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The authors report on the demonstration of room temperature, tunable terahertz detection obtained
by 50 nm gate length AlGaAs/ InGaAs high electron mobility transistors �HEMTs�. They show that
the physical mechanism of the detection is related to the plasma waves excited in the transistor
channel and that the increasing of the drain current leads to the transformation of the broadband
detection to the resonant and tunable one. They also show that the cap layer regions significantly
affect the plasma oscillation spectrum in HEMTs by decreasing the resonant plasma frequencies.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2392999�

Tuneable solid-state detectors are expected for the devel-
opment of electronic and photonic applications in the tera-
hertz part of the electromagnetic spectrum. There are a large
variety of terahertz detectors such as bolometers,1–3 pyro-
electric detectors, Schottky diodes,4,5 and photoconductive
detectors.6 Tunability has been demonstrated in photocon-
ductivity measurements by applying magnetic field in GaAs
�Ref. 7� and InSb.8 Here we show the potential of terahertz
detectors tuned by plasma wave resonances in field effect
transistors �FETs�. Tuning the detector response by gate volt-
age is much suitable for applications than tuning with a mag-
netic field.

The plasma waves in a FET have a linear dispersion
law,9 �=sk, where s, given in Eq. �3�, is the plasma wave
velocity, which depends on the square root of the gate volt-
age swing V0. A FET channel of a given length Lg acts for
these waves as a resonant “cavity,” with the eigenfrequencies
given by �N=�0�1+2N�, where N=1,2 ,3 , . . . and funda-
mental plasma frequency �0=�s /2Lg can be tuned by
changing the gate voltage. For the submicron gate lengths �0
can reach the terahertz range.10,11 Dyakonov and Shur12,13

showed that nonlinear properties of such a cavity can be
exploited for selective tunable terahertz detection. They dem-
onstrated that a nanometer size high electron mobility tran-
sistor �HEMT� subjected to a terahertz radiation with a fre-
quency � would develop a constant source-to-drain voltage,

�U �
1

�� − �0�2 + �1/2��2 , �1�

where � is the momentum relaxation time.

In the absence of external current the width of the reso-
nance curve is determined mainly by the inverse momentum
relaxation time, 1 /�. When �0��1 the plasma oscillations
are overdamped and the HEMT response is a smooth func-
tion of frequency as well as of the gate voltage �nonresonant
broadband detection�. In the regime such that �0��1 the
field effect transistor operates as a resonant and tunable de-
tector. The fundamental frequency of plasma wave oscilla-
tions can be tuned by changing the gate voltage.

The resonant detection of terahertz radiation by two-
dimensional plasma waves was demonstrated in different
FETs �Refs. 14–16� and in a single and a double quantum
well FET.17,18

Recently, Teppe et al. have demonstrated room tempera-
ture, resonant detection of subterahertz radiation by 250 nm
gate length GaAs/AlGaAs transistor.19 They have shown that
the detection regime, initially nonresonant, becomes resonant
even at 300 K by increasing the drain current and driving the
transistor into the current saturation region.

In this letter we experimentally show that the resonant
detection of subterahertz radiations can be continuously
tuned by the applied gate voltage.

The experiments were performed on two 50 nm gate
length AlGaAs/ InGaAs HEMTs called later sample A and
sample B. The active layers consisted of a 200 nm
In0.52Al0.48As buffer, a 15 nm In0.7Ga0.3As channel, a
5-nm-thick undoped In0.52Al0.48As spacer, a silicon � layer of
5 1012/cm2, a 12-nm-thick In0.52Al0.48As barrier layer, and
finally a 10-nm-silicon-doped In0.53Ga0.47As cap layer. Cap
layer length is 500 nm at each side of the channel and drain-
source separation is 1.4 	m �see schematic in inset of Fig.
1�. The threshold voltages extracted from transfer character-
istics were −0.6 and −0.4 V for samples A and B, respec-
tively. Output characteristics of sample B at room tempera-
ture �drain current Id versus source-drain voltage Vd� for
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different values of gate voltages �from 0 down to −0.4 V
with −0.1 V step� are displayed in the inset of Fig. 2. The
photoresponse measurements were performed with backward
wave oscillator �BWO� source which gives powerful and
tunable subterahertz electromagnetic waves from 450 up to
700 GHz. The radiation beam was not focused and the diam-
eter of the spot was approximately 5 cm at the position of the
sample, i.e., much larger than the gate length of the device.
The maximum BWO output power was around 20 mW. The
radiation intensity was modulated by the mechanical chopper
at 130 Hz. The source terminal of the device was grounded.
The dc drain current was applied to the device and controlled
by a Keithley source meter 2410. The source meter was op-
erating in the current source mode, ensuring the asymmetry
in the boundary conditions for the ac signal at the drain and
source terminals. The dependence of the response �U versus
the drain current was measured using the standard lock-in
technique at different gate biases. The gate bias was con-
trolled by another Keithley source meter operated in the volt-
age source mode.

Concerning sample A, the photoconductive response ver-
sus the gate voltage for different values of applied drain-
source voltage Vd from 0.025 up to 0.55 V at a fixed value of
the BWO frequency of 663 GHz is shown in Fig. 1. One can
see that for Vd=0.025 V typical nonresonant signal is ob-
served. The resonant peak appears at higher Vd, its amplitude
increasing and its position shifting to higher values of gate
voltage with the applied Vd. We want to point out that the
plasma wave resonance appears as the transistor is driven
into the current saturation region. This behavior was ob-
served in sample B as well.

The photoconductive response of sample B versus gate
voltage for frequencies from 473 up to 679 GHz is shown in
Fig. 2 while keeping constant the source drain voltage of
0.3 V. One can see that for the lowest frequency, only typical
nonresonant signal is observed. For higher frequencies, after
a typical increase of the nonresonant background signal with
applied drain voltage/current, the resonant structure starts to
grow. Results shown in Figs. 1 and 2 show clearly that the
resonant detection is obtained either by �i� increasing the

relaxation time � or by �ii� increasing external frequency �.
Both effects lead to increasing of the effective quality factor
��. As mentioned before �� should be higher than unity to
get resonant detection. As discussed in our earlier work,19,20

increasing the current increases the electron drift velocity v
and leads to the decrease of an effective relaxation rate given
by 1/�eff=1/�−2v /Lg, Lg being the gate length. As ��eff
becomes on the order of unity the detection becomes
resonant.

The main experimental result shown in this letter is that
the position of the resonance line shifts with external fre-
quency. Figure 3 reports the experimentally observed varia-
tion of the maxima of the gate voltages for three different
fixed drain-to-source voltages �0.1 V: triangles, 0.2 V:
circles, and 0.3 V: squares�. One can see that by increasing
the external frequency of BWO the resonance shifts to higher
gate voltages for different values of fixed source-drain
voltage.

According to plasma wave detection theory the fre-
quency of plasma wave oscillations f depends on the gate

FIG. 2. Photoinduced drain-source voltage as a function of gate bias for
different external frequencies ����: 679 GHz, ���: 616 GHz, and ���:
473 GHz� at a fixed value of applied drain-source voltage of 0.3 V. At the
lowest frequency, the response is nonresonant. The resonance appears at
Vg=0.1 V at 616 GHz and shifts to higher gate bias �0.05 V� for higher
frequency �679 GHz�. Inset: output characteristics at room temperature
�drain current Id vs source-drain voltage Vd� for different values of gate
voltage �from 0 down to −0.4 V with −0.1 V step�.

FIG. 1. �Color online� Photoconductive response vs gate voltage for differ-
ent values of applied drain-source voltage Vd from 0.025 up to 0.55 V ����:
0.025 V, ���: 0.2 V, ���: 0.3 V, ���: 0.4 V, and ���: 0.55 V� at a fixed
value of the BWO frequency of 663 GHz. For Vd=0.025 V typical nonreso-
nant signal is observed. For higher Vd values the resonant peak starts to
grow and shifts to higher values of gate voltage. Inset: schematic of the
50 nm gate-lenght InGaAs HEMTs that highlights cap layer regions.

FIG. 3. �Color online� Maxima of resonant gate voltages corresponding to
different frequencies of the radiation source at three different fixed drain-to-
source voltages ����: 0.1 V, ���: 0.2 V, and ���: 0.3 V�. Dashed lines,
respectively, from left to right are calculations using Eqs. �2� and �3� for
three values of the effective threshold voltage Vth� �−0.35, −0.3, and
−0.25 V� corresponding to three values of applied Vd �0.1, 0.2, and 0.3 V�.
Electron velocity is assumed to be 2
105 m s−1. Solid lines are calculations
using Eq. �4� at two different values of electron drift velocity �2
105 and
3.5
105 m/s� for each effective threshold voltage �i.e., Vth�=−0.35, −0.3,
and −0.25 V�. Filled areas represent drift velocity range �between 2
105

and 3.5
105 m/s� which can match observed frequency dependence as a
function of gate voltage.
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length Lg, the plasma wave velocity s, and drift velocity �
as19,20

f =
s

4Lg
�1 −

v2

s2 � , �2�

with

s =� e

m*V0, �3�

where e is the electron charge and m* is the effective electron
mass. The effective gate-to-channel voltage swing21 V0, can
be estimated from the formula V0�Vg−Vth�=Vg− 	Vth

− �IdRs /2�− �Vch/2�
, where Vg is the external gate voltage,
Vth=−0.4 V is the threshold voltage, Id is the drain current,
Rs is the total source series resistance, and Vch is the voltage
drop on the gated part of the channel. The total source-drain
voltage can be written as Vd=Vch+ IdRs. Since Lg+2d�Lsd
�d is the thickness of the wide band barrier, d=17 nm so
Lg+2d=84 nm and Lsd=1.4 	m is the drain-source separa-
tion�, most of the source-drain voltage drop in the linear
region occurs across Rs determined by the source-gate and
drain-gate access regions. Therefore, Vch can be neglected. In
our case, as we use Vd=0.1, 0.2, and 0.3 V, the effective
threshold voltage can be estimated from Vth��Vth+ �Vd /2�
=−0.35, −0.3, and −0.25 V, respectively.

Dashed lines in Fig. 3 are calculations using Eqs. �2� and
�3� taking V0�Vgs−Vth� as fitting parameter to describe reso-
nant peak shifting with applied Vd. The electron drift velocity
in the saturation regime is assumed to be 2
105 m/s. One
can see that calculation does not reproduce well the increase
of the gate voltage with frequency. The quantitative interpre-
tation based on these equations allows us to get only ap-
proximate description of experimental data. In fact, the tran-
sistor channel region under the gate cannot be considered as
separated from the other parts of the transistor. The transistor
consists not only on the gated part but also on the ungated
part that is covered by the cap layer. In the condition of
strong current, the plasma frequency can be modified by the
interaction of plasma oscillations in different parts of the
channel. The importance of the cap layer regions was theo-
retically discovered by Ryzhii et al.22

As predicted in Ref. 22 the cap regions significantly af-
fect the plasma oscillation spectrum in HEMTs: the resonant
plasma frequencies dramatically decrease with increasing
cap region length. In order to take into account the effect of
such cap layers, a correction to the Eq. �2� gives

f �
s

2�Lg + Lc�
�1 −

v2

s2 � , �4�

where Lc is the cap layer length.
Solid lines in Fig. 3 are calculations using Eq. �4� at two

different values of electron drift velocity �2
105 and 3.5

105 m/s� for each effective threshold voltage used before
�i.e. Vth�=−0.35, −0.3, and −0.25 V�. Filled areas represent
drift velocity range �between 2
105 and 3.5 105 m/s�
which can match observed frequency dependence as a func-
tion of gate voltage. The effect of cap layer result in a sig-
nificant reduction of the frequencies in comparison with
those calculated for the simplified HEMTs model Eq. �1�.
The calculated increases of frequency with gate voltage can
now be qualitatively explained. However, the existing theory
concerns the transistor working in the linear part of the I�V�

characteristics and the resonant detection is observed in the
saturation region only, where the carrier density and velocity
are not uniform in the whole channel. We want to stress that
the strict theory for a nonuniform drift velocity distribution
along the channel and more quantitative description of the
phenomenon in the saturation region are absent so far. A full
quantitative interpretation of our results requires a more
complete theoretical development.

In conclusion we have experimentally shown that the
room temperature resonant detection of subterahertz electro-
magnetic waves in InGaAs nanometric HEMTs can be tun-
able with gate voltage. The physical mechanism of the de-
tection is related to the plasma waves excited in the transistor
channel. We have also shown that the cap layer regions sig-
nificantly affect the plasma oscillation spectrum in HEMTs.
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