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Abstract—We investigate the frequency-dependent nonlin-
earities of an AlGaN/GaN high electron mobility transistor
(HEMT) involved in terahertz (THz) detection by means of two-
dimensional Monte Carlo (MC) simulations. The analysis shows
that, below 1 THz, the responsivity roll-off is mainly governed
by the passive microwave behavior of the device rather than by
any limitation of the intrinsic detection mechanism. At higher
frequencies, an inverse extraction method able to provide the
intrinsic nonlinearity coefficients of the device, reveals just a
marginal broad enhancement around 1 THz followed by a steep
roll-off.

Index Terms—GaN high electron mobility transistors
(HEMTs), Millimeter wave (mmWave) detection, Monte Carlo
simulations, Zero-bias detector.

I. INTRODUCTION

Terahertz (THz) radiation, located between microwaves and
infrared on the electromagnetic spectrum, offers significant
potential for various applications including imaging, spec-
troscopy, and high-speed communication [1], [2]. However, the
accurate detection of THz power presents several challenges
that researchers are actively addressing. In this regard, Field-
Effect Transistors (FETs) are emerging as highly competi-
tive devices for THz detection, offering several compelling
advantages over the well-established Schottky diode tech-
nology [3]. While Schottky barrier diodes (SBDs) remain a
mature technology with very good performance in terms of
speed and low noise for certain THz applications [4], some
of the advantages of the THz detection with FETs, apart from
the possibility of a seamless integration with CMOS platforms,
are related to the flexibility in the design (mainly associated
to the impedance matching) provided by the presence of the
gate terminal, allowing for a certain tunability of the detector
input impedance. Also, they show superior noise performance,
since the resistance of FETs can be very effectively reduced
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by means of using high mobility semiconductors and appro-
priately scaling their dimensions.

Since the concept of plasma-wave detectors (following the
Dyakonov-Shur theory [5]) was coined, many efforts have
been done to improve the detection performance, both in terms
of responsivity and sensitivity, or Noise Equivalent power
(NEP) at high frequencies, ideally reaching the sub-THz and
THz range [1]. The Dyakonov-Shur theory describes how a
two-dimensional electron fluid in a field-effect transistor (FET)
can support plasma waves, which can be excited by incident
THz radiation. These plasma oscillations at THz frequencies
contribute to the device’s ability to detect signals much above
their amplification cutoff frequencies (f; and fi,42) [6]. De-
spite decades of research, there has been ongoing discussion
regarding the precise detection mechanisms in FETs [7],
indeed, it is not yet completely understood how the resistive-
mixing mechanism (associated to the non-linear I-V curve of
the devices), active at low frequencies, is substituted by other
mechanisms such as thermoemission or plasma-wave related
detection mechanisms, as the frequency is increased [8].

This work tries to shed light on this problem focusing on
GaN HEMTs, but its conclusions may be generalized to other
FET technologies (such as InP HEMTs or Si MOSFETs). By
using a generalized model for RF power detection, we will
present here the numerical framework based on microscopic
Monte Carlo (MC) simulations for extracting the frequency-
dependent nonlinearity parameters, which can be considered as
the “’detection sources” and be used to model the performance
of FETs as AC power detectors up to THz frequencies.
Such intrinsic MC simulations allow to remove the effects
of the device parasitics (very significant at THz frequencies,
which hinder the understanding of experimental results), and
isolate the intrinsic mechanisms at the origin of RF power
detection with FETs. We will demonstrate that the intrinsic
nonlinearity of the device does not clearly show the expected
plasma resonance at THz frequencies, but a marginal broad
enhancement at around 1 THz (never higher than a 10% with
respect to the low frequency value).

II. SIMULATOR AND DEVICE DETAILS

The device is modeled using a two-dimensional (2D)
semiclassical ensemble MC solver, self-consistently coupled
with the Poisson equation [9], [10] which includes all the
microscopic mechanisms at the origin of THz detection,
namely, current non-linearity, collective phenomena as plasma
waves, electron heating and thermoemission, carrier inertia,
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etc. Electron dynamics are computed in 1 fs steps, accounting
for intervalley, acoustic and optical phonon, piezoelectric,
and ionized impurity scattering. More details are provided in
Ref. [10]. The AlGaN/GaN HEMT features a 150 nm gate
length, with 300nm and 750 nm source-to-gate and gate-to-
drain spacings. The epitaxial stack includes a 0.5 nm GaN cap,
14nm AlGaN barrier, 1 nm AIN interlayer, and 250 nm GaN
channel, as shown in the sketch in the inset of Fig. 1. The
intrinsic 14-Vjs curves obtained directly from MC simulations
are plotted in Fig. 1, while the inset shows the excellent
agreement with the measurements made on a device with
the same geometry [11] once the contact resistances and the
Schottky barrier height are accounted for, using the same
procedure as in Ref. [10]. We have to remark here that MC
simulations of ohmic contacts involve the direct injection of
electrons into the 2DEG channel, and also a shortened source-
gate distance (0.3 um instead of 1.6 pm), so that the value for
the contact resistance is slightly higher than the experimental
one.
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Fig. 1. Intrinsic 14—V, output characteristics at low V. The inset shows the
good agreement with measurements in a similar device achieved by adding
to the simulations the effect of the contact resistances (with a total value
of 2.02-mm, in good agreement with the measured data) and the Schottky
barrier height at the gate terminal (0.71 V). A sketch of the simulated device
(not to scale) is also included.

III. AC POWER DETECTION

A. RF Power Detection Simulations: Gate-port with RF Short-
Circuit and Matched Load Connections

In order to correctly account for RF power reflection
and transmission imposed by the device under test, their S-
parameters are initially obtained by means of MC simula-
tions by transformation of the Y-parameters computed by
applying single-tone voltage excitations and recording the cur-
rent response [12]. Afterwards, the detection operation under
drain-injection conditions is simulated. First, the frequency-
dependent current responsivity with the gate port terminated
with a RF short circuit, 3M“s"(f), is obtained from time-
domain MC simulations by applying a sinusoidal signal with
varying f to the drain terminal, v3", while keeping the gate

s

voltage constant at its dc value, V, (more details are given in
Ref. [10]). Under these conditions the RF drain-gate coupling
is canceled, thus simplifying the analytical interpretation of
the result, as will be explained later. The simulated rectified
drain current, Al;(f), allows to calculate ﬁé‘/[ C5h=AP—I; where

2
P5=8UTSS is the power injected by the RF power source (with

amplitude vg) and Zg the source impedance.

As second step, the responsivity with RF matched gate
port 3" “™(f) is obtained in a similar way, but in this case
sinusoidal signals dependent on f (v).Y and vg?) are applied
to both drain and gate contacts computed using the previously
extracted S-parameters of the device:

E
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where I'$"(f) is the input reflection coefficient at the drain
terminal, which, under short-circuited-gate-conditions, takes a

value of T3 (f)=Sa2(f) — %ﬁzf()f)

B. Analytical Formalism Based on the Non-linearity of the
1;—Vys Curves and S-Parameters

If one assumes that the frequency of the AC excitation is low
enough, i.e. the resistive-mixing mechanism is at the origin of
the RF power detection and its frequency dependence is just
provided by the input RF power reflected and transmitted by
the transistor (and thus related to its S-parameters), simple
closed-form (CF) expressions (extracted in Ref. [13], [14] by
these authors) can be used to obtain the frequency-dependent
RF power responsivity of any kind of FET. Under these
conditions, the non-linearity of the I;—Vjs curves, shown in
Fig. 1, represented by the frequency-independent g;; coeffi-
cients (defined as the second order derivatives of Ig vs. Vy,
and Vi, gijz%), is the mechanism at the origin of
the RF power detection.

In contrast, when increasing the excitation frequency, carrier
inertia, plasma and thermoemission effects start to be signif-
icant and, as a consequence, the assumption of constant g;;
values does not hold anymore. As a first approximation, one
can obtain their frequency dependence from MC simulations
via the Y-parameters of the device. First, the drain conductance
go1(f) is obtained as the real part of Y55(f) (computed by
applying a small-signal excitation at the drain [12]) and the
coefficients g11(f) and go2(f) are then derived using finite-
difference approximations based on incremental variations of
the gate and drain dc bias, respectively. The results obtained
with this calculation, see Fig. 2(a), as expected, show a low-
frequency plateau until about 100 GHz, where a frequency
dependence starts to be evident, displaying a plasma-related
enhancement at about 1 THz. Moreover, their values approxi-
mately satisfy the condition g17 &~ —go2, as expected, since the
variations of the drain conductance take opposite sign when
varying Vg and V,, as they are controlled by the value of
AVys = AVyq (the transistor is at zero-drain bias).
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Fig. 2. Comparison between (a) derivative-based (g;;) and (b) inverse-
extracted (ggj) nonlinear coefficients for different V.

However, this initial calculation of the g;;(f) coefficients is
not correct, as it does not take into account the frequency
dependency of the non-linearity, since it assumes that the
variations of Yao(f) when applying time-varying Vs and
Vys voltages take place instantaneously. As such, only the
frequency dependence of the linear response of the devices
is accounted for. This fact is clearly demonstrated by the
results shown in Fig. 3, where one can observe that the values
of the responsivities (both in short-circuit and matched gate
configurations) obtained with the (i) direct MC computation
and by (ii) reconstructing them from the CF expressions do
not align at frequencies above 100 GHz, just when the g;;(f)
coefficients start to be frequency dependent.

For this reason, we propose an alternative strategy based
on the inverse extraction of the effective non-linearity coef-
ficients g;;(f). They are computed from the simulations of
the responsivities B3 C"( f) and ﬂycmg (f) by knowing their
relationship with g;,(f) given by the analytical CF expressions

of BGF'sh(f) and ﬂfF/mg(f), the latter derived in Ref. [10],
while the former can be straightforwardly obtained in a similar
way. The extraction of the frequency-dependent coefficient
962 (f) is performed by isolating the direct-drain contribution
to the responsivity, 3/Ch( ), obtained from MC simulations
under short-circuited gate conditions. This corresponds to
the Bpp(f) term in the CF analytical expression of the
responsivity (see Refs. [13], [14]), which can be rewritten as:
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Once g{(f) has been determined from the short-circuited
gate configuration, we extract g¢i,(f) by isolating the
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Fig. 3. Comparison of the responsivities obtained with direct MC computation
and by reconstruction from CF expressions under (a) short-circuited gate
configuration: SMCsh (symbols) and SSF 5" (lines) and (b) matched gate
configuration: 3 Cmg (symbols) and 3 ™9 (lines). Results are shown for
different gate biases Vys.

drain-gate coupling contribution in the CF expression for
gF "9( f), which under these conditions is given by:

_ Rt
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where F{Z-" =557 in matched-gate conditions, so that solving
for g, (f) its value can be obtained.

As can be seen in Fig. 2, apart from their low frequency
values, the results obtained for g;;(f) and g;;(f) are quite
different. The resonant behavior of g;;(f) with a crossing point
around 1THz, turns into a smoother behavior with a broad
peak around that same frequency. Instead of the expected
enhancement of the THz detection predicted by the plasma-
wave theory, practically only a frequency roll-off (with a
—3dB cut-off frequency around 2 THz, which decreases with
increasing V) of the non-linearity mechanism is observed,
see Fig. 2(b). This means that the lower frequency cut-off of
the responsivity observed in Fig. 3 is mainly due to the passive
filtering of the response due to the presence of the device
capacitances, and not to a frequency dependence of its intrinsic
nonlinearity. It is also remarkable that the broad peak of the
responsivity observed at around 4 THz for Vy,=—3.6V, Fig. 3,
translates into a practically flat value of g;;(f) above 3 THz,
Fig. 2(b), small with respect to its low frequency value (and
with opposite sign). This high frequency detection resonance,
according to the CF expressions, is due to the frequency
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dependence of S parameters (see Ref[10]), and may be linked
to plasma resonances coupled with thermoemission process at
the source-gate region, as explained in Refs. [8], [15].

IV. CONCLUSION

By means of MC simulations, we have extracted the values
of the frequency-dependent nonlinearity coefficients at the
origin of the detection provided by GaN HEMTs. Using this
result, we have demonstrated that the frequency roll-off of the
responsivity at frequencies below 1 THz is not caused by the
intrinsic physical phenomena at the origin of the detection, but
by the passive microwave behavior of the transistor. However,
the negative influence of the gate capacitances of the tran-
sistors when used as amplifiers (sharply degrading their high-
frequency performance) is not a problem for their operation as
detectors. On the contrary, they are even beneficial, as short-
circuiting gate and drain or source terminals (often realized
by a large capacitor in practical implementations of FET-
based THz detectors [8], [16]) can improve the detected drain
current output. Also, the transconductance, g,,, plays a key
role for improving the amplifier gain, but has no influence in
the detection (g,, is null at zero drain bias), Therefore, low
mobility materials such as GaN or Si can provide optimum
detection performances, and there is no need for ultra-short
gate length designs. Indeed, different design rules must be
applied for the optimization of FETs as detectors, which could
be obtained by using the CF formalism and the values of
the g;;(f) coefficients obtained here , and combined with an
equivalent circuit modelling approach for the transistors (as
done in Ref. [17] taking as a base the experimental results).
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