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Terahertz amplification in RTD-gated HEMTs with a grating-gate wave

coupling topology
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We theoretically analyze the operation of a terahertz amplifier consisting of a resonant-tunneling-
diode gated high-electron-mobility transistor (RTD-gated HEMT) in a grating-gate topology. In these
devices, the key element enabling substantial power gain is the efficient coupling of terahertz waves
into and out of plasmons in the RTD-gated HEMT channel, i.e., the gain medium, via the grating-gate
itself, part of the active device, rather than by an external antenna structure as discussed in previous
works, therefore potentially enabling terahertz amplification with associated power gains >40dB.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961053]

Over the past decades, the terahertz region of the spec-
trum has become the subject of much attention due to its wide
range of applications including astronomy, imaging, spectros-
copy, communications, etc.'™ Although important progress
has been recently achieved, there is still a significant need for
devices efficiently operating at these frequencies, for instance,
enabling power amplification. In this context, resonant-tunnel-
ing-diode-gated high-electron-mobility transistors (RTD-gated
HEMTs) have been recently proposed as terahertz amplifiers.*

In this letter, we present our theoretical evaluation of
power amplification in RTD-gated HEMTs with a grating
gate topology to couple in and out an incoming normally
incident terahertz beam. In these devices, gain originates
from the interplay between the gate-to-channel negative dif-
ferential conductance and electron-plasma-waves in the
HEMT channel, acting collectively as a gain medium.>”’
This work differs from our previous work,* in that coupling
of the terahertz radiation into electron-plasma-waves is inte-
grated via the grating-gate itself, which can be considered as
an intrinsic part of the active device, instead of via an exter-
nal antenna structure built around the active device.* As dis-
cussed by Popov in Ref. 8, in the context of HEMT terahertz
detectors, a sub-wavelength grating-gate placed close to the
HEMT channel acts as an aerial matched antenna allowing
to efficiently couple the incoming terahertz waves to elec-
tron-plasma-waves along the channel thus leading to an
enhanced HEMT terahertz detector responsivity. Via numeri-
cal simulations for RTD-gated HEMTs under this grating-
gate configuration, we show that (i) the electrical conductivi-
ties of the gated and ungated regions of the device, (ii) the
negative differential conductance level achievable from the
RTD, and (iii) the filling-factor, are important parameters
affecting the attainable power gain levels as well as the sta-
bility in this device.

According to Dyakonov and Shur theory, the two-
dimensional electron gas (2DEG) in the HEMT channel
allows for collective motion of electrons, i.e., electron-
plasma-waves, as demonstrated in, e.g., Refs. 11-14. In this
context, the gate length geometrically defines a resonant
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cavity where excitation of electron-plasma-waves is possi-
ble. In these structures, the velocity of the plasma-waves can
be one order of magnitude larger than the electron drift
velocity thus allowing these plasma-wave resonances to fall
in the terahertz range.

Electron-plasma-wave resonances in grating-gate struc-
tures have been first observed by Allen et al 13 In this case, a
silicon inversion layer at cryogenic temperature was
employed as the 2DEG where electron-plasma-waves were
excited. Experimental observation of electron-plasma-wave
resonances was later shown in various materials, e.g., in
GaN by Muravjov ef al.,"* in graphene by Ju er al.,'° etc.
The transmission spectra in these grating-gate structures
show a strong coupling between the electron-plasma-waves
in the 2DEG and an incoming normally incident terahertz
beam. The set of plasma-wave modes supported in these
grating-gate HEMT structures is given by*'>1317-1?

o) = (nse® /m").k/eo (& + epcoth (kd)), (1)

where e is the electron charge, ¢y is the vacuum permittivity,
& and g, are the relative permittivity of the layers below and
above the 2DEG, respectively, d is the barrier thickness, m*
is the electron effective mass, ny is the electron concentra-
tion, k is the magnitude of the plasma wave vector
(k =2m/L), and L is the unit cell period.

The discussion in this work will be based on numerical
simulations of grating-gate RTD-gated HEMTs. In the first
stage, so to show the validity of numerical simulations in
order to represent electron-plasma-wave phenomena, we pro-
ceeded to simulate the grating-gate HEMT structure discussed
in Ref. 13 employing a layer-by-layer model in Ansys High
Frequency Structural Simulator (HFSS). For this purpose,
each layer in the epitaxial structure is modelled by means of a
set of constitutive parameters: &, g, and p. The terahertz exci-
tation is defined as a normally incident plane-wave (with
respect to the sample), i.e., a plane wave-propagating along
the z-axis, and with polarization perpendicular to the gate
fingers (i.e., along x-direction). Due to the symmetry of the
device structure, periodic boundary conditions are set along x-

Published by AIP Publishing.
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and y-directions. Such an approach is followed in all the
simulations presented in this manuscript. An excellent agree-
ment was observed between our simulations and the results
in Ref. 13 (see supplementary material). In our simulations,
2DEGs were modeled assuming an effective thickness. The
frequency dependent response of the 2DEGs was described
by the following Drude conductivity and permittivity

g=oapc/(l+ w? ‘52); e=¢ — (opct/e0) /(1 + w? 12),

@)

where 7 is the electron momentum relaxation time, gpc is
the 2DEG DC conductance (S/m), and ¢, is the low-
frequency relative permittivity of the material in which the
2DEQG is formed.

As discussed in Ref. 13, the quality of the plasmonic res-
onances increases as temperature is decreased. The reason
behind the small resonance strength typically observed at
room-temperature is due to a large electron-plasma-wave
damping when wt < 1. In order to counteract this damping,
addition of resonant-tunneling, as a gain medium, was pro-
posed by Ryzhii and Shur in the context of terahertz detec-
tors and oscillators.>” The possibility of attaining stable
terahertz power gain in these structures was later studied by
Sensale-Rodriguez er al.* using a transmission line model
and assuming coupling in and out of the device via antennas
external to the RTD-gated HEMT. In this case, the condition
that must be satisfied for maximum power gain can be
expressed as”

NDC = [charrier/ T, 3

where NDC and Cp,rier are the gate-to-channel negative dif-
ferential conductance and the total barrier capacitance, per
unit area, respectively. The unit cell sketch depicted in Fig.
1(a), which corresponds to the RTD-gated HEMT epitaxial
structure discussed in Refs. 4 and 5, will be herein analyzed.
However, in this work, normally incident terahertz radiation
will be coupled into electron-plasma waves in the active
region of the device via the grating-gate itself as depicted in
Fig. 1(b) rather than by an external antenna structure (see
Fig. 1(c)).

As discussed in Ref. 5, the plasma wave vector, k, with
the addition of the gate-to-channel negative differential con-
ductance follows the following frequency dispersion:

k:s’l\/wz—kiw(rl + o) — (), 4
where s = (e?ny)/(m*e.€9) and o = —|Cparrier/NDC|. From
(4), by considering the real part of the wave vector, Re(k),
and by the selection rule for the first plasmon resonance, the
resonance frequency reads

0h = 200\ 0} + (z2)”! / VAot + () ()

where @y = sn/2L is the resonance frequency in the limit
when wt > 1 as defined for a structure without gate-to-
channel negative differential conductance (i.e., o — oo,
T — 00). As observed from (5), in the vicinity of the point
where the condition for maximum gain is satisfied, i.e., (3),
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FIG. 1. (a) Unit cell epitaxial structure of the analyzed RTD-gated HEMTs.
All layers are modeled employing Drude models for their frequency depen-
dent electrical conductivities, the two layers depicted in black color corre-
spond to AlGaN barriers. (b) Sketch of grating-gate devices with two
different filling factors. Filling factor, f, is defined as the ratio between the
gate length (L,) and the source-to-drain separation (Sg/p) as defined in (a).
(c) Sketch of an antenna coupled device configuration (top view).

adding negative differential conductance into the structure
leads to a red-shift on the frequency of resonance. In general,
it follows from (4) that:

wy x /& — |NDC], (6)

where the parameter ¢ is independent of the negative differ-
ential conductance level in the structure but dependent on
the structure geometry, 2DEG conductivity level, and mate-
rials parameters.

Since electron-tunneling occurs along the z-direction,
the dynamic-conductivity of the AlGaN/GaN/AlGaN tunnel-
ing region is modeled through an anisotropic-material tensor
(ie., 0,=0,=0, 0, <0). The z-component of its conductivity
(0.) is varied in our simulations in a proper interval around
0.~ — e 5 —600 S/m, in agreement with Eq. (3). No
frequency dispersion is assumed for this region owing to the
fact that the estimated dwell-time for the RTD structure,
which contains thin AlGaN barriers (1 nm) of low Al compo-
sition (25%) (as depicted in Fig. 1(a)), is on the order of 10
fs, and thus wtgwey <K 1. Also, due to the low Al composi-
tion of the barriers, an effective relative permittivity of 9.5 is
assumed for the AlGaN/GaN/AlGaN tunneling region. All
other material layers are modeled following Drude models
and proper relative permittivity values, i.e., 9.5 for GaN and
7 for SiN; DC conductivities of 2.4 x 10* and 230 S/m, and
7 of 75 and 150 fs are assumed for the n + GaN region above
the tunneling region and for the GaN buffer layer below the
HEMT channel, respectively. In all our numerical simula-
tions, we considered devices with a gate-length of 100 nm.
The thicknesses of various material layers, together with a
zero-bias band diagram along the z-direction (below the
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gate), are depicted in Fig. 1(a). The gated 2DEG, as well as
the ungated 2DEG, was modeled as 4 nm thick conductive
layers following a Drude-dispersion where t was set to 130
fs, following the discussion in Ref. 19; and the source/drain
electrode contact length was fixed to 500 nm. The filling-
factor is defined as the ratio between the gate length (L,) and
the source-to-drain separation (Sg,p), as pictured in Fig. 1(a).
The gated/ungated 2DEG conductivity as well as the filling-
factor was also varied in our simulations. In the following
discussion, power gain will be defined as the ratio (in dB)
between: (i) the sum of the powers of the reflected (P;) and
transmitted waves (P,) through the structure and (ii) the
power of the incoming terahertz excitation (Py), i.e.,
(P + P3)/Py as shown in Fig. 1(b).

At this end, we performed numerical simulations using a
layer-by-layer model in HFSS employing a frequency resolu-
tion of 5 GHz. In our first set of simulations, we varied (i)
the negative differential conductance ¢, and (ii) the ungated-
region sheet conductivity, while keeping fixed (a) the filling-
factor (f=0.3) and (b) the gated-region sheet conductivity
(6pc,gatea=2mS). Our analysis shows that the ungated
2DEG region heavily affects the response of the structure.
Figure 2(a) depicts the extracted maximum gain (i.e., maxi-
mum in the gain spectra) for two different values of ungated
sheet conductivity, namely, 0 and 3 mS, as a function of ..
It is observed that with zero ungated conductivity no gain
can take place, regardless of the negative differential

a b
50 P Opcungated Opc,ungated
Deungated 0.00 mS 3.00mS  relative
40 --0.00mS ma
—3.00mS g
100
= -
h
=
5 | 50
10
1
10
0 1 2 3 4 400 nm 400 nm
NDC o] (x10% S/m)
c
50 o) 3.0 -- Fittotrendin
40 w <2479'S/m = 25F.. Ean. (6)
=2479 5/ = Coo,
&30 —= m E20 e,
< - >2479 S/m 3
=20 €15 o,
'S S O~6
<10 g10 °
w “
0 g3 05 s
10 increasing |o | 0 H
0 1 2 3 4 2.0 24 2.8 3.2

Frequency (THz) NDC |o,| (x10% S/m)

FIG. 2. (a) Extracted maximum gain (from the calculated gain spectra) for a
configuration with 2mS gated DC sheet conductivity, and O (dashed) and
3mS (continuous) ungated DC sheet conductivity, as a function of the nega-
tive differential conductance |o.|. (b) Poynting vector profile (relative mag-
nitude) at 2 THz for OmS (left) and 3mS (right) ungated DC sheet
conductivity, in both cases the gated DC sheet conductivity is fixed to 2msS;
coupling of electromagnetic waves into the active region of the device is
observed only when having a finite ungated conductivity. (c) Corresponding
gain spectra used to extract the maximum gain shown in (a). The RTD nega-
tive differential conductance is swept and the DC sheet conductivities of the
gated and ungated regions are fixed to 2mS and 3 mS, respectively (d)
Extracted resonance frequency as a function of the negative differential con-
ductance |o.| for a device configuration with 2mS gated sheet conductivity
and 3 mS ungated DC sheet conductivity. In all cases, the gate length and
filling factor are set to 100 nm and 0.3, respectively.
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conductance level. In order to further understand the effect
of the ungated conductivity on the device response, in Fig.
2(b) we show the Poynting vector distribution under the con-
ditions for maximum gain in Fig. 2(a) (i.e., negative differen-
tial conductance level and frequency set to the values where
maximum gain is observed). The Poynting vector distribu-
tion shows that the reason behind no gain being observed in
structures with zero ungated conductivity, i.e., no 2DEG in
the ungated region, is because the incoming terahertz radia-
tion needs to be coupled into the gated-region (gain medium)
via the ungated region. Figure 2(c) shows the gain spectra
for a configuration with 6pc yngared =3 MS when varying o..
It is observed, in agreement with the discussion in Ref. 4,
that there exists a certain value of o, capable of maximizing
the attainable gain; however, this value is around 4 x larger
than what is predicted by Eq. (3). The reason behind this
observation might be due to additional loss induced by the
finite doping in the RTD access region and in the buffer layer
as well as by the frequency dispersion assumed for such
layers, which are effects not accounted for in previous trans-
mission line models.* Although in the GaN materials system
experimental demonstrations to date have not shown strong
resonant characteristics, it is worth mentioning that RTDs in
InAlGaAs have been demonstrated capable of providing the
required negative  differential conductance levels.*®
Moreover, we also observe that the frequency of resonance
depends on the negative differential conductance levels. This
effect is captured in Fig. 2(d), where the effect of negative
differential conductance on the frequency of resonance is
analyzed for a device configuration with 6p¢ ungarea =3 mS.
It is observed that as o, is increased, the resonance fre-
quency red-shifts, which is consistent with the trend pre-
dicted by Eq. (6).

In our second set of simulations, we analyzed the effect
of gated and ungated conductivity on the resonance fre-
quency. For this purpose, we varied (i) the gated-region sheet
conductivity and (ii) the ungated-region sheet conductivity,
while keeping fixed (a) the filling factor (f=0.3) and (b)
the negative differential conductance (o,=2479S/m). o,
=2479 S/m is chosen since this was the value leading to the
maximum gain observed in the design space exploration
discussed in Fig. 2. Figure 3(a) analyzes the effect of the
conductivity of the gated-region on the location of the plas-
monic resonance frequency. Simulations were performed by
varying opc caeq While keeping the ungated-region sheet
conductivity fixed t0 6pc ungarea =3 mS. In accordance with
Egs. (1) and (4), it is observed that as the gated conductivity
is increased the frequency of resonance blue-shifts. In con-
traposition, the effect of the ungated-region conductivity on
the frequency of resonance is much weaker. Figure 3(b)
shows the gain spectra for different values of op¢ yngarea and
a fixed gated-region sheet conductivity of opc ggrea=2mS.
Although a frequency blue-shift is observed as the ungated
conductivity increases, the noticed dependence is much
weaker than that observed when altering the gated-region
conductivity (see Fig. 3(a)) or the negative differential con-
ductance (see Fig. 2(d)). Therefore, it is concluded that the
main effect of the ungated region is on enabling the radiation
coupling.
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FIG. 3. (a) Gain spectra for device configurations with varying gated con-
ductivity. The ungated region DC sheet conductivity, negative differential
conductance, and filling factor are set to 3mS, 2479 S/m, and 0.3, respec-
tively. (b) Gain spectra for device configurations with varying ungated con-
ductivity. The gated region DC sheet conductivity, negative differential
conductance, and filling factor are set to 2mS, 2479S/m, and 0.3,
respectively.

In our third set of simulations, we show how our analysis
can also provide information about potential instabilities in
the device. Figure 4 depicts the gain spectra for two device
configurations with 0.5 and 2mS ungated-region sheet con-
ductivity, respectively. In both cases, the gated-region sheet
conductivity was set t0 0pc gaea=0.5mS, the filling-factor
was set to f= 0.3, and ¢, was chosen to that maximizing gain.
Although gain is observed in both situations, when carefully
analyzing the low-frequency end of the spectra (inset in
Fig. 4), it is observed that when ¢ yngareq =2 mS the power
gain can be potentially unstable, i.e., gain is observed even at
zero frequency, which is signature of potential DC device
instability. The reason behind why, although having the same
gated-region conductivity, gain peaks at different frequencies
in the configurations analyzed in Fig. 4 are due to the negative
differential conductance levels leading to maximum gain
being different in the two configurations.

Overall, our results indicate that terahertz radiation can
be effectively coupled into electron plasma waves in the
gated region, and power amplification can be observed at
resonance. When sweeping all the design parameters, it is
observed that a maximum stable power gain of ~48 dB can
take place. For reference, our previous work on RTD-gated

50

0-DC,ungated

20 —0.50mS

---2.00mS
30
$ 20

£
810
0
10 5 33

. .
Frequency (THz)

FIG. 4. Gain spectra for configurations exhibiting maximum gain with vary-
ing ungated conductivity. The pictured cases correspond to configurations
leading to maximum gain when sweeping negative differential conductance.
The gated DC sheet conductivity is set to 0.5 mS and the filling factor to 0.3.
Two cases corresponding to ungated DC sheet conductivity of 0.5mS (con-
tinuous) and 2mS (dashed) are pictured. When the ungated conductivity is
set to 2mS, gain is observed even at zero frequency, which is signature of
potential DC device instability.
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HEMTs, employing antenna fed configurations, also predicts
power amplification but with a much lower gain (around
5dB) at such frequencies.* In this regard, it is worth men-
tioning that in an antenna fed amplifier configuration, the
load and generator impedances should be designed so that
proper impedance matching takes place. In our previous
work, these impedances were considered as frequency inde-
pendent, which gives rise to amplification of higher order
resonant modes (i.e., multiple peaks in the gain spectra);
however, in practice, this is difficult to attain. In this work,
we observe that the grating gate configuration enhances the
coupling mainly for the first resonance and the coupling effi-
ciency reduces for higher order resonances as seen experimen-
tally, e.g., Ref. 13. Another reason behind the larger observed
gain levels, besides efficient electromagnetic coupling, is that
the stability conditions seem to be relaxed from those under
antenna feed configurations, therefore leading to a higher sta-
ble gain than that in our previous work. Scrutinizing this dif-
ference will be the focus of future work.

Finally, in our fourth set of simulations, we analyzed the
effect of the filling-factor, when varying the gated and
ungated conductivities and negative differential conductance
levels so to optimize gain (as per the previous discussion).
Figure 5 shows the tabulated maximum gain (dB) for differ-
ent combinations of gated and ungated region conductivities
for different filling-factors (for a fixed gate length of
L,=100nm in accordance with previous simulations). .
was swept and the maximum extracted stable gain (i.e., max-
imum in the gain spectra) was tabulated in each of the tables
depicted in Figs. 5(a)-5(c); table entries labeled in red as “0”
dB represent situations where no stable designs were found,
i.e., when sweeping the negative differential conductance the
gain spectra always show gain at zero frequency; thus, all
cases constitute potentially unstable designs in accordance

a /=03 gated DC b r=05 gated DC
conductivity (mS) conductivity (mS)
o n
g2 Q2
% > 45114 | 4 6 - 2> 331303022
g2 30[20]18]10] £32 0o[4a]27]3
o 5 oY
= S 0 |38]35]32 S S 0|0 [|37]39
5 0 [45 48] 26 S 0o [0 [2
C r=08 gated DC d gated DC

conductivity (mS)

conductivity (mS)

ungated DC
conductivity (mS)

ungated DC
conductivity (mS)

FIG. 5. (a)—(c) Simulated maximum power gain for different filling factors
(H: 0.3, 0.5, and 0.8, respectively, and fixed gated/ungated DC sheet conduc-
tivity levels as indicated by the table axes. For these gated/ungated conduc-
tivity combinations, the negative differential conductance (o.) was swept;
the gain levels listed in the table correspond to optimal configurations with
0, leading to maximum gain. Table entries labeled in red as “0” dB represent
situations where no stable designs were found, i.e., when sweeping o, the
gain spectra always show gain at zero frequency; thus, all configurations
constitute potentially unstable designs. (d) Observed trends for designs
exhibiting maximum gain. Configurations attaining maximum gain shift
from the non-colored region to the green-colored region of the table when f
is increased.
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with the discussion in Fig. 4. In general, it is observed that
as the filling-factor is increased, an optimal design for max-
imum stable gain requires higher gated-region conductivity
relative to the conductivity of the ungated-region, i.e., as
depicted in Fig. 5(d), the designs attaining maximum gain
shift from the non-colored region to the green-colored
region of the table as f'is increased. In accordance with pre-
vious discussion, in all cases it was observed that a finite
ungated conductivity is required to provide terahertz power
amplification.

In conclusion, this paper predicts terahertz power ampli-
fication in RTD-gated HEMTs with a grating-gate coupling
topology. Terahertz radiation in these devices is coupled into
2DEG channel plasmons via the grating-gate itself, rather
than by an antenna structure as in previous works. The
potential of achieving power amplification with gain exceed-
ing 40dB at ~2 THz is predicted. The electrical conductivi-
ties of the gated and ungated regions, the negative
differential conductance level achievable from the RTD, and
the filling-factor are identified as key parameters affecting
the attainable power gain levels as well as the stability in this
device.

See supplementary material for our simulation results of
the structure analyzed in Ref. 13.
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