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A theory of nonlinear response of the channel of a field effect transistor
subjected to two terahertz beams (measured signal and local oscillator)
with the close frequencies has been developed. It is shown that electric
current flowing in the transistor channel drastically increases hetero-
dyne efficiency. Also, it is demonstrated that such a heterodyne detec-
tor is capable of operating effectively with very high intermediate
frequencies up to 10 4 100 GHz.

Introduction: Plasma-wave terahertz emitters [1] and detectors [2] are
promising candidates for bridging the famous terahertz gap moving
from the electronic (i.e. low frequency) side. Terahertz detectors based
on GaAs, GaN, and Si field effect transistors (FETs) have already
achieved performances comparable to commercial detectors, demon-
strating tunability and relatively low value of the noise equivalent
power [3]. Such detectors can operate both at zero bias current, where
shot noise is minimal, and in the regime of relatively large current. In
the latter case, the detection efficiency can be significantly improved
owing to current-driven increase of nonlinear properties of the
channel [4, 5].

The performance characteristics of FET-based terahertz detectors can
be further dramatically enhanced using the heterodyne detection prin-
ciple. The idea of heterodyne detection is as follows. An incoming
signal in question with a small amplitude Ua and frequency v is
mixed with a strong signal from a local oscillator with the amplitude
Ub (Ua� Ub) and a close frequency vþV (V� v), resulting in a
signal with the slow intermediate (beat) frequency V and the amplitude
proportional to UaUb. Therefore, even for a weak incoming signal, the
strength of the resulting signal can be enhanced by increasing the ampli-
tude of the local oscillator signal. In this Letter, we discuss a possible
realisation of such a detector based on two-dimensional (2D) plasma-
wave-related effects. We show that the FET can effectively work as a
heterodyne detector. One of the main advantages of the FET-based het-
erodyne detector is that the amplitude of the resulting beat signal can be
further drastically increased by the electric current flowing in the transis-
tor channel.

Basic equations: In this Letter, we restrict ourselves to the case of so-
called nonresonant detection, since nonresonant detectors demonstrate
the best detection characteristics even at room temperature. In this
regime, the fundamental plasma frequency v0 is small compared to
the inverse momentum relaxation time t (v0t� 1), so that the
plasma waves in the channel are overdamped. We assume that the con-
dition vt� 1 is also satisfied. Under these assumptions, electron trans-
port in the channel is described by the local Ohm’s law v ¼ 2m@U/@x
and the continuity equation @n/@tþ @(nv)/@x ¼ 0 (see also discussion
in [5]). Combining these equations we get
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m

2

@2U2
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Here n ¼ CU/e and v are the electron concentration and velocity,
respectively, U is the local value of the gate-to-channel voltage, C ¼
1/4pd is the gate-to-channel capacitance per unit area, d is gate-to-
channel distance, 1 is the dielectric constant, m is the electron mobility.
Equation (1) requires two boundary conditions. We assume [1] that the
voltage at the source is a sum of the fixed gate-to-channel swing and an
oscillating part induced by two beams, while the drain-to-source current
jd ¼ env ¼ 2CUm@U/@x is fixed at the drain, so that

U ð0; tÞ ¼ Ug þ UoscðtÞ,
@U2

@x

� �
x¼L

¼ �
2jd
mC

ð2Þ

Here Uosc(t) ¼ Uacos(vt)þUbcos([vþV]tþ w). The amplitudes Ua

and Ub are proportional to the amplitude of the measured wave and
the amplitude of the local oscillator signal, respectively. The measured
signal is assumed to be weak, while the signal from the local oscillator
is considered to be relatively large, so that Ua� Ub. The amplitude Ub,
in turn, is assumed to be small compared to the voltage swing: Ub� Ug.
We also assume that there is a certain phase shift w between two signals.
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We seek the solution for U(x, t) in the form

U ðx; tÞ ¼ U0ðx; tÞ þ U1ðx; tÞ ð3Þ

where U0(x, t) is a slow function of time changing on the characteristic
time scale of the order of 2p/V and U1(x, t) is the small (U1(x, t)�
U0(x, t)) rapidly oscillating function, containing both frequencies v

and vþV. Substituting (3) into (1) and (2), and separating fast and
slowly oscillating terms, we obtain
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Here, k...lv stands for averaging over the fast oscillations with the fre-
quencies v and vþV. The averaged function kU1

2lv remains time-
dependent and varies slowly with the characteristic frequency V.

In this Letter, we consider only relatively long samples, i.e. qL� 1,
where q ¼ q(v) ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2v=mUg

p
. Then the solution of (6) and (7) is

given by

U1ðx; tÞ ’ e�qx=2½Ua cosðvt � qx=2Þ þ Ub cosð½vþV�t þ w� qx=2Þ�

ð8Þ

where we put qðvþVÞ ’ qðvÞ and replaced U0 by its value at x ¼ 0,
which is equal to Ug according to (5). The latter approximation is
valid, since solution (8) is localised on a short distance �1=q near
x ¼ 0. From (8), we find kU2

1 lv ¼ e�qxgðtÞ, where gðtÞ ¼ ½U2
aþ

U 2
b þ 2UaUb cosðVt þ wÞ�=2. After substituting this equation into (5)

and integrating twice over x, we obtain
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Here, we neglected exponentially small terms of the order of exp(2qL). In
the absence of both signals, i.e. Ua ¼ Ub ¼ 0, (9) leads to the station-
ary distribution of potential along the channel, U0ðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

g � 2jdx=mC
q

.
This equation yields the stationary I-V characteristic of the channel:
jd ¼ jsatð2V=Ug � V 2=U2

g Þ, where V ¼ U0ð0Þ � U0ðLÞ ¼ Ug � U ðLÞ
is the voltage drop across the channel and jsat ¼ mCU2

g =2L is the satur-
ation current in the Shockley model, which neglects velocity saturation
and can be applied for j , jsat . For nonzero signals, we search the solution
of (9) treating a term containing @U0=@t as a small perturbation. First, we
neglect this term and find

U0ðx; tÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where l ¼ jd=jsat . In this approximation, the transistor response, which is
defined as radiation induced change of voltage across the channel
dU ¼ U0ðL; tÞ � U0ðLÞjUosc¼0, is given by dU ¼ gðtÞ=2Ug

ffiffiffiffiffiffiffiffiffiffiffi
1� l
p

(terms of the order of exp(2qL) are neglected). Substituting now (10)
back into (9) one can find response up to the first order with respect to
the term @U0=@t:

@U (t) ¼
gðtÞ � t0dgðtÞ=dt

2Ug

ffiffiffiffiffiffiffiffiffiffiffi
1� l
p ’ gðt � t0Þ

2Ug

ffiffiffiffiffiffiffiffiffiffiffi
1� l
p ð11Þ

where

t0 ¼
1

mUg

ðL

0
dx

ðL

x

dx0ð1� expð�qx0ÞÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� lx0=L

p

’ 2L2

mUg
ðlþ 3Þ=½6þ 3

ffiffiffiffiffiffiffiffiffiffiffi
1� l
p

ð2þ lÞ� � L2

mUg
ð12Þ

Here, we again took into account that qL� 1. As seen from (11), the part
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of the response alternating with the intermediate frequency V

dUVðtÞ ¼
UaUb cosðVðt � t0Þ þ wÞ

2Ug

ffiffiffiffiffiffiffiffiffiffiffi
1� l
p ð13Þ

This equation is valid for the case Vt0 � 1, or, equivalently
V� Vmax ¼ mUg=L

2. Provided this inequality is satisfied, the phase
of the intermediate signal is equal to the phase difference of the signal
in question and the phase of the local oscillator with a small correction
Vt0. One can show that in the opposite limit, V� Vmax, the amplitude
of the intermediate signal acquires a factor expð�qðVÞLÞ ¼
expð�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2V=Vmax

p
Þ and, therefore, becomes exponentially small.

As follows from (13), the amplitude of the beat signal measured in
units UaUb=2Ug is given by Að jdÞ ¼ 1

ffiffiffiffiffiffiffiffiffiffiffi
1� l
p

¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� jd=jsat
p

. This
equation shows that the beat signal is dramatically enhanced when
jd ! jsat . Physically, this occurs because the current depletes the
channel close to the drain region, thus increasing the nonlinear proper-
ties of the channel [5].

The above equations were derived in a low-signal regime, under the
assumption that Ua� Ub� Ug. In order to study the behaviour of
the response at stronger signals, we performed direct numerical simu-
lations of (1) with the boundary conditions (2). Fig. 1 compares the
results of the numerical simulation with (13). We observe that for
weak signals (Fig. 1a), the numerical simulation is in excellent agree-
ment with the analytical prediction in the whole range of currents. On
the other hand, for stronger incoming signals (Fig. 1b), the amplitude
of the intermediate signal computed numerically is smaller than the
analytical prediction. However, we observe that even for stronger incom-
ing signals, the response increases when jd approaches jsat .
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Fig. 1 Amplitude of heterodyne signal (measured in units UaUb/2Ug)
against drain-to-source current (measured in units of saturation current)
for v/V ¼ 32 (solid line obtained from (13), diamonds represent results
of numerical simulations)

a For relatively small amplitudes of incoming signals, Ua/Ug ¼ 0.02, Ub/Ug ¼ 0.1
b The same for higher amplitudes of incoming signals, Ua/Ug ¼ 0.2, Ub/Ug ¼ 0.7

Our theory can be easily extended to describe heterodyne detection
deep in the subthreshold regime. In this regime the electron
ELECTRONIC
concentration in the channel becomes exponentially small: n ¼
n� expðeU=hT Þ (below threshold U , 0 and ejU j=hT . 1 throughout
the channel), where n� ¼ CTh=e2 and h � 1 is the so-called ideality
factor. One can show that for V� Vmax ¼ mhT=eL2 and
eUa � eUb � hT , the time dependent part of the response is given
by dUV ¼ eUaUb cosðV½t � t0� þ wÞ=2hT ð1� lÞ where t0 ¼ eL2=
2mhT ;l ¼ jd=jsatðl , 1Þ and jsat ¼ mCðhT Þ2 expðeUg= hT Þ=e2L.

Conclusions: It was demonstrated that heterodyne detection by FET is
effective for beat frequencies smaller than a certain frequency Vmax

and that the amplitude of the intermediate signal can be drastically
increased by passing a DC current between source and drain. Our esti-
mates show that Vmax can be rather high (of the order of 50–100 GHz
for a 200 nm gate transistor operating at room temperatures in the
above-threshold regime, and of the order of 5–10 GHz in the below-
threshold regime).
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