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This paper theoretically studies the high-electron-mobility transistor (HEMT) driven by the terahertz radiation.

It calculates the gate-to-source/drain admittance and the detection responsivity of the HEMT as a function of the signal

frequency. It finds that the peaks of the admittances and the responsivity show redshift, and the heights of the peaks

decrease with increasing the lengths of the source-to-gate and gate-to-drain spacing. Such phenomena may be useful in

designing different HEMTs by utilizing the effects associated with the plasma oscillations excitation.
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1. Introduction

Recently, terahertz (THz) plasma effects in
high-electron-mobility transistors (HEMTs) have at-
tracted a growing interest of theoretical[1−13] and
experimental[14−23] studies. Plasma wave is the os-
cillation of electron density in time and space, and
the channel of a field-effect transistor with sufficiently
high electron mobility can serve as a resonant cavity
for the plasma wave. Moreover when a certain re-
lation between the signal frequency and the electron
transit time is fulfilled, the self-excitation of plasma
oscillations can occur in HEMT-like heterostructures
with tunnelling or thermionic electron injection from
the channel into the gate layer, and its typical plasma
frequencies ωp lie in the THz range. Such phenomena
can be used for generation, detection, mixing, and fre-
quency multiplication of THz radiation.

The principle of the HEMT operation as a detec-
tor is described in the following. The signal compo-
nent of the voltage created by the THz radiation is
applied to the side contacts to the HEMT channel.
It excites a standing plasma wave in the latter. The
oscillating electric potential of channel determines the
AC component of the emitter-collector channel. When
the signal frequency is close to one of the resonant
plasma frequencies, the amplitude of the oscillating

potential in the channel can be larger than the am-
plitude of the incoming signal. Due to the nonlinear
dependence of the current density through the chan-
nel into the gate and the channel local potential, the
variation of current contains the component at the fre-
quency of the incoming signal, its harmonics and the
rectified component.

A lot of work has been done in the field of HEMT
plasma detector. However, the effects of the length
of the contact region need further study. In this pa-
per, we use the model developed by Satou et al [13] to
study the HEMT driven by the THz radiation. We
theoretically show that the peaks of the admittances
and the responsivities show redshift, and the heights
of the peaks decrease with increasing the lengths of the
source-to-gate and gate-to-drain spacings. Such phe-
nomena can be useful in designing different HEMT by
utilizing the effects associated with the plasma oscil-
lations excitation.

2. Basic equations of the physical

model

The HEMT considered here has an undoped chan-
nel formed at the heterointerface between wide-gap
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(AlGaAs) and narrow-gap (GaAs) layers, and the side
contacts to the channel (source and drain) are con-
nected (see Fig.1). It assumes that the structural pa-
rameters and the bias gate voltage are chosen to pro-
vide an effective electron injection from the channel
into the gate layer through tunnelling.

Fig.1. Schematic view of the HEMT structure.

Assume that a small AC voltage V (t) = δV ωexp(-
iωt), where δV ω and ω are respectively the signal am-
plitude and frequency, is applied between the con-
tacts. The electron sheet concentration Σ (x, t) =
Σ0 + δΣω(x)exp(-iωt), the electron velocity along the
channel u(x, t) = u0 + δuωexp(-iωt) and electric po-
tential of the 2D channel ϕ(x, t) = ϕ0 + δϕωexp(-iωt),
where subscript 0 denotes the steady-state values and
subscript ω denotes the small-signal amplitudes cor-
responding to the frequency ω, obey the continuity
equation and the Euler equation:[11−13]
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here e is the electron charge, m is the electron effec-
tive mass, ν is the electron collision frequency, and
j = j(ξ) is the density of the electron leakage current
from the channel into the gate, with ξ = −4πeΣ/ε

and ε is the dielectric constant.
For small amplitudes of the incoming signals, one

can present the variation of the electric field at the
heterointerface δξ in the form[13]

δj ' σδξ + βδξ2 + γδξ3 + · · · , (3)

where σ is the differential conductivity associ-
ated with the electron tunnelling injection from

the channel into the gate layer, and parameters
β and γ characterize the nonlinearity. Assum-
ing that j(ξ) = −eνQWΣexp(-Et/|ξ|), one can get
σ = (ενQW/4π)(1 + Et/|ξ0|)exp(-Et/|ξ0|), and β =
−(ενQW/8π)(E2

t /|ξ0|3)exp(−Et/|ξ0|). Where Et =
4(2mε3

0)
1/2/3e~, ~ is the reduced Planck constant, and

ε0 is the conduction band offset at the heterointerface,
|ξ0| = V0/W .

Introducing the electron transit time across the
gate layer τd = W/υd and the characteristic injec-
tion frequency νt = 4πσ/ε (here υd is the electron
drift velocity across the gate layer), solving the Pois-
son equation in the gate layer, we can express the AC
component of the electron sheet concentration in the
channel in terms of ϕω as follows[13]

Σω = − ε

4πeW
cωϕω, (4)

where cω = [1+iνt/ω− iνtf(ωτd)/ω]−1, and f(ωτd) =
[exp(iωτd)− 1]/(iωτd).

Using Eqs.(1), (2) and (4), we can get the fol-
lowing equation for ϕω in the region beneath the gate
(|x| ≤ L):

d2δϕω

dx2
+ s−2cωu0 (υ − iω)

dδϕω

dx

+s−2 (ω + iυ) (ω + iυt) cωδϕω = 0, (5)

here s = (4πe2Σ0W/εm)1/2 = (eV0/m)1/2 is the
plasma wave velocity.

The boundary condition can be taken in the fol-
lowing form:[13]

δϕω|x=±L = δVω ∓ Lω
dδϕω

dx
|x=±L, (6)

where Lω = Lc(Σ0/Σ0c)(νc− iω)/(ν− iω), Σ0c and νc

are the electron sheet concentration and the electron
collision frequency in the contact regions.

Using Eq.(5) with boundary conditions (6), we
obtain

δϕω = c1 exp (λ1x) + c2 exp (λ2x) , (7)

here

λ1 =
−b +

√
b2 − 4c

2
, (8)

λ2 =
−b−√b2 − 4c

2
, (9)
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c1 =
δVω

(
exp (−λ2L)
1 + Lωλ2

− exp (λ2L)
1− Lωλ2

)

exp (λ1 − λ2) L
1 + Lωλ1

1 + Lωλ2
− exp (λ2 − λ1) L

1− Lωλ1

1− Lωλ2

, (10)

c2 =
δVω

(
exp (−λ1L)
1 + Lωλ1

− exp (λ1L)
1− Lωλ1

)

exp (λ2 − λ1) L
1 + Lωλ2

1 + Lωλ1
− exp (λ1 − λ2) L

1− Lωλ2

1− Lωλ1

, (11)

where b = u0s− 2cω(v − iω), c = s− 2cω(ω + iv)(ω + ivt).

3. Calculation of admittance and detection responsivity

The net AC current (per unit length) is given by

δJω =
(
σ − i

ωε

4π

) cω

W

∫ L

−L

dxδϕω, (12)

substituting δϕω from Eq.(7) into Eq.(12) and integrating, we obtain
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(
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4π
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}
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Equation (13) yields the gate-to-source/drain admittance of the HEMT:
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(
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ωε

4π

) cω

W

{
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[exp (λ1L)− exp (−λ1L)] +

c2

λ2
[exp (λ2L)− exp (−λ2L)]

}
. (14)

Figure 2 shows the frequency dependences of the
real and imaginary parts of the admittance with dif-
ferent lengths of the source-to-gate and gate-to-drain
spacings. The parameters used in Fig.2 were cho-
sen as follows: L = 0.25 µm, W = 0.05 µm, νQW =
1 × 1013 s−1, υd = 1 × 107 cm/s, Lω = Lc (i.e.,
Σ0c = Σ0 and νc = υ), υd = 1×107 cm/s, V0 = 0.75 V ,
and υ = 1 × 1012 s−1. One can see that with the
increase of lengths of the source-to-gate and gate-to-
drain spacings, the peaks of the admittance show red-
shift, and the height of the peaks decreases. So we
can find out that plasma oscillations become weaker
when the lengths of source-to-gate and gate-to-drain
spacings increase.

From Eq.(7) we obtain

Reδϕ = |Aω (x)| cos (ωt− θω) , (15)

here

|Aω| = |c1 exp (λ1x) + c2 exp (λ2x)| . (16)

Fig.2. Real (solid) and imaginary (dot) parts of the

HEMT gate-to-source/drain admittance versus signal fre-

quency for different lengths of the contact regions (collision

frequency set as ν = 1× 1012s−1).
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Using Eqs.(3) and (13), after averaging over the
signal period we obtain the following expression for
the current component induced by incoming signal:

δJ0 =
β |cω|2
2W 2

∫ L

−L

dx |Aω (x)|2. (17)

Figure 3 illustrates the frequency dependence of
the responsivity associated with the nonlinear re-
sponse δJ0/δV 2

ω , the value proportional to the rectified
component of the current. The parameter used in

Fig.3. Detection responsivity versus signal frequency for

different lengths of the contact regions (collision frequency

set as ν = 1 × 1012 s−1, electron drift velocity across the

gate layer υd = 1× 107 cm/s, V0 = 1.0V).

Fig.3 is chosen to be ε0 = 0.1 eV which corresponds
to Vt = 2.92V. The other parameters are the same as
those listed above. One can see that with the increase
of lengths of the source-to-gate and gate-to-drain spac-
ings, the peaks of the responsivity show redshift, and

the height of the peaks decreases. The resonant peaks
of the detection responsivity are associated with the
coincidence of the incoming THz radiation frequency
and the resonant plasma frequency. The shift of the
peak position with changing the lengths of the source-
to-gate and gate-to-drain spacings is attributed to the
change of the electron concentration in the channel
and matching of the plasma and transit-time reso-
nances.

4. Conclusions

In summary, we calculate the gate-to-
source/drain admittance and the detection respon-
sivity of the HEMT as a function of the signal fre-
quency. It shows that with the increase of lengths
of the source-to-gate and gate-to-drain spacings, the
electron concentration in the channel changes, the
matching of the plasma and transit-time resonances
also changes, which induce the peaks of the admit-
tance and the responsivity red shift, and the height of
the peaks decreases. In order to gain a good perfor-
mance of the detector, we should make the lengths of
the source-to-gate and gate-to-drain spacings as short
as possible.
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