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We report our studies on terahertz detection in high electron
mobility transistors (HEMTs) with a resonant-tunneling gate
structure, which exhibits negative differential conductance (NDC)
from gate to channel; namely, resonant-tunnel-diode (RTD) gated
HEMTs. The effect of NDC on detector responsivity is
theoretically derived based on Dyakonov-Shur electron-plasma
wave theory. The positive gate conductance in traditional HEMTs
damps the electron plasma waves, therefore reducing responsivity;
conversely, in devices employing NDC gates, detector sensitivity
can be greatly enhanced. Our analysis also demonstrates that
resonant detection, thus high responsivity, can be obtained even
near the threshold voltage in RTD-gated HEMTs, while only non-
resonant detection is attainable in conventional HEMTSs in this bias
regime. Numerical exploration of the design space for GaN
HEMTs with double-barrier AlGaN/GaN/AlGaN RTD gates is
performed, showing that thin barriers with low Al composition
may be the most practical structures to demonstrate this enhanced
detection mechanism.

Introduction

The past decades have seen increasingly rapid advances in the field of terahertz (THz)
research (1). In this context, investigation of emitters and detectors has been one of the
most dynamic areas, aiming for applications including astronomy, biomedicine,
communications, and defense (2). Dyakonov and Shur’s theory (3) states that electrons
in a high electron mobility transistor (HEMT) behave as a two dimensional electron fluid
(2DEF) and thus can be described by a hydrodynamic model. As a consequence,
electron-plasma waves, which can propagate at velocities much larger than those of
electrons limited by their drift saturation velocity, may be excited in the channel. Several
studies have shown that this phenomenon can result in efficient detection, generation, and
frequency multiplication of THz radiation; experimental demonstrations of THz detection
have been reported in Si (4), GaAs (5), and GaN (6) based transistors. However, the
detector responsivities experimentally obtained so far have been modest (~1x10°® V/W
(6)) in comparison with the very high responsivities theoretically predicted. In the
previous analytical and experimental studies (7-8) it was reported that the gate leakage
current is primarily responsible for the low responsivity. In this work, we present a
comprehensive study on how to enhance responsivity using device structures with gates
exhibiting negative differential conductance (NDC). For simplicity, we have named this
class of devices as resonant-tunnel-diode gated HEMTs. However, the principle shown
in this work should apply to all Dyakonov-Shur devices employing gates exhibiting NDC.

The benefits of complementing electron-plasma waves with an element exhibiting
NDC were previously discussed in Ref. (9). It was theoretically shown that the plasma
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resonance (peaks in detector responsivity) can be sharpened in a four terminal hot
electron transistor device as proposed in Ref. (10), when electrons tunnel from its emitter
(a 2DEF region) to a collector by resonant tunneling through a double barrier structure.
In this paper we present a theory that is not restricted to any specific device topology, and
therefore a generalization of the previous result. Based on our theory, we further show
that resonant response in our proposed RTD-gated HEMTs is possible even when the
device is biased near threshold, where traditional devices operate only in a non-resonant
mode. Design space exploration is performed in the GaN material system since GaN
promises high frequency THz detection due to its higher maximum achievable 2D carrier
concentration in comparison with other semiconductors (8). Our study shows that RTD
gates using thin barriers with low Al composition might be the most practical structures
to demonstrate this enhanced detection mechanism.

Hydrodynamic model

The equations that govern the electron transport in the channel of a HEMT as described
by the hydrodynamic model (3) are given by:
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where Eqn.[1] is the Euler equation, and Eqn.[2] corresponds to the classical continuity
equation (also including the effect of gate leakage as 1,). Note that in these equations e

is the absolute value of electron charge, m is electron conduction effective mass, r the
electron relaxation time, v is the electron velocity, n is the 2D electron channel

concentration, the potential U=U_ -U, , and j,(x)=1,(x)/WL where W is the
transistor width and L the channel length. |, is defined as positive when the current is
flowing out of the channel (electron flux towards the channel).
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Figure 1. a) Device structure and biasing configuration; a THz signal is applied between
gate and source, drain is left open both in DC and RF. b) Typical responisivities for
resonant and non-resonant detector configurations.
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Response well above threshold

Let’s consider a self aligned HEMT biased as shown in Fig. 1a. For now it will
be assumed that the gate voltage bias (DC) is such thatU  >>U, , but this assumption

will be later relaxed in order to analyze the case when the transistor is biased near
threshold. In addition, AC and DC open boundary conditions will be considered at the
drain terminal. Also it will be assumed that the induced DC voltage U, is much smaller

than U —U,, (detected voltage is small in relation to the gate bias overdrive); this is a

logical assumption if the transistor is biased well above Uy, (forward biased), which is
normally the case for resonant THz detection. Therefore the boundary conditions (AC) at
source (x = 0) and drain (x = L) are given by:

U (0,t)-(U(0,t)) =U,cos(wt) x=0 3
v(Lt)=0 x=L ’
where () represents time average, U0:<U(0,t)> is the DC gate voltage swing and

U, cos(at) is the induced AC voltage by the THz radiation.

Since we are assuming that the transistor is forward biased, the gradual channel
approximation is valid and consequently Eqn. [2] can be rewritten as:

Coue [a_” + 2 (“V)j =0, [4)

e ot OX

where C_.. is the gate capacitance and considered as constant with respect to the spatial

gate

coordinate x because Uy <<U U, , and u is defined as u=eU/m. Looking for
solutions of the governing equations [1] and [4] of the form:

[5]

u=u+u, +..
V=V+V,+..

where U,V are average value and u,, v, are n™ time harmonics, the following equations
are derived for the first harmonic:
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In this context, we define:
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where gqate IS the gate conductance. By taking the time average of Eqns. [1] and [4], the
following equations are derived for the DC components:
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By considering solutions of the form: u,V, o gileet)

the following dispersion relation is obtained:

, and substituting into Eqns. [6]-[7],

k=+k, = is_l\/a)z + ia)(r_l + a‘l)—(ra)fl . [11]

It can be easily noticed from this equation that the effect of gate conductance, which is
given by 1/o adds to the damping term due to electron scattering (1/z), thereby acting in
the model as a second damping element. This is the physical mechanism whereby gate
leakage has been observed to degrade detector responsivity. But in cases where
a=C, /0. <0, the damping can be counteracted, leading therefore to enhanced

detector responsivity.
Following the same argument as in Ref. (3), the solution of Eqns. [6]-[7]

becomes:
U =Re[(Ce" +Ce™)e™ | [12]
v, = Re[w;:jjl (ce™ —Czeik"x)e‘i“"} , [13]
where
C,=u,/(1+e™"), C,=u,/(1+e?"). [14]

Then, the DC solution can be found by integrating Eqgns. [9]-[10] and from it the detector
response can be estimated. There are two modes of detector response: (i) a resonant
mode, in which the detector response is narrowband but exhibits very high responsivity
peaks at frequencies where kL=(2n+1)z/4 n=12,...; and (ii) a non-resonant mode
where detection is broadband (see Fig. 1b). In classical HEMTs, the first mechanism
(resonant detection) corresponds to a case where wz >> 1 and sw/L >> 1, while the second
situation occurs otherwise (Ref. (3)).
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Response near threshold

For analyzing the response at or near threshold we will consider our primary variables
to be the electron velocity and local sheet concentration rather than the local potentials in
order to simplify the problem, see Ref. (8). Near threshold, one can assume a band
diagram under the gate consisting of quantized energy levels within the channel.
Considering this, charge in the channel can be expressed as:

ns(Ef):Zj: DOS.f(E)JE [15]

where i = 1...M with M being the number of quantized energy levels, and DOS the 2D
density of states, which is given by:

DOS =m.. / 7h* | [16]

with M, being the 2D DOS electron effective mass. Therefore, by taking into account

the Fermi-Dirac distribution, quantum capacitance (as a function of channel
concentration ng) can be derived by assuming a single band occupation:

Cy =97 (9,M pos /7zhz)(1—exp(—n57z7‘12 1KTM" o )) . [17]
Consequently, the total capacitance can be written as:
-1

Coar =[ Come +C5" ] [18]

which is a function of nsas can be seen from Eqn. [17]. In this regime, the gradual
channel approximation is not valid, but Euler’s equation [1] can be easily modified by
considering the effect of quantum capacitance, Eqn. [17], as:

2
V—+e—anS+X:O . [19]
ot ox mCyy(ng,) X 7

By looking for solutions of the governing equations [19] and [2] in terms of a time
averaged electron velocity and local channel concentration and their higher harmonics,
the following equations are derived for the first harmonic:
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In this context, we define:
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For the DC components, the following equations hold:
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By considering solutions of the form: n_,,v, oc €™ and substituting into Eqns. [20]-
[21], the following dispersion relation is obtained:
1 . 1
k=+k, =+— |0 +io(t "+ p7")- . 26
o=t oyo Hio(e ) ~(#) [26]

Now the problem can be completely solved by following exactly the same steps as
described in the previous sub-section.

Results and discussion

As previously noted, from Eqn. [11] it follows that if @ =—7 the damping of the electron
plasma waves is entirely counteracted ( Re(k)=0 ). This can be rewritten as

Coate | Ogate =—7 » WhHEre Cgare and ggare represent the distributed gate capacitance and

conductance, respectively. As a result, in HEMT structures exhibiting negative
differential conductance (ggate < 0), damping can be counteracted leading thus to
enhanced detector responsivity. Considering a GaN HEMT structure with parameters:
Cate = 0.69 pF/cm?, L = 150 nm, Up = Ugspc - U = 1 V, m = 0.2mg, and p = 1400
cm?/V.s, we obtain the responsivities presented in Fig. 2 for different values of « . It can
be noticed that peak resonant responsivity increases when the effective damping is
reduced (o approaches 1), but at the expense of the detector response becoming more
narrowband. For a=-1.1x7 a responsivity of 6200 V/W is calculated, with a
bandwidth of 60 GHz, which is more than 75 times larger than what is achievable in the
same HEMT working as THz detector but without negative differential conductance in
the gate.
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Figure 2. Calculated responsivity as a function of frequency for different values of a (
a=C | 9gue <0). When o approaches  (a), the responsivity increases because NDC

counteracts the damping of the electron plasma waves; however, the increase in
responsivity is at expenses of a narrower bandwidth. When |a| increases, the effect of
NDC becomes increasingly weak; the responsivity approaches that of the HEMT detector

without a NDC gate (d). Dashed lines (red) in a)-d) indicate the responsivity levels 3dB
lower than the maximum for each situation.
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Figure 3. Calculated responsivity as a function of frequency for different values of
parameter £ (defined by Eqn. [22]). When S approaches z, a resonant response is also
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possible for low concentrations (near-threshold regime) in contrast to the broadband non-
resonant response observed in conventional HEMTSs.

Conventionally, transistors biased near threshold operate in a non-resonant detector mode
(3, 8); but in devices exhibiting NDC, resonant response is also possible under these bias
conditions. Responsivity is plotted for different values of g (defined by Eqgn. [22]) as a
function of ns at a frequency of 1THz (see Fig. 3); from here it can be seen how resonant
modes (peaks) can exist in the near-to-threshold region in the case of HEMTs with
negative gate differential conductance when S approaches z. Since the electron plasma
wave characteristic frequency thus resonant detection peak can be tuned by varying ng
(Egn. [26]), this observation suggests that it is possible to realize high responsivity in a
wide range of THz frequencies using our proposed RTD-gated HEMTs.
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Figure 4. Calculated exponent of o (logig o) as a function of well and barrier width for
different Al compositions (xa = 0.2, 0.4, 0.6 and 0.8) for an AlGaN/GaN/AlGaN RTD
structure. The region in which the condition for highest responsivity, a approaching z,
can be achieved is shown in dark blue.

To explore practical implementation of our proposed high responsivity devices, we
investigated GaN HEMT structures with AlGaN/GaN/AlIGaN double barrier gates. By
systematically varying the barrier/well width and barrier height (i.e. Al composition Xay),
we seek a structure that meets conditions for the maximum responsivity (o approaching 7)
(see Fig. 4). For this analysis, the effect of polarization field was neglected. The
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parameter o was obtained from computing the current as a function of voltage via the
transfer matrix formalism, from where transmission probability was determined and thus
tunneling current using the method described in (11). Capacitance of the RTD-structure
in the gate was estimated from the serial connection of the geometric capacitance of the
two tunnel barriers. We found that, for each barrier Al composition, there is a region in
the barrier/well width design space that gives values of a approaching 7 (in GaN 7 ~ 0.13
ps). The dark blue region in the plot represents this region, where maximum responsivity
can be achieved. It is worth noticing that lower Al compositions allow thicker barriers,
and therefore are preferred in practice for growing uniform tunnel barriers. Starting from
this observation, we performed 1D Poisson simulations (12) including the effect of
polarization to obtain a more accurate estimation for the capacitance. At the voltage at
which ggae peaks, a was determined to be around 0.04 ps (around 3 times lower than 7)
for a 1nm-AlysGaN / 2nm-GaN / 1nm-AlgsGaN gate stack, which allows some safety
margin in real device implementation since the capacitance values measured in RTDs
under peak NDR conditions are usually larger than the capacitances (13) estimated from
the geometric capacitance. Therefore, we have shown that very sensitive THz detection
is theoretically achievable in these practically realizable device structures.

Conclusion

We have shown that HEMT THz detectors with very high responsivity can be achieved in
device structures exhibiting gate negative differential conductance. The influence of gate
leakage in detector response was theoretically investigated, and it is observed that the
positive gate conductance degrades the detector performance by introducing an extra
damping term to the electron plasma waves. However, in structures where the gate
exhibits a negative differential conductance, the electron plasma damping can be
counteracted leading to enhanced detector performance. Resonant detection was shown
to be possible even for gate voltage biasing near the transistor threshold voltage. Feasible
device structures were also discussed, which are capable of achieving the proposed
enhanced detection.
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