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Abstract: Terahertz (THz) science and technology prom-
ise unique applications in high-speed communications, 
high-accuracy imaging, and so on. To keep up with the 
demand for THz systems, THz dynamic devices should 
feature large phase shift modulation and high speed. 
To date, however, only a few devices can efficiently 
manipulate the phase of THz waves. In this paper, we 
demonstrate that efficient phase modulation of THz 
waves can be addressed by an active and enhanced 

resonant metamaterial embedded with a nanostructured 
2D electron gas (2DEG) layer of a GaN high electron mobil-
ity transistor (HEMT). The enhanced resonant metaunit 
couples the traditional dipolar and inductance-capaci-
tance resonances together to realize a coupling mode with 
enhanced resonance. Embedded with the nanostructured 
2DEG layer of GaN HEMT, the resonance intensity and 
surface current circuit of the enhanced resonant mode 
in the metamaterial unit can be dynamically manipu-
lated by the electrical control of the carrier distribution 
and depletion of the 3 nm 2DEG, leading to a phase shift 
greater than 150° in simulation. In the dynamic experi-
ments, a 137° phase shift was achieved with an external 
controlling voltage of only several volts in the THz trans-
mission mode. This work represents the first realization 
of a phase shift greater than 100° in a dynamic experi-
ment in transmission mode using an active metamaterial 
structure with only a single layer. In addition, given the 
high-speed modulation ability of the HEMT, this concept 
provides a promising approach for the development of 
a fast and effective phase modulator in THz application 
systems.

Keywords: coupling mode; 2-DEG; meta-surface; phase 
shift; terahertz; GaN HEMT.

1   Introduction
As a notable and attractive area of scientific research, 
the field of terahertz (THz) science and technology has 
developed rapidly in the past decades. Because of their 
potential applications in security checking, wireless com-
munications, and imaging, THz application systems have 
attracted much interest [1–11]. To use THz waves for data 
transmission in communication and imaging, the effective 
manipulation of the amplitude and phase of THz waves 
has been highly demanded and has become a subject of 
intense research. Starting with the earliest work in 2006 
on combining metamaterials and doped semiconductors 
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to realize amplitude modulation of THz waves [12], intense 
effort has been devoted in the area of active THz metamate-
rials to develop ultrafast THz dynamic devices [13–29]. The 
integration of doped silicon [13–15], GaAs semiconductor 
material [16], high electron mobility transistors (HEMTs) 
[17], VO2 phase transition material [18–21], and graphene 
with metamaterials [22–33] has been applied to enable 
the optical and electrical control of THz wave transmis-
sion. However, most of these previous works focused on 
the amplitude modulation of THz waves to develop THz 
switches, THz modulators for on-off keying communica-
tion, and wavefront-coding imaging devices, whereas 
relatively few researchers have attempted to achieve THz 
phase modulation using semiconductor-metamaterial 
structures [16, 34–37].

The phase control of THz waves, particularly in the 
transmission state, is well known to be important for THz 
wireless communication with phase shift keying modula-
tion and for THz imaging systems; therefore, the develop-
ment of a phase modulator with a 360° phase shift is both 
important and urgent. A phase-control THz metamaterial 
based on an n-doped GaAs layer was recently reported 
[16]. This device realized 0.56 rad phase modulation by 
transmission mode. Following this work, several authors 
reported related experimental work on THz phase modu-
lators. The epitaxial stacking of multiple phase modula-
tion layers may provide an approach for achieving a 360° 
shift; however, the loss rises dramatically with an increas-
ing number of layers. Thus, a single-layer structure that 
can realize a phase shift larger than 120° is critical for the 
development of a 360° THz phase modulator.

The recent rapid development of 2D electron gas 
(2DEG) devices provides a promising approach for the 
development of dynamic THz devices [37–40]. In the 
AlGaN/GaN heterostructure interface, the formation of a 
nanoscale 2DEG layer with a high concentration and a high 

mobility can be induced by the spontaneous polarization 
effect and the piezoelectric polarization effect. Therefore, 
in the present work, an enhanced resonant metamate-
rial embedded with a nanostructured 2DEG layer of GaN 
HEMT is proposed to address the efficient phase modula-
tion of THz waves.

2   Device design and fabrication
The unit cell of the active metasurface, as depicted in 
Figure 1, comprises three layers: (i) SiC substrates, (ii) 
an AlGaN/GaN heterostructure, and (iii) an enhanced 
resonant metamaterial embedded with a nanostructured 
2DEG layer.

In this structural system, the heterostructure of GaN 
HEMT consists of a 25-nm-thick Al0.27Ga0.73N barrier layer, 
a 1 μm undoped GaN layer, and a 1.5 μm GaN buffer layer. 
In this AlGaN/GaN heterostructure, a channel between the 
AlGaN and GaN layers provides approximately 3-nm-thick 
2DEG layers with a sheet carrier concentration of 9.2 × 1012 
cm−2 and an electron mobility of 2170 cm/(V s) at room tem-
perature, corresponding to a sheet resistance of 280 Ω/□. 
The 2DEG nanostructures, which can be placed in some 
strategic regions of the metamaterial unit, as shown in 
the red region in Figure 1A, are considered the key tunable 
element for the modulation of the THz transmission prop-
erties of the composite metamaterial structure. For the 
metamaterial layer, one unit cell consists mainly of a circu-
lar split-ring resonator (CSRR), a perpendicular long wire 
dipolar resonator, and a long parallel grid wire. The nano-
structured 2DEG is embedded in the geometric center of 
the gap of the CSRR connecting the two plates of the unit. 
Each plate integrated with 2DEG by ohmic contact con-
stitutes the source and drain electrodes. The center long 

Figure 1: Structures of the enhanced resonant metamaterial embedded with nanostructured 2DEG layer: (A) 3D structure of a unit cell and 
(B) schematic of the phase modulator.
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wire connected to 2DEG by a Schottky contact with a gate 
length of 1 μm acts as the electrical control grid. Therefore, 
the plates of the metamaterial, together with the Schottky 
gate and the 2DEG of the GaN heterostructure, constitute a 
grid-control active metamaterial unit. The electromagnetic 
properties, and therefore the effective resonant character-
istics of the metamaterial unit, can be adjusted via electri-
cally controlling the distribution of the carriers of the 2DEG 
nanostructure to modulate the phase of the perpendicular 
incident THz waves (Figure 1B).

As shown in Figure 2, a series of chemical and physi-
cal methods, mainly containing six steps, were used to 
fabricate the device.

First, the AlGaN(25  nm)/GaN(1.5 μm) heterostruc-
ture film was grown on a 160 μm SiC substrate by metal-
organic chemical vapor deposition. Next, a 1.5-μm-thick 
positive photoresist layer was spin coated on top of the 
AlGaN film. After the standard photolithography process, 
the photoresist layer functioned as a mask to define the 
active region of 2DEG and the AlGaN film outside the 
active region was overetched by inductively coupled 
plasma of hybrid Cl2-BCl3. Through the above excessive 

etching process, hathpace-like active regions (35-nm-
thick 2DEG nanostructure) can be obtained. The AlGaN 
layer in other area (except active regions) is disappeared. 
Through photoetching, electron-beam evaporation, and 
lift-off processes, a complex metal layer of Ti/Al/Ni/Au 
(20/120/70/100 nm) was orderly deposited onto both ends 
of the active regions as source and drain electrodes. After 
a rapid annealing process at 900°C under an N2 environ-
ment, just as the temperature drops rapidly from 900°C to 
25°C in 140 s, the source and drain electrodes form ohmic 
contact with the 2DEG. Following similar photoetching, 
electron-beam evaporation and lift-off processes, the 
metamaterial structure, a 200 nm gold layer with a 50 nm 
nickel adhesion layer was deposited onto the GaN layer. 
Specially, the branches of the ring-shaped metamaterial 
structure cover the source and drain electrodes. Thus, the 
metamaterial structure and the 2DEG nanostructure form 
ohm contact through the source and drain electrodes. At 
last, the gate Au/Ni (150/50 nm) was fabricated by accu-
rate electron-beam lithography.

The fabricated structure and packaged devices are 
shown in Figure 3. The coplanar waveguide (CPW) has been 

Figure 2: Process flow for the fabrication of enhanced resonant metamaterial embedded with the nanostructured 2DEG layer.
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applied to input the voltage signal as shown in Figure 3A. 
The CPW (Figure 3D) in the chip is matched to the CPW in 
the printed circuit board (PCB). Gold wire has been used 
to bond the CPWs in PCB and chip as shown in Figure 3B 
and C. The amplified array is depicted in Figure 3E.

3  Results and discussion

3.1   Analysis of the relation between phase 
jump change and resonance

First, the large phase modulation mechanism was inves-
tigated. From a previous work, we know that, according 
to the Kramers-Kronig (KK) relation, the transmission 
amplitude and phase through a structured surface are 
not independent of each other [41]. The KK relation shows 
that no phase modulation occurs near the frequency 
where the maximum amplitude modulation is obtained. 
In contrast, the maximum phase shift corresponds to the 

minimum amplitude change. Moreover, according to the 
KK relation, a phase jump change always occurs around a 
transmission resonant peak as demonstrated in the liter-
ature [16, 42]. Therefore, to achieve a large phase shift, a 
large phase jump change should first be induced in a met-
amaterial unit cell. By deducing the KK relation (detailed 
derivation shown in Appendix F), it demonstrates that 
the phase is directly related to dln | G | /dln | ω |  (|G |  is 
the amplitude of the electromagnetic wave). Therefore, to 
get the large phase jump by the induced resonant mode 
of the metaunit, first, we have to achieve the large value 
of dln | G | /dln | ω |. Therefore, the relation between the 
resonance intensity and the phase jump change was 
investigated.

Various resonant modes with different resonance 
intensities, such as inductance-capacitance (LC) reso-
nance [12–17], dipole resonance (DR) [37], and Fano res-
onance (FR) [43–46], among others [47–56], have been 
realized through the careful design of the electromagnetic 
structures of metamaterials. Therefore, to extract persua-
sive information regarding the characteristics of different 

Figure 3: Manufactured sample: (A) image of a packaged phase modulator, (B and C) gold bonding wires connecting the CPWs (PCB and 
chip), (D) image of the chip, and (E) photomicrograph of a portion of the fabricated structure.
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resonances, we compared three representative resonance 
structures: LC, dipole, and Fano metamaterials. Next, the 
transmission and phase jump change as functions of the 
frequency of these representative metamaterials were 
numerically studied using the commercial 3D fully elec-
tromagnetic simulation software CST Microwave Studio; 
the results are shown in Figure 4 (details of the sizes of 
the structures shown in Appendix A). The simulation 
results for the transmission rate and phase were directly 
obtained from the CST software. The transmission was 
defined as 20log10(EoutEin), where Ein is the electric inten-
sity of the incident THz wave and Eout is the transmitted 
electric intensity. In the phase calculation, the phase of 
the substrate was used as the reference.

In Figure 4, several structures corresponding to dif-
ferent resonances are depicted. The first one is the FR of 
an asymmetrical structure (Figure 4A). The second is the 
LC resonance of a split-ring resonator (SRR; Figure 4B). 
The third one is the DR of a circular ring (Figure 4C). The 
coupled metamaterial unit cell that combines an LC reso-
nance structure and a DR structure, as shown in the last 
structure (LCDR) depicted in Figure 4D, is proposed. The 
transmission rates and phase shift of these resonances are 
shown in Figure 4E.

The current distribution of the induced LC resonance 
clearly shows that the current flows as a circuit loop in 
the unit (Figure 4B). The surface current of the DR flows 
along a direction in the metal wires (Figure 4C). In this 

Figure 4: Simulation results of different resonance structures: (A) FR structure with current distribution, (B) LC resonance structure 
with current distribution, (C) DR structure with current distribution, (D) coupled resonance structure with current distribution, and (E) 
transmission and phase spectra for different structures.
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LCDR resonance structure, the LC resonance couples with 
the DR so that the electromagnetic characteristics of LCDR 
integrate those of both LC and DR. Therefore, the surface 
current flows in two paths. The first path is shown by the 
blue arrow that depicts the current flowing from the upper 
metal wire to the lower wire across the outer edge of the 
center circular split ring, which is similar to the distribu-
tion of the DR. The second path is shown by the purple 
arrow, which shows the current flowing in a loop along 
the inner edge of the center circular split ring. This distri-
bution is the same as that of the LC resonance. Therefore, 
we refer to this mode as the LCDR mode.

Moreover, for the DR, the field intensity is concen-
trated on both sides of the metal wire of the unit. In the 
LC resonance, the field intensity is focused in the center 
split gap of the unit. In the present LCDR resonance, we 
find that the field oscillates not only along the long wires 
but also in the center circular split ring such that the field 
intensity is concentrated in both sides and in the center 
of the unit (Figure 5A). Therefore, around the resonant 
frequency peak, more energy from the incident wave is 
trapped and is resonant in the unit. The absorptive reso-
nant intensity is larger as shown in Figure 4E by the green 
solid line corresponding to this mode.

More importantly, the phase-frequency curve as 
shown in Figure 4E illustrates that, around the frequency 

peak, there is a sudden phase jump that could be explained 
by the KK relation as mentioned above. By comparing 
the two graphs of Figure 4E, the value of the phase jump 
change was found to be closely related to the resonant 
intensity. A comparison of the results reveals an important 
relation: the stronger resonant intensity corresponds to a 
larger phase jump change around the resonant frequency. 
This conclusion is also according with the KK relation der-
ivation that the strong resonant intensity leads to a large 
value of dln | G | /dln | ω |, which is directly related to the 
value of the phase (detailed derivation shown in Appen-
dix F). Therefore, because of the enhanced resonant inten-
sity, the phase jump change of the LCDR can reach 178°, 
which is much larger than those for the other, traditional 
resonances. Therefore, this structure is an ideal metaunit 
that could lead to a large phase modulation of THz waves.

3.2   Analysis of dynamic mode conversion 
controlled by the 2DEG nanostructure

Based on the study of the relation between the resonant 
intensity and phase jump, considering the role of 2DEG of 
GaN HEMT, the dynamic physical process of phase modu-
lation of THz waves has been studied. In the analysis, we 
applied the Drude model (details shown in Appendix D) 

Figure 5: Simulation results of the electric field distribution and current density with different carrier density: (A) carrier density = 2 × 1012 
cm−2, (B) current density = 2 × 1010 cm−2, and (C) carrier density = 2 × 105 cm−2.



Y. Zhang et al.: Large phase modulation of THz wave via an enhanced resonant active HEMT metasurface      159

equivalent to the characteristics of a 2DEG. Given that the 
2DEG nanostructure with 3  nm depth is embedded with 
such an enhanced resonant metamaterial, the change of 
carrier distribution and the depletion of 2DEG could lead 
to resonant mode conversion of the metaunit as shown in 
Figure 5.

Further analyses of the surface current distribution 
and the electrical field contour map of the coupling mode 
in the unit cell were carried out with different carrier den-
sities of the 2DEG nanostructure. In the original state, 
no external voltage is loaded on the grid in the center. 
Because of the high carrier density of the 2DEG nano-
structure, the plates of the center gap of the unit cell are 
connected to each other by such a 2DEG. As depicted in 
Figure 5A, the incident THz wave induced a coupling mode 
for which the inner circuit is just a typical LC loop and the 
outer circuit is the dipolar loop as mentioned above in the 
LCDR structure. Furthermore, when the external voltage 
was loaded on the grid of the unit, the carrier in the 
2DEG nanostructure was rearranged and depleted gradu-
ally while the source and drain plates were separated to 
reconfigure the unit cell structure. As shown in Figure 5B, 
with the depletion, the mode was gradually converted. In 
the case of a very low carrier density, the induced reso-
nant mode of the metaunit differed substantially from 
that in the original state. An examination of Figure 5C 
shows that, when the carrier density is only 2 × 105 cm−2, 
the surface current flows through the long wire and splits 
by two quarters of a circle, which is another coupling 

mode between the DR in the CSRR and the long wire. As a 
result, such mode conversion leads to a large phase shift. 
This process can also be observed in the transmission 
diagram shown in Figure 6. The simulations are respec-
tively performed by CST Microwave Studio with transient 
solver and frequency-domain solver. For the single unit 
(simulated by transient solver with standard electromag-
netic boundary), in the original state, the resonant fre-
quency is approximately 0.3 THz with −61 dB resonance; 
as 2DEG is depleted, the resonance intensity decreases 
and the phase shift jump change becomes smaller. When 
the carrier density separating the drain and source 
plates is sufficiently small, the resonant mode gradually 
changes and the resonance frequency blueshifts to 0.42 
THz step by step as shown in Figure 6. Finally, when the 
carrier density is less than 10−8 cm−2, the enhanced reso-
nant mode with −68 dB resonance intensity is achieved. 
Therefore, because of the mode conversion, enhanced 
resonance blueshift leads to a greater than 150° phase 
shift in the simulation from 0.33 to 0.39 THz as shown 
in the red area in Figure 6; to the best of our knowledge, 
a phase shift of this magnitude has never been reported 
even in simulations of a one-layer metamaterial structure. 
Moreover, to be more realistic, a frequency-domain solver 
using periodic boundary condition (array) is carried out 
to study the collective effect among the units. It shows 
that, considering the mutual influence of each unit, the 
frequency peak shifts slightly and the resonant intensity 
decreases a bit.

Figure 6: Simulation results of the transmission and phase spectra with different carrier densities for single unit and an array.
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Constructing an equivalent circuit model contrib-
utes to analyze and verify the above-mentioned conver-
sion between different surface current distributions [57]. 
The equivalent circuit model for the LCDR structure is 
shown in Figure 7A. First of all, the LCDR structure can 
be divided into three kinds of parallel circuits. Each 
circuit corresponds to different RLC parameters. As this 
structure is bilateral symmetry, we only analyze half of 
this unit. The first circuit is shown as the blue path in 
Figure  5A; the incident wave can induce the dipole-like 
resonance along this route, so it can be expressed by 
L31, R31, and C31 just as shown in both sides of the circuit 
model. The second circuit is shown as the purple line in 
Figure 5A; this route is just corresponding to the LC-like 
resonance so that the circuit is composed of the L21, R21, 
C23, and R23 parameters. Moreover, it should be noted that 
in the gap there is the 2DEG region; thus, we should con-
sider the parallel capacitance C0 shown in the model. The 
last circuit (black line in Figure 5A) is the center vertical 
long wire and this dipole-like resonance is equal to L1 
and C1. According to the formula T(ω) = 2/(2 + jZin), where 
Zin is the input impedance of circuit, the transmission 
[T(ω)] can be calculated. The detailed derivation and the 
value of the parameters in equivalent circuit are shown 
in Appendix E.

The simulation results of this equivalent circuit 
obtained from Advanced Design System (ADS) software 
are shown in Figure 7B (dashed lines). The progress that 
the resistances (R21, R22, R23, and R31) decrease gradually 
from 1900 to 0.001 Ω corresponds to the increase of 2DEG 
carrier concentration NS from 4 × 108 to 4.04 × 1014 cm−2. 

Obviously, the simulation results of 3D electromagnetic 
model and equivalent circuit model are very consistent.

3.3   Analysis of dynamic experiment

To characterize the phase modulation performance of this 
device, THz time-domain spectroscopy (THz-TDS) using 
the Teraview TPS3000  spectrometer (details provided in 
Appendix B) in transmission mode was conducted. In the 
experiments, a normal incident THz wave is perpendicu-
larly projected onto the surface of the phase modulator 
with the polarization of the electric fields parallel to the 
split gaps and a direct current voltage is applied to the 
device shown in Figure 1B.

The original time-domain signals and the phase shift 
with different voltages are shown in Figure 8; similar to 
the simulation results, the external voltage could control 
the resonant characteristics to adjust the phase shift. By 
adjusting the voltage loaded on the grid due to the distri-
bution of internal electric field change in the HEMT, the 
carrier density of the 2DEG nanostructure was adjusted cor-
respondingly. With increasing voltage, the carrier density 
of the 2DEG nanostructure was gradually decreased and 
depleted, resulting in mode conversion in the unit cell. 
Therefore, the phase jump change was controlled via 
the voltage alternation as shown in Figure 8B and C. The 
agreement between the experimental results and those 
of the simulation demonstrates that the distribution 
and density change of carriers of the 2DEG nanostruc-
ture led to the reconfiguration of the metamaterial unit 

Figure 7: (A) Equivalent circuit model for LCDR and (B) 3D electromagnetic (continuous lines) and equivalent circuit (dashed lines) 
simulation for dynamic modulation processes.
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Figure 8: THz experimental results with the variation of voltages: (A) original time-domain data of TDS with different voltages, (B) phase shift 
with different voltages, (C) transmission spectrum with different voltages, (D) transmission spectrum in working band, (E) C-V relation of a single 
HEMT, (F) C-V relation of an array, (G) phase shift at 0.352 THz with different voltages, and (H) transmission at 0.352 THz with different voltages.
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cell, inducing the coupling mode conversion. Such mode 
conversion results in a shift of the phase jump frequency 
such that a large phase shift is achieved. Excitingly, 
Figure  8B shows that, at frequencies of approximately 
0.352 THz, the largest phase shift approaches 137°, and 
in the working band (0.337–0.367 THz) of this device, the 
phase shift can be more than 130°. As shown in Figure 8D, 
the amplitude transmission also increases first and then 
decreases in working band. The maximum amplitude 
loss is about −27 dB and the minimum loss at the central 
frequency point is about −18 dB. As shown in Figure 8H, 
as the voltage increases, the transmission loss decreases 
first (from −17.7 to −12.7 dB) and then increases (from −12.7 
to −17.8 dB) at a center working frequency of 0.352 THz. 
Therefore, where the phase shift is greatest, the ampli-
tude loss is relatively minimal, which is beneficial to the 
phase modulator. More importantly, the C-V relation of a 
single HEMT and an array has been tested independently 
as shown in Figure 8E and F by a probe station as shown 
in Appendix C. By comparing to the phase curve depend-
ing on the frequency shown in Figure 8G, it is clear that 
the physics laws of these three figures are nearly the same, 
which shows that the consistency of this optimized device 
is very good. Moreover, it also illustrates that the charac-
teristics of the dynamic phase shift are determined by the 
C-V relation of the HEMT.

Furthermore, by comparing the experimental results 
in Figure 8B and C and the simulation results of the array 
in Figure 6, the experimental results agree well with the 
simulation. However, there are some minor discrepancies 
that may be caused by the mismachining tolerance, die-
lectric parameter difference between the simulation and 
realistic results, and the method that applies the Drude 
model to represent the change in the external voltage.

Nonetheless, this large phase shift with a single-layer 
active metamaterial structure in transmission mode is 
still very attractive and verifies that such a combination 
of a mode-coupling metamaterial and the 2DEG nano-
structure of GaN HEMT is an effective approach for the 
realization of a large phase shift. In view of the high 
electron mobility of 2DEG, this phase modulator should 
have an ultrafast modulation speed. In addition, the 
active region (2DEG nanostructure) is very small (only 
12 × 8 μm), which makes external voltage loading more 
efficient and reduces parasites. This design is helping to 
improve the modulation speed. According to the method 
presented in Ref. [22], the expected modulation speed of 
this phase modulator could be evaluated from the inverse 
of the calculated RC time constant. R and C are the resist-
ance and capacitance, respectively. RC time constant is 
the product of R and C.

The inverse value of the capacitance and resist-
ance of the array structure in the modulator are 0.33 pF 
(according to Figure 8F) and 1.270 Ω, respectively, which 
are averaged over a voltage sweep of 0 to −8 V. Therefore, 
based on the expression mentioned above, the calculated 
RC time constant corresponds to about 2.4 GHz modula-
tion speed.

4   Conclusion
An enhanced resonant metamaterial embedded with a 
nanostructured 2DEG layer of GaN HEMT was proposed 
and experimentally demonstrated to achieve a large phase 
modulation of THz waves. Because the resonant intensity of 
the induced mode in a metasurface was found to be closely 
related to a phase jump change, the presented metamate-
rial could lead to a much larger phase jump change than 
the traditional metasurface structure. More importantly, 
by electrically tuning the distribution and density of the 
carrier of the 2DEG nanostructure, the conversion between 
two different coupling modes of this metamaterial surface 
could be controlled. Such mode conversion led to a large 
phase modulation of THz waves. The dynamic experimen-
tal results showed that a 137° phase shift was achieved at 
approximately 0.35 THz with the application of 0 to 8 V for 
the electrical control of the THz transmission mode. More-
over, using the method of a phase shifter in a microwave 
regime, by cascading three layers based on this device, the 
2π phase shifter might be achieved. Meanwhile, given the 
mobility of 2DEG in the GaN HEMT, the fast modulation of 
the phase of the transmitted THz waves was realized.

Appendix A: Details of the 
simulation with different resonance 
structures
To extract persuasive information regarding the character-
istics of different resonances, the studies were performed 
by comparing three representative resonance structures: 
the LC, dipole, and Fano metamaterials. The compared 
figure is shown in Figure 4.

In the simulation, SiC is the substrate material for 
different metamaterial structures. The dielectric constant 
of substrate is set as 9.8 and the thickness is 160 μm. 
The detail parameters of the four metaunits are shown 
in Appendix-Figures 1–4. The geometrical features of 
these different structures have been swept to obtain the 
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Appendix-Figure 1: Simulation detail of FR: (A) 2D structure model, (B) structural parameters, (C) electrical field distribution, and  
(D) transmission spectrum.

Appendix-Figure 2: Simulation detail of SRR: (A) 2D structure model, (B) structural parameters, (C) electrical field distribution, and  
(D) transmission spectrum.
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Appendix-Figure 3: Simulation detail of DR: (A) 2D structure model, (B) structural parameters, (C) electrical field distribution, and  
(D) transmission spectrum.

Appendix-Figure 4: Simulation detail of LCDR: (A) 2D structure model, (B) structural parameters, and (C) transmission spectrum.
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maximum resonance intensity. The field contour maps 
and transmission rates of these metaunits are also shown 
in these figures.

Appendix B: Details of the THz-TDS 
system and data processing
The THz-TDS, which is applied in the transmission 
experiment of this work, is produced by Teraview (TPS 
3000) as shown in Appendix-Figure 5A. In the THz-TDS 
system, the THz transmitter and detector are laser gated 
photoconductive semiconductor devices. The femtosec-
ond pulse generated by a Ti:sapphire ultrashort pulsed 
laser is split into two beams by a splitter: one beam is 
immediately received by detector and another beam, 
passing through an optical delay system, is focused 
onto a photoconductive antenna to generate THz radia-
tion with a frequency range of 0.06–3 THz. A series of 
parabolic mirrors are set to make sure that THz beam is 
accurately focused on the sample and detector. All the 
measurements were performed in a superclean labora-
tory with 40% relative humidity. For instance, the time-
domain data tested in air environment without sample 
are shown in Appendix-Figure 5B.

The reference phase is to the bare SiC substrate and 
the transmission is normalized by this substrate. The time-
domain waveforms of the transmitted THz wave with dif-
ferent voltages are illustrated in Figure 8A. By performing a 
fast Fourier transformation of the time-domain waveform, 
the frequency-dependent amplitude t(ω) of the transmit-
ted THz pulse through the metamaterial (Figure  8C) and 
frequency-dependent phase p(ω) (Figure 8B) are obtained. 
The bare SiC substrate is considered as the reference, 
which can be applied to normalize the electric field inten-
sity and the phase spectra as below:

sample reference

sample reference

t( ) E /E
p

( ) ( )
( ) P  P( ) ( )
ω =
ω =

ω ω
−ω ω

where Esample/reference(ω) is the electric field intensity 
obtained from the time-domain data of the sample (ref-
erence) and Psample/reference(ω) is the phase spectra of the 
sample (reference).

Appendix C: Test of C-V and I-V 
characteristics
We tested the I-V and C-V characteristics by Agilent 
B1500A and probe station (Appendix-Figure 6A). In addi-
tion to the above C-V curves (Figure 8E and F), we applied 
three probes to test the I-V characteristics of a single 
HEMT unit (Appendix-Figure 6B). As shown in Appendix-
Figure 6C, the I-V curve illustrates that the performance 
of the single HEMT unit is very good and well electrically 
controlled.

Appendix D: 2DEG simulation model
According to the method presented in Ref. [17], we carried 
out the Drude model to characterize 2DEG with different 
carrier concentrations. To approximate the 2D charge 
density, we restricted the real part of the permittivity (ε∞) 
to be equal to epsilon infinity (9.7ε0 for GaN) and allowed 
the imaginary part to modeled by the Drude model. The 
complex relative permittivity can be expressed analyti-
cally as [17]

1
2

2 2( ) pi γω
ε ω ε ω

ω γ

−

∞= +
+

Appendix-Figure 5: THz-TDS experimental system: (A) THz-TDS in a transmission mode and (B) original time-domain data tested by this system.
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In the imaginary part, wp
2 = e2NS/ε0m*d is the plasma 

frequency and the collision frequency γ = 2π × 1.4 is cal-
culated with the relation γ = e/m*μ, where μ is the elec-
tron mobility of the channel. e and m* are the electron 
charge and effective mass in 2DEG, respectively. For the 
expression of plasma frequency, NS is the 2D carrier con-
centration and d is the simulated model thickness of the 
channel layer.

In the simulation, when the plasma frequency is 
swept, the carrier concentration and the equivalent 
dielectric constant will change accordingly. The above 
methods enable an accurate modeling of this GaN-HEMT 
device in both the conductive (high 2DEG carrier concen-
tration) and 2DEG-depleted states. This is representative 
of what occurs in experiments by applying a gate voltage 
of 0 V (conductive) and −8 V (depleted). Moreover, the 
continuous variation of the 2DEG carrier concentration 
with various DC biases is also shown.

Appendix E: Equivalent circuit 
model for LCDR
In this circuit model, due to the symmetry of the LCDR 
structure,

Appendix-Figure 6: (A) Probe experimental platform, (B) image of single HEMT, and (C) I-V curve for single HEMT.
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To get the transmission of the equivalent circuit 
model, we can use the equal impedance to simplify this 
model as
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The simplified equivalent circuit model is shown in 
Appendix-Figure 7. The input impedance of this equiva-
lent circuit Zin can be calculated using the following 
formula:
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The values of the above parameters are shown in 
Appendix-Table 1. Then, the transmission can be calcu-
lated using the following formula:

2T
2 injZ

=
+

Appendix F: Relationship between 
phase and amplitude based on the 
KK relation

The KK relations connect the real and imaginary parts of a 
causal response function G(t) used to describe the electro-
magnetic wave function. As we know, the electromagnetic 
wave function is just a frequency-domain response func-
tion, which is a complex relation as G(ω) = G′(ω) + iG″(ω), 
where G′(ω) and G″(ω) are the real and imaginary parts of 
the function.

The KK relations show the relationship between 
the real and imaginary parts of the frequency-domain 
response function as [58]
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In Eq. (1), P denotes the Cauchy principal value.
It is known that the amplitude part and phase part 

of the frequency-domain response function of electro-
magnetic wave can be separated with Napierian loga-
rithm as

ln ( ) ln ( ) ( )G G i Gω ω ω= + ∠

where ∠G(ω) is the phase part and ln | G(ω) |  is the ampli-
tude part of the complex electromagnetic wave function 
G(ω). In Eq. (1), the expression of the relationship between 
phase and amplitude can be obtained:
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Next, the change variables have been applied:

ln ,v ω
ω

 ′=   
 or ω′ = ωeν, and M(ν) = ln | G(ω′) | 

where the range of the integration ν→( −∞,  ∞), d ω′ = ωeνdν.
Expression (2) can be deduced to
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As the sinh is an odd function, only the odd part of 
M(v) contributes in Eq. (3). M(v) is the sum of odd and 
even function, M(v) = Mo + Me. We have

Appendix-Figure 7: Simplified equivalent circuit model for LCDR.

Appendix-Table 1: Values of the parameters in equivalent circuit.

C0 C1 C31, C32 C23 L1 L21, L22 L31, L32 R21, R22, R31, R32, R23

3.3fF 1.06pF 0.01fF 1.24pF 0.135pH 3.38pH 54nH 0.001 ~ 1900Ω

ω
ω ω ω

ω
ω ω ω

          = − − + −                    
          = − − + −                    

=

1 21 22 23 31 32
0 0 1

1 2 2 23 3 3
0 0 1

1 1 1( ) / / / / / / / / / / / / / /

1 1 1( ) / / / / / / / / / / / / / /

(

inZ j L j j Z Z j Z Z Z
C C C

j L j j Z Z j Z Z Z
C C C

jω
ω ω

ω

ωω

ω ω ω ω

ω ω

        − + −                
    −

= +    − +−     
− + − + −

=
− + + −

32
1 23

0 1

23 31 2
2

1 231 0

2
1 2 1 23 23 1 2 1 0

1 23 1 2

1 1) / / / / / / / /
2 2 2

/ / / /
2 21 2

2 1 2( ) [
 

( )[
( )]

1(2

ZZ
L j j Z

C C

jZ Zj L Z
j C ZL C

j L Z j C Z jZ j L Z L C
j C Z j L Z ω

ω ω ω ω

ω ω ω ω ω ω ω

− + − + −
− + − + − + − + −

=
+

3
2

1 0

2
1 2 3 1 23 23 3 1 2 1 0

2 2
1 2 1 3 23 3 1 2 1 0 1 23 1 2 1 0

/ /
22 ]

2 1 2
2 2 {[2 1 2 ] ( )[2 1 2

)

( ) [ ( )
]}

]
( ) ( ) ( )

Z
L C

j L Z Z j C Z jZ Z j L Z L C
j L Z j C Z jZ Z j L Z L C j C Z j L Z L C



168      Y. Zhang et al.: Large phase modulation of THz wave via an enhanced resonant active HEMT metasurface

 

{ }0

0

( ) ( )( ) lim
sinh sinh

( )
2 lim

sinh

o e

o

M v M vM vP dv dv
v v

M v
dv

v

ε

εε

εε

∞ − ∞

−∞ −∞→ +

∞

→ +

+
= +

=

∫ ∫ ∫

∫  (4)

Next, considering the relation of  
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with integrating process, Eq. (4) becomes
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Next, considering the boundary terms vanishing [58]:

As ν→ ∞, lncoth ~ 2 2 .
2

vv e ω
ω

− =
′

 As ω′→ ∞, |G(ω′) |: 

ω′−n,
as physical response functions vanish at infi-

nite frequencies. Then, ln | G(ω′) |: −nln ω′. Thus, 
lnlncoth ~ 0.

2o
vM ω

ω
′ →

′

As ν→0, lncoth ln .
2 2
v v≈ −  As Mo is odd, Mo ~ ν + O(ν3). 

Thus, νlnν→0.

Thus, Eq. (3) can be rewritten as
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Finally, the phase function can be expressed as the 
relation of the derivation of the amplitude function as
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Eq. (7) shows a very important relation:

Appendix-Figure 8: Transmission and phase spectra for different structures: (A) FR, (B) SRR, (C) DR, and (D) LCDR.
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Around the resonant frequency peak,

ν→0, ω→ω′, 
ln

,
ln

d GdM
dv d ω

=

so that the phase is positively correlated with the deriva-
tive of the amplitude function. Thus, based on this rela-
tion, it is clearly that the tip point of the resonant peak of 
the transmission amplitude is corresponding to the zero 
phase shown in Appendix-Figure 8. As shown in every 
simulation result, the largest phase b′ and b″ (Appendix-
Figure 8A) correspond to the largest dln | G | /dln | ω |  (a′ 
and a″), and the ln | G(ω) |  is just the amplitude function 
(the transmission function). Therefore, we can conclude 
the both the theoretical and simulation studies show that 
the phase is directly related to dln | G | /dln | ω |. The value 
of the phase jump directly corresponds to the intensity of 
the resonant peak. The stronger resonant intensity could 
lead to the larger phase jump.
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