnetic field ~Ht ,avg at the desired
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boundary and the desired current density, expressed by Eqs. (6)
and (7), respectively:

~Et ,avg � ZMS · ~Js, (6)

~Ht ,avg � Y ES · ~Ms: (7)

In this particular design, the incident wave field is a linearly
polarized wave that propagates without polarization conver-
sion. As a consequence, the spatially varying surface conduct-
ance Y ES and magnetic impedance ZMS can be simplified as
scalars. By combining the aforementioned equations, the field
at the discontinuous section with the electrical admittance and
magneto-impedance of the metasurface can be obtained, as de-
scribed by Eqs. (8) and (9), respectively:

~Et ,avg � ZMS · �n̂ × � ~H 2 − ~H 1��, (8)

~Ht ,avg � Y ES · �−n̂ × �~E2 − ~E1��: (9)

The normalized surface electric admittance Y ES · η and sur-
face magneto-impedance ZMS∕η can be obtained from the
transmission coefficient t and the reflection coefficient r:

Z e
MS �

ZMS

η
� 2�1 − t � r�

1� t − r
, (10)

Y e
ES � Y ES · η �

2�1 − t − r�
1� t � r

, (11)

where η �
ffiffiffiffiffiffiffiffi
μ∕ε

p
is the wave impedance of free space.

According to Huygens’ principle, when the surface conduc-
tivity and magnetic impedance of a metasurface are purely
imaginary and equal, the effect of perfect transmission is pro-
duced and lossless properties are exhibited.

Based on our calculations and analysis conducted in accor-
dance with the Huygens principle, we have generated plots de-
picting the surface electric admittance and surface magneto-
impedance characteristics. The results, presented in Fig. 6,
reveal intriguing behaviors of the Huygens metasurface
under varying conditions. For low concentrations of the two-
dimensional electron gas (2DEG), both the real parts of the
surface magneto-impedance and surface electrical admittance
are observed to be zero. Furthermore, their imaginary parts
converge at 333 GHz. At this specific point, the Huygens meta-
surface exhibits a state of low loss, which is of great significance.
As we increase the concentration of the 2DEG within the op-
erating frequency range, notable changes in the metasurface
behavior are observed. Specifically, the real part of the surface
magneto-impedance continues to rise, leading to a reduction in
the intensity of the magnetic field. Conversely, the real part of
the surface electrical admittance remains nearly constant, hov-
ering around zero, showcasing typical electrical resonance char-
acteristics. Consequently, the Huygens metasurface undergoes a
transition from Huygens resonance to a single electrical reso-
nance mode. These findings shed light on the dynamic nature
of the Huygens metasurface, highlighting the influence of the
2DEG concentration on its resonance properties. Such insights
contribute to our understanding of the underlying mechanisms

(a) (b)

(c) (d)

200 250 300 350 400 450
-4

-3

-2

-1

0

1

2

3

4

Im
(Y

ES
)·

η

Frequency(GHz)

Ns=[×1011cm-2]

 1000     300      8.3     2.37

 500      112.5    3.7     0.2

200 250 300 350 400 450
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Re
(Y

ES
)·

η

Frequency(GHz)

Ns=[×1011cm-2]

 1000     300      8.3     2.37

 500      112.5    3.7     0.2

200 250 300 350 400 450

0

20

40

60

80

100

Re
(Z

M
S)

/η

Frequency(GHz)

Ns=[×1011cm-2]

 1000     300      8.3     2.37

 500      112.5    3.7     0.2

200 250 300 350 400 450
-60

-40

-20

0

20

40

60

Im
(Z

M
S)

/η

Frequency(GHz)

Ns=[×1011cm-2]

 1000     300      8.3     2.37

 500      112.5    3.7     0.2

Fig. 6. ZMS and Y ES of the THz modulator vary with incident wave frequency at different carrier concentrations. (a) Calculation results of the
real part of ZMS. (b) Calculation results of the imaginary part of ZMS. (c) Calculation results of the real part of Y ES. (d) Calculation results of
the imaginary part of Y ES.

Research Article Vol. 12, No. 5 / May 2024 / Photonics Research 1011



governing the performance of these metasurfaces and open
avenues for further exploration and optimization in future
applications.

C. Device Processing and Assembly
The fabrication process of the Huygens metasurface chip in-
volves a meticulously orchestrated sequence of six key steps.
Initially, an AlGaN heterostructure thin film is deposited onto
a SiC substrate employing a chemical deposition method. The
active area of the high-electron-mobility transistor (HEMT) is
then defined by photolithography with the aid of a mask.
Subsequently, the AlGaN thin film undergoes a plasma
treatment using a Cl2–BCl3 mixture, followed by an etching
process that shapes the HEMT’s active meta structure. A
composite metal layer comprising titanium, aluminum, nickel,
and gold is then precisely deposited onto the active mesa,
serving as the source and drain electrodes of the HEMT.
This intricate metal deposition is achieved through photoli-
thography, electron beam evaporation, and lift-off processes.
To form ohmic contacts, the source-drain electrodes
undergo rapid thermal annealing in a helium environment.
Furthermore, a metal structure is deposited onto the GaN thin
film using the same series of photolithography, electron beam
evaporation, and lift-off processes. Following this, the IMS pat-
tern structure is fabricated on the top side, while the SRR pat-
tern is fabricated on the back side using identical methods. To
safeguard the integrity of the processed chip and prevent oxi-
dation of the metal structure, a SiN passivation film is meticu-
lously applied to its surface, ensuring the protection of the
Huygens metasurface.

For convenient power feeding and testing, the processed
Huygens metasurface is assembled onto a PCB featuring a cen-
tral hollow. Conductive adhesive is employed to secure the
metasurface onto the board, enabling reliable electrical connec-
tions. The PCB incorporates a dedicated circuit that is electri-
cally linked to the electrodes on the chip using delicate bonding
wires. To facilitate signal input into the HEMT array within
the chip, an SMA connector is connected to the circuit on the
PCB. Through this well-constructed setup, the modulated

signal can be efficiently channeled into the HEMT array,
unleashing the potential of the Huygens metasurface.

D. Experimental System
As illustrated in Fig. 7, our spectrum characteristics experimen-
tal setup involves the implementation of a femtosecond laser
pulse, which is divided into two beams using a fiber splitter.
One beam acts as the transmitter, responsible for exciting
the pulse, while the other beam serves as the probe pulse. The
probe pulse traverses a time delay line before reaching the pho-
toconductive antenna (PCA), where it serves as the receiver.
The transmitter beam, emitting a spherical wave in the
y-polarization direction, passes through the PCA and undergoes
collimation into a plane wave using lens 1. This plane wave is
subsequently focused onto the test array with the aid of lens 2.
Upon passing through the array, the THz waves are converted
back into plane waves using lens 3. Finally, lens 4 refocuses
these plane waves onto the receiver’s PCA. To ensure precise
control over the metasurface in our test system, a DC source
is employed for feeding purposes. The feeding voltage can be
adjusted within the range of 0 to −7 V, allowing for exploration
of the spectrum characteristics.

In our modulation speed experimental setup, as illustrated
in Fig. 8, we have designed a dynamic system comprising three
essential components: a terahertz wave transmitter, a terahertz
wave receiver, and a modulated signal generator. The terahertz
wave transmitter involves a precise oscillator module, a tera-
hertz frequency multiplier link, and a horn antenna. By feeding
a local oscillator signal ranging from 13.5 to 14.75 GHz from
the RF signal source (Agilent E8257D) into the 24-frequency
link, we generate terahertz waves spanning from 324 to
354 GHz, with a maximum output power of 20 mW at
338 GHz. These terahertz waves are then emitted into free
space in a direction through a 25 dB terahertz standard horn
antenna, precisely targeted at the Huygens metasurface. To
drive the modulation function on the terahertz waves, we em-
ploy a modulated signal generator. This generator comprises a
continuous sinusoidal signal transmitter (Ceyear 1465L), a bias
junction, and a DC circuit. The bias junction and DC circuit
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Fig. 7. THz-TDS experimental system. (a) Schematic and (b) photo of the test system.
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are incorporated to optimize the operation of the HEMT, en-
suring that the high and low levels of the continuous sinusoidal
signal effectively control the depletion and saturation of
the 2DEG. The modulated signal obtained after the proper
operation of the metasurface, driven by the modulated signal
generator, is captured by a 25 dB terahertz standard horn
antenna positioned on the terahertz wave receiver. To analyze
the captured signal, we utilize a terahertz detector (VDI
WR2.8ZBD) positioned behind the antenna. This detector al-
lows us to accurately measure the envelope of the modulated
terahertz signal. The demodulated waveform is further ob-
served and analyzed using an oscilloscope (Tektronix
TDS6604B).
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