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The GaN high electron mobility transistor (HEMT) has been considered as a potential terahertz (THz) radiation
source, yet the low radiation power level restricts their applications. The HEMT array is thought to improve the coupling
efficiency between two-dimensional (2D) plasmons and THz radiation. In this work, we investigate the plasma oscillation,
electromagnetic radiation, and the integration characteristics of GaN HEMT targeting at a high THz radiation power source.
The quantitative radiation power and directivity are obtained for integrated GaN HEMT array with different array periods
and element numbers. With the same initial plasma oscillation phase among the HEMT units, the radiation power of the
two-element HEMT array can achieve 4 times as the single HEMT radiation power when the array period is shorter than 1/8
electromagnetic wavelength. In addition, the radiation power of the HEMT array varies almost linearly with the element
number, the smaller array period can lead to the greater radiation power. It shows that increasing the array period could
narrow the main radiated lobe width while weaken the radiation power. Increasing the element number can improve both
the radiation directivity and power. We also synchronize the plasma wave phases in the HEMT array by adopting an external
Gaussian plane wave with central frequency the same as the plasmon resonant frequency, which solves the problem of the
radiation power reduction caused by the asynchronous plasma oscillation phases among the elements. The study of the
radiation power amplification of the one-dimensional (1D) GaN HEMT array provides useful guidance for the research of

compact high-power solid-state terahertz sources.
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1. Introduction

THz waves are believed to have great application
prospects in nondestructive imaging, biological monitoring,
high-speed communication, etc.!'4 Thus, the realization of
THz source with frequency of several THz, high radiation
power and low machining difficulty has been one of the
research hotspots in recent years.’! The two-dimensional
plasmons (2DPs) formed in two-dimensional electron gas
(2DEQG) in field-effect transistors (FETs) have long been con-

(6.7] and THz plasmonic

sidered to produce THz radiation,
semiconductor devices are considered as potential solutions
for miniaturized and integrated THz emission.!®”) As one
of the representative THz emission theories, Dyakonov—Shur
(DS) instability theory demonstrates that the plasma insta-
bility occurs and produces far-infrared (FIR) radiation un-
der asymmetric boundary conditions in an HEMT.!I'1 After
that, various microwave/THz management emitters or detec-
tors based on plasma oscillations within semiconductor het-
erojunctions have been extensively investigated. Among them,
THz radiation experiments of high electron mobility transis-
tors (HEMTSs) were carried out with different structures that
convert plasma wave into electromagnetic radiation including

14—

single metal gates,!!!"13! grating gates,!'4'6] and dual grat-

fCorresponding author. E-mail: ybgong @uestc.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acbObb

ing gates.!'7-2) In grating gate HEMT, the electron density in
2DEG and plasma wave velocity distribute periodically, con-
sequently periodic plasmonic resonant cavity form in the chan-
nel, the boundary conditions of the cavity are determined by
its both sides of gate voltages. The grating gate HEMT were
thought to produce greater plasma instability and electromag-
netic radiation compared with the single metal strip gate.[*!]
Another type of periodized plasmonic cavities are formed
in the channel directly by integrating HEMTs into 1D or 2D
arrays on the same active layer. Shur et al. proposed a de-
vice where a plurality of FETs were formed on the same ac-
tive layer and the gate, source and drain contacts of the FETs

s,[22] this device can

were connected to one or more connector
be used to generate, mix, or detect THz radiation. The FETSs in
the array can work independently or dependently. Elkhatib et
al. found HEMTs connected in series could greatly enhance
the detector responsivity, and the responsivity is proportional
to the element number of the array.[?3) Popov et al. found that
FET array could effectively improve the coupling efficiency
between THz waves and 2D plasmons in the channel.>*] Be-
sides the advantages of enhanced responsivity of the FET array
as a THz detector, the FET array as a THz emitter has not yet
been studied in detail.

Under asymmetric boundary conditions, FET behaves as
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an independent terahertz source without external radiation. ']

In addition, because the channel length in the FET is much
shorter than its electromagnetic radiation wavelength, the ra-
diation characteristics of the FET array are similar to those of
the element antenna array. In this work, combining the antenna
array theory, the radiation directivity and power of the HEMT
array are studied when the plasma waves in HEMT elements
in the array are synchronously excited. The radiation directiv-
ity and radiation power of the HEMT array are researched and
the influence of the array period and element number on the
radiation power, radiation field shape and radiation directivity
are analyzed, respectively. In order to overcome the radiated
power reduction caused by the asynchronous phases of the
plasma oscillations in the array, external Gaussian plane wave
excitation is proposed to synchronize the phases of plasma
waves in the HEMT array. The study of the THz radiation of
the 1D GaN HEMT array provides another strategy to realize
high power solid-state THz sources.

2. Plasmon resonance in 2DEG and THz radia-
tion of the single GaN HEMT

In this work, the GaN and AlGaN layers with the same di-
electric constant of 9.7 are in turn grown on the substrate layer,
and the 2DEG is supposed to be sandwiched by GaN and Al-
GaN layers. The gate electrode locates on top of AlGaN layer
between the source and drain electrodes. The 2D electron flow
is assumed to flow in the source—drain bias direction (x direc-
tion) and the 2DEG width is considered much longer than the
2DEQG length. The three-dimensional (3D) model of the GaN
HEMT and the local view near the 2DEG are shown as Fig. 1.

Fig. 1. The 3D model (a) and local view (b) of the GaN HEMT element.

Suppose the electron velocity along the channel is v(x,?),
the electron sheet density is n(x,t) and j(x,t) = n(x,t)v(x,?).

The electron flow in the channel satisfies 1D hydrodynamic
equations as shown in Egs. (1) and (2), where m; is the elec-
tron effective mass, 7, is the 2DEG momentum relaxation
time, and E is the electric field in x direction along the chan-

nel.
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In order to obtain the plasma oscillation in GaN HEMT and
its induced electromagnetic radiation, the hydrodynamic equa-
tion satisfied by 2DEG and the Maxwell equation in XOY
The hydrody-
namic equations above are coupled with Maxwell’s equa-

plane are established and solved together.

tions in order to realize the energy exchange between the
2DPs and electromagnetic waves. The finite-difference time-
domain (FDTD) methods similar to Refs. [25,26] are adopted
to solve the coupled hydrodynamic equations and Maxwell’s
equations. As shown in Fig. 2, equations in the upper and
lower half in the figure are the hydrodynamic equations and
Maxwell’s equations, respectively. By solving the hydrody-
namic difference equation, the electron concentration and sur-
face current density at each cell of the 2DEG can be solved.
This process requires the electric field value at each cell of the
2DEG obtained by solving the Maxwell equations at the last
time. As shown in the bottom box in Fig. 2, the surface cur-
rent density at each node of the 2DEG is regarded as a current
source and generates radiant electric and magnetic fields in the
entire region. The red broken lines with arrows in Fig. 2 repre-
sent the energy exchange between the plasma oscillation and
the EM field.
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Fig. 2. Schematic diagram of hydrodynamic-Maxwell equations cou-
pling.

Moreover, DS boundary conditions that n = n at source
and j = ngvg at drain are also added during the computation
in the process of computing the n(xt) and j(xr), where ng is
equilibrium sheet electron concentration and v is DC electron
velocity. The boundary condition that n(0,¢) = nyp means that
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the AC voltage and impedance are both zero at source side.
And j (L,t)=ngvo means that the AC impedance is infinite at
drain. It has been confirmed numerically that when the elec-
tron DC velocity is not zero, the plasma wave amplification
happens at the drain side under DS boundary condition. >
In experiments, in order to achieve these boundary condi-
tions, the source of the HEMT was grounded and the HEMT
was operated in the saturated region, which ultimately proved
to achieve plasma instability and THz radiation.!'!! Combing
equations above and the DS boundary conditions, the plasma
wave oscillation in the 2DEG its induced electromagnetic field
are obtained eventually.

During the computation, the electron effective mass in
channel is 0.22my; the source—drain spacing is 200 nm; the
gate length is 100 nm; the width of the HEMT is 200 um. The
HEMT locates at center of an air box with size of 1 mm X
1 mm and the air box is wrapped by a perfect matching layer
to absorb the radiation wave.

In order to achieve the DS boundary condition, the volt-
age between the source and drain is applied to enable the tran-
sistor operate in the saturation region.!!!! Due to that the sat-
uration velocity of the electrons in GaN/AlGaN heterojunc-

[27

tion is about 2 x 10° m/s,?”! the electron DC velocity vy is set

as 2 x 105 m/s during the simulation. Moreover, the electron
equilibrium sheet concentration ng is set as 1 x 1013 cm™2.
The electron momentum relaxation time 7, is set as 1 ps.

The plasma instability in 2DEG in GaN HEMT are firstly
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achieved. The time-dependence curve of the alternative part
of the source areal current density J; are shown in Fig. 3(a),
it shows that the source current oscillation increases in the
first 30 ps and then reaches saturation because of the nonlin-
ear effects of the 2D electron flow.*8] The temporal and spa-
tial dependence of the sheet current density J in the channel
is shown in Fig. 3(b), which shows that the sheet current is
the strongest at source side but fixed at drain side, the plasma
wave varies about 3/4 wavelength from source to drain. The
frequency spectrums of Jg corresponding to different ng are
shown in Fig. 3(c). When ng varies from 8 x 10'?> cm™2 to
1.6 x 103 cm™2, the oscillation frequency of J; increases from
6 THz to 8.6 THz. In theory, the frequency of different or-
ders of ungated plasmons limited by DS boundary conditions

arel?]
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eZng
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As shown in Fig. 3(d), the theoretical frequencies of the sec-
ond order of ungated plasma resonance (n = 1 in Eq. (3))
are compared with the numerical frequencies corresponding
to different electron concentrations ng. The black solid line
and red scatter are the theoretical values and numerical solu-
tions of the resonant frequency respectively. It shows that the
numerical solutions and theoretical values are in good agree-
ment. The electron sheet concentration or gate voltage has a
strong correlation with the resonant frequency of plasma wave.
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Fig. 3. (a) The temporal dependence of the source sheet current density Jg; (b) the temporal and spatial dependence of sheet current density
J along the channel in the time interval of 0.2 ps after the plasma wave oscillation become saturated; (c) the spectrum of J; corresponding
to different np; (d) the comparison of the theoretical second ungated plasmon frequencies (black solid line) and the numerical plasma wave
frequencies (red scatters) corresponding to different 2DEG sheet concentrations 7.
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In addition, the electron momentum relaxation time T,
in GaN/AlGaN heterojunction has different values at different
temperatures. T, decreases from 4.3 ps at 77 K to 0.28 ps at
300 K.[*" The plasma oscillation in the 2DEG when T, varies
from 0.4 ps to 4 ps are simulated. The temporal dependences
areal current density Js at the source side corresponding to dif-
ferent 1, are shown in Fig. 4. It shows that when 1, is 0.4 ps,
that is, at room temperature, J; decays with time. When 7,
is higher than 1 ps, the growth rate and oscillation amplitude
of J; increase with the increase of 7. In other words, plasma
instability is easier to be achieved at lower temperatures.
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Fig. 4. The temporal dependences of the areal alternative currents at
source when the electron momentum relaxation time 7, is 0.4 ps (a), 1 ps
(b), 2 ps (c), and 4 ps (d), respectively.

The electric field excited by the 2DPs is shown in Fig. 5.
The 2D distribution of the electric field vector inside the
HEMT is shown in Fig. 5(a), in which the black dashed line
represents the 2DEG and the black blocks are the metal elec-
trodes. The electric field near the source is horizontal and per-
pendicular to the side wall of the source, the gate gives rise to
strong electric field normal to its side and lower walls. The
electric field in the right side in the HEMT is weaker than
that in the left side. As shown in Fig. 5(b), in the region of
1 mm x 1 mm, the electromagnetic radiation energy generated
by the 2DPs is mainly concentrated in the tapered area on ei-
ther side of the vertical line of the HEMT. Since the 2DEG
length is far shorter than the wavelength of the radiation wave,
therefore, the GaN HEMT can be analogous to an element an-
tenna. The radiation power of the HEMT is computed numeri-
cally by multiplying the loop integral of Poynting vector at air

boundaries and the HEMT width in z direction, the radiation
power of the HEMT is 113 pW.
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Fig. 5. (a) The 2D distribution of the electric field vector in the HEMT
internal area, (b) the 2D distribution of electric field component E, in the
whole air box.

3. THz radiation of 1D GaN HEMT array with
synchronous plasmon phases among the units

Due to that the radiated field of the HEMT unit is similar
to that of the electric dipole, the HEMT unit can be analogized
as an element antenna. Thus, with the help of array antenna
theory, 3!l the radiation power improvement and the radiation
directivity of the of HEMT arrays compared to single HEMT
element are investigated. Figure 6 shows the HEMT array with
N HEMTs, which can be fabricated on the same active layer
and are with the same dimensional parameters with the HEMT
described in previous section. The HEMT array period is set as
d. It should be noted that, when computing the plasma oscil-
lation in HEMT array and its THz radiation, the initial plasma
oscillation phases between the HEMT elements are the same
as each other.

Substrate

Fig. 6. The 2D model of the GaN HEMT array.

In order to calculate the theoretical directivity of the
HEMT array antenna, supposing the array distribute along the
z axis and the array center is set as the origin of the coordi-
nates, the theoretical directivity of the N-element HEMT array
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in spherical coordinates is computed as 3!

fT(9>(p):fa(97(p)fa(9>(p)v “4)
fo(6,9) =sin(0), ®)

N
f(0.0)=Y VYV y=kdcos6+B,  (6)

n=1

where, fy(0,@) is the directivity function of the HEMT ele-
ment, f,(0, Q) is the array factor. In Eq. (6), ¥ represents the
phase difference of radiation field from adjacent elements to
field point, k is electromagnetic wavenumber, d is array pe-
riod, B is the initial phase difference of radiation field from
adjacent elements to field point.

As for the two-element HEMT array, when the initial
phases of 2DPs of the elements are the same, the theoretical ra-
diation directivity diagram of HEMT array is shown in Fig. 7
with d changing from 5 um (~ (1/8)A4) to 40 um (~ 1A).
When d is shorter than 20 pm (~ (1/2)A), the main lobe be-
come narrower with increasing the element spacing, when d is
40 pm, the side lobes are generated. It shows that enlarging
the element spacing can improve the radiation directivity of
the HEMT array but cannot enhance the radiation intensity at
the maximum radiation direction of the array (6 = 90°).

In the meanwhile, we also numerically obtain the 2D ra-
diation field distribution in the whole air box. The radiation
field amplitude distributions corresponding to different array
period are shown in Fig. 8, when d varies from 5 yum to 40 pm,
the main radiation energy concentrates in the narrower con-
ical zones (the red zones) near the perpendicular bisector of
HEMT array and the HEMT array behave as a broadside array
antenna. When the element spacing is 40 pm, a fraction of
radiation energy propagates in direction at a 45° angle to the
array, which matches well with the theoretical formulas.
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Fig. 7. The theoretical directivity diagram of two-element HEMT array
corresponding to different array period d.
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Fig. 8. The radiation electric field amplitude distributions of the two-element HEMT array when the array period d is 5 um (a), 10 pm (b), 20 um

(c), 40 pm (d), respectively.
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Fig. 9. The radiation power of the two-element HEMT array correspond-
ing to different element spacing d.

As shown in Fig. 9, we simulated the radiation power of
two-element HEMT array when unit spacing d increases from
2 um to 160 pum, respectively. When d is 2 pum, the radia-
tion power of the array is about four times of that of a sin-

gle HEMT. When d varies from 2 um to 40 um, the radia-
tion power drops from 470 uW to 210 uW. When d is larger
than 40 pum, the radiation power of the array is about 210 uW,
which is about 1.86 times that of a single HEMT unit. When
d exceeds one THz radiation wavelength (~ 40 pum), the radi-
ation power of the array stays around 200 uW. That is because
d is so large that the two units of the array become almost in-
dependent on each other, and the power synthesis efficiency of
the array becomes relatively poor. It shows that the radiation
power of the array can be effectively improved by shortening
the distance between the elements when the phases of the 2DP
are synchronized.

As for the HEMT array with N elements, when the initial
phases differences of the 2D plasmons of adjacent HEMT ele-
ments are zeros. As the distance between adjacent elements is
fixed as 20 pm, according to Eq. (6), the radiation directivity
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function of N-element HEMT array corresponding to different
element number N is shown in Fig. 10. As N increases from
1 to 8, the radiation main lobe of the HEMT array gradually
narrows and the radiation energy gradually concentrates in the
area near the perpendicular bisector of the HEMT array. In ad-
dition, increasing the number of elements can greatly improve
the power density at the strongest radiation direction of the ar-
ray (6 = 90°), which can both improve the radiation power of
the array and make it easier to collect and utilize the radiation
energy.

The numerical radiation electric field amplitude distribu-
tion of the N-element HEMT array is shown in Fig. 11. As the
element number increases from 1 to 8, even though the side
lobe number of HEMT array radiation increases, the radiation
energy is concentrated in the narrower conical zones near the
axis normal to the array. In other words, the radiation direc-

tivity become better and the radiation power is stronger as the
element number is more. The numerical results also agree well
with the theoretical prediction.
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Fig. 10. Directivity diagram of the N-element HEMT array correspond-
ing to different element number N.
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Fig. 11. The radiation electric field amplitude distributions of the HEMT array with the element numbers are 1 (a), 2 (b), 4 (c), and 8 (d),
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Fig. 12. The radiation power of the HEMT array corresponding to differ-
ent element number N and array period d.

Then, we compared the radiation power of HEMT arrays
under different unit number N corresponding to different ar-
ray period d, as shown in Fig. 12, the black solid, yellow
dashed, and red dashed—dotted lines represent the radiation
powers corresponding to unit spacing d =5 um, 10 pm, and
20 pm, respectively. Along with the increase of N, the ra-
diation power increases linearly. When d is 5 um and N in-
creased from 1 to 8, the radiation power of the array increases
from 113 uW to 4 mW and increases by 35 times. When the
spacing is 20 um, the radiation power of the array is increased
to 1.13 mW, which is increased by 10 times compared to sin-
gle HEMT. That is to say, increasing the number of elements
can effectively improve the radiation power of the array, and

the narrower the unit spacing, the more significant the power
improvement.

4. Plasmon phase synchronization in the GaN
HEMT array induced by external Gaussian
plane wave excitation

The radiation studies of HEMT arrays in the above sec-
tions are based on the premise that all HEMT elements are
switched on simultaneously and the initial phases of the 2DPs
within the elements are the same. However, in practice, even
if all the elements are connected to the same voltage or current
source, the phases of the 2DPs among the units are still ran-
dom. The theoretical radiation directivity of the two-element
array when the phases of the plasma waves in the two HEMTs
are synchronous and asynchronous are compared, as shown
in Fig. 13. It shows that when the plasma wave phases be-
tween the two units are asynchronous, the main radiation di-
rection of the array deviated from the perpendicular of the ar-
ray (6 = 90°), and the overall radiation intensity is lower than
that of the array with synchronous phases.

We compared the radiation field distribution and the ra-
diation power of the two-element HEMT array when the ini-
tial phases of 2DPs are synchronous and asynchronous (phase
difference of 115°), as shown in Fig. 14. When the plasmon
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phase of the elements is synchronous, the radiated power of
the array is mainly concentrated near the vertical line of the
array. However, when the phase is asynchronous, the main ra-
diated direction deviates much from the vertical direction of
the array, which is in good agreement with the theoretical pre-
diction. We then compared the radiated power of the HEMT
array with and without phase synchronization in the array. As
shown in Fig. 14(c), the radiation frequency of the two arrays
are both 6.77 THz when the element phase is synchronous and
asynchronous. The array radiation power is 277 uW when the
2DPs’ phases are synchronous and 197 pW when the 2DPs’
phases are asynchronous. In other words, compared to the
synchronous plasmon phase, the asynchronous plasmon will

(a)

z (pm)

(b) Asynchronous phases V/m (c)

significantly weaken the radiated power of the HEMT array.

3
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Fig. 13. Radiation directivities of two-element HEMT array with syn-
chronous (black line) and asynchronous (red line) 2DPs’ phases.
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Fig. 14. Radiation electric field amplitude distribution of two-element HEMT array with synchronous (a) and asynchronous (b) 2DPs’ phases,

respectively; (c) radiation power spectrums of fields in panels (a) and (b).
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Fig. 15. The schematic diagram of HEMT array with external Gaussian plane wave excitation (a) and the temporal dependence of the Gaussian

signal (b).

Since the asynchronous plasmon phase between the el-
ements in the HEMT array will lead to the reduction of the
radiation power, we adopt the external pulse excitation to syn-
chronize the random plasmon phase in the array. The specific
implementation is that a Gaussian plane wave with frequency
the same as the plasmon resonance is vertically incident below
the array. This signal travels through the HEMT array and in-
teracts with the plasma wave inside the HEMT and eventually
force the phases of the plasmons in different units to become
synchronized, which is similar to phase-locking in communi-
cation field. The setup schematic including the HEMT array,

external plane wave excitation and surface wave distribution
generated by HEMT array are shown in Fig. 15(a). The time-
decayed Gaussian signal is adopted as the external excitation
source and the time-varying curve of the Gaussian signal is
shown in Fig. 15(b). The central frequency of the Gaussian
signal is 6.8 THz and the signal duration is about 5 ps. The
Fourier transform of the Gaussian signal is shown in the inset
of Fig. 15, the bandwidth of the signal is about 500 MHz.

We then compare the plasmon resonance in the HEMT
element with and without introducing the Gaussian signal. As
control, three HEMTs in which the plasma wave is excited
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at 1 ps, 1.1 ps, and 1.2 ps are respectively studied and the
structural parameters and working conditions of these three
HEMTs are the same as those of the above section. The tem-
poral dependence of the source current in the first 10 ps and
the last 2 ps in these three HEMTs are shown in Figs. 16(a)
and 16(b). The phases of plasma wave in the second and third
HEMTs are 115° behind and 130° ahead of the plasma wave in
the first HEMT. It shows that the phases of the source current
in the three HEMT units are asynchronous in the whole com-
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putational process. On the other hand, as shown in Fig. 16(c)
and 16(d), after introducing the Gaussian pulse, the phase syn-
chronization between different units are established after 2.5-
ps moment and the phase-synchronization continues until the
end. In other words, applying a planar electromagnetic pulse
with the same resonant frequency as the HEMT plasma wave
can synchronize the phases of the plasma waves in the HEMT
array, which can maximize the radiation power of the HEMT

array.
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Fig. 16. The temporal dependences of the areal source currents in the first 5 ps and the last 2 ps when the initial phase difference of the plasma
wave is 0°, —115°, and 130° in the HEMT element; panels (a) and (b) and panels (c) and (d) represent the source currents without and with

Gaussian plane wave excitation, respectively.

5. Conclusion

In this work, plasma instability in 2DEG of GaN HEMT
and the radiation power amplification of 1D HEMT array com-
pared to the single HEMT have been investigated. Under the
DS boundary condition, plasma instability and 2D plasmon
resonance are generated in the 2DEG in the HEMT. The tem-
poral and spatial distributions of the alternative sheet current
in the channel were analyzed and the distribution of the ex-
cited electric field inside the HEMT and in the space of several
radiation wavelengths were obtained. Then, several HEMT el-
ements were periodically integrated as a 1D array in the same
active layer, the working conditions of all the HEMT units and
the initial phases of the 2DPs among the elements in the array
are both set as the same. The power amplification and radia-
tion directivity of the HEMT array with different array periods
and numbers have been studied. It was found that the radiation
directivity of HEMT array is very close to the radiation charac-

teristic of element antenna array. Increasing element spacing
can narrow the radiation main lobe width but reduce the radia-
tion power of array, while increasing the elements number can
both effectively improve the radiation directivity and radiation
power of array. In addition, in order to overcome the radia-
tion power degradation caused by the phase asynchronism in
the plasma waves in HEMT array, an external Gaussian plane
wave excitation method is applied to interact with the plasma
waves in the array and eventually synchronizes the plasmon
phases. Our quantified numerical analysis on the power am-
plification and radiation directivity of the HEMT array pro-
vides a useful guidance for THz radiation devices based on
2D-plasmon resonance in semiconductor devices.
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