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We report on the resonant, voltage tunable emission of terahertz radiation~0.4–1.0 THz! from a
gated two-dimensional electron gas in a 60 nm InGaAs high electron mobility transistor. The
emission is interpreted as resulting from a current driven plasma instability leading to oscillations in
the transistor channel~Dyakonov–Shur instability!. © 2004 American Institute of Physics.
@DOI: 10.1063/1.1689401#

Plasma waves in a gated two-dimensional electron gas
have a linear dispersion law, similar to that of sound waves.
The transistor channel acts as a resonator cavity for plasma
waves that can reach THz frequencies for a sufficiently short
~nanometer-sized! field effect transistor.1 As was predicted in
Ref. 2, when a current flows through a field effect transistor,
the steady state can become unstable against the generation
of plasma waves~Dyakonov–Shur instability! leading to the
emission of an electromagnetic radiation at plasma wave fre-
quencies. The emission is predicted to have thresholdlike
behavior. It is expected to appear abruptly after the device
current exceeds a certain threshold value for which the in-
crement of the plasma wave amplitude exceeds losses related
to electron collisions with impurities and/or lattice vibra-
tions.

The excitation of plasma waves in a field effect transistor
channel can be also used for the detection of terahertz
radiation.3 Recent reports demonstrated a resonant4 detection
in GaAs-based high electron mobility transistors~HEMTs!
and in gated double quantum well heterostructures.5

This is the first report of resonant THz emission by
plasma generation. The terahertz emission~0.4–1.0 THz!
was obtained by using an InGaAs HEMT with a 60-nm-long
gate. We show that the results can be interpreted assuming
that the emission is caused by the current driven plasma in-
stability leading to terahertz oscillations in the channel
through Dyakonov–Shur instability.

Lattice-matched InGaAs/AlInAs HEMTs grown by mo-
lecular beam epitaxy on an InP substrate were used in this
study. The active layers consisted of a 200 nm In0.52Al0.48As
buffer, a 20 nm In0.53Ga0.47As channel, a 5-nm-thick un-
doped In0.52Al0.48As spacer, a silicon planar doping layer of

531012 cm22, a 12-nm-thick In0.52Al0.48As barrier layer,
and, finally, a 10-nm-silicon-doped In0.53Ga0.47As cap layer.
Details of the technological process are given elsewhere.6

The gate length was 60 nm, and the drain-source separation
was 1.3mm. An InP-based HEMT was chosen for its high
InGaAs channel mobility and high sheet carrier density.

Output and transfer characteristics are shown in Fig. 1.
The low field, linear output region is marked by the dotted
line. The deviation of theI d(Usd) curve from linear behavior
indicates the beginning of the saturation region. The arrow
indicates the emission threshold voltage,Usd;200 mV at
I d;4.5 mA. The horizontal dashed line shows the level of
the current saturation (I d;4.8 mA). TheI d(Usd) character-
istic shows an unstable behavior forUsd higher than 300 mV.
This well-known phenomenon is related to a self-excitation
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FIG. 1. Output characteristic~drain currentI d vs source-drain voltageUsd).
The arrow marks the emission threshold voltage,Usd;200 mV. The hori-
zontal dashed line shows the saturation current of 4.8 mA, used in the
calculation. The slope of the low voltage linear behavior is marked by the
dotted line.~a! Transfer characteristic (I d vs source-gate voltageUsg for
Usd55 mV). ~b! Calculated source-gate (Csg) and gate-drain (Cgd) capaci-
tance vsUsd. The saturation voltage was assumed to be 200 mV.
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of the transistor at relatively low frequencies. The transistor
threshold voltage,U th;200 mV, is determined from the
transfer characteristic@see Fig. 1~a!#.

One of the main experimental difficulties lies in achiev-
ing the resonant cavity boundary conditions required for the
development of plasma instability upon successive reflec-
tions of plasma waves from the channel borders.1 Ideally, the
required boundary conditions are gate-source impedance at
the source side of the channel equal to zero and gate-drain
impedance at the drain side tending to infinity. In the present
work, boundary conditions close to the ideal ones were
achieved by short circuiting the gate with the source and
driving the transistor into the saturation region. Figure 1~b!
shows results of capacitance calculations for our device us-
ing the model of Ref. 7. One can see that the gate-source
capacitance increases and the gate-drain capacitance ap-
proaches zero~in an ideal case! when the drain bias ap-
proaches the saturation region.

The emission experiments were performed in the cyclo-
tron emission spectrometer8 used earlier for investigations of
weak THz cyclotron resonance emission in GaAs/AlGaAs
heterojunctions. In this spectrometer, the terahertz source and
detector under study are placed in a copper waveguide
cooled to 4.2 K and completely isolated from 300 K back-
ground radiation. The emitted radiation is analyzed by a
magnetically tunable InSb cyclotron detector calibrated with
InSb and GaAs bulk emitters. The emission frequency can be
tuned by the magnetic field in a wide range from subTHz up
to a few THz. A few emission spectra from a bulk InSb
cyclotron resonance emitter obtained during the calibration
procedure are shown in Fig. 2~a!. After calibration of the
detector, the bulk emitter was replaced by the HEMT. Volt-
age pulses were applied between drain and source, and a
standard lock-in technique was used.

A few measured spectra are shown in Fig. 2. The spectra
exhibit one main emission line. The peak emission frequency
shifts from;0.42 up to;1 THz with increasing the source-
drain voltage@see Fig. 2~b!#. No emission was observed until
the drain current~drain voltage! reached a certain threshold
;4.5 mA (;200 mV). Above the threshold, a strong emis-

sion signal~sharply increasing with the bias! was observed.
The threshold behavior can be clearly seen in Fig. 3 showing
the resonant line emission intensity vs source-drain voltage.

The observed radiation power was in the nW range as
compared to the pW power of the bulk InSb emitters used for
calibration. The total power corresponds to the power density
of several W/cm2, at least 6 orders of magnitude higher than
the total integrated intensity of the black body radiation at
room temperature in the THz range.

The resonant frequency of the emission is determined by
the sheet electron density under the gate, the electron drift
velocity, and the effective gate lengthLeff . The last depends
on the geometry of the device but, in the saturation regime, is
also affected by the drain voltage due the gate length modu-
lation effect. The effective gate length at zero source-drain
bias,Leff5L12d, whereL is the geometric gate length andd
is the thickness of the wide band barrier layer~for our de-
vice, d517 nm andLeff594 nm).

According to Refs. 1 and 2, the frequency of the lowest
fundamental plasma modef o excited in the gated region of
the device is given by

f o5
~s22vo

2!

4sLeff
, s5AeUo

m
, ~1!

wherevo is the electron drift velocity in the channel,s is the
plasma wave velocity,e is the electron charge,m is the ef-
fective electron mass (m;0.042mo , wheremo is the free
electron mass! and U0 is the effective gate-to-channel volt-
age swing. The swing voltage can be estimated from the I~V!
characteristics to beUo5(80630) mV.9 We assumed a rela-
tively big error bar on the swing voltage to account for a
nonuniformity of the electron sheet density in the channel.
The effective electron sheet density in the channel,ns

5««oUo /(ed), is approximately equal to (3.361.2)
31011 cm22 for our device («512.7) and the plasma wave
velocity s5(5.861.2)3105 m/s. In the absence of current
~when the electron drift velocityvo50), Eq. ~1! gives the
resonant frequencyf 05(1.660.3) THz. This value is re-
duced when a current flows through the device. Using Eq.
~1! and the value ofs estimated above, we calculated the
drift velocity vo necessary to reach the experimentally ob-
served frequency of 0.42 THz and obtainedvo5(4.961.2)
3105 m/s. This value is in very good agreement with recent
Monte Carlo calculations of the drift velocity for nanometer
InGaAs HEMTs.10,11

FIG. 2. Spectra of emission from an InGaAs HEMT for different source-
drain voltages,Usd. The arrows mark emission maxima at 0.42, 0.56, and
1.0 THz for Usd equal to 0.3, 0.6, and 0.8 V, respectively.~a! Cyclotron
emission from a bulk InSb emitter analyzed by an InSb detector~detector
calibration procedure!. Different curves correspond to different values of the
emitter magnetic field: 0.4, 0.8, and 1.2 T~from left to right!. ~b! Resonant
frequency of the emissionf from an InGaAs HEMT vsUsd.

FIG. 3. Amplitude of the resonant emission signal vs source-drain voltage
~left vertical axis!. Inverse frequency (1/f 0) vs source-drain voltage~right
vertical axis!. The straight line represents the best linear fit of Eq. 2.
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The observed line is nonsymmetric with a long high fre-
quency tail. This high frequency part of the emission spec-
trum can be explained as resulting from the excitation of
higher order and/or oblique modes in the gated region of the
device. It can be also due to the plasma wave excitations in
the ungated regions of the transistor channel.12

As the drain bias increases, the gate length modulation
effect decreases the effective channel length~see, for ex-
ample, Ref. 13!. Gate length modulation takes place since, in
the saturation region, the channel splits into two parts—an
effective field effect transistor section and a high field region;
the latter being formed at the drain side of the channel and
spreads toward the source with an increase of the applied
source-drain voltage. The decrease of the effective length of
the channel can be described by a phenomenological formula

Leff~Uds!5Leff~0!2
Uds2Usat

Ed
, ~2!

whereUsat is the source-drain saturation voltage andEd is
the effective electric field. As a consequence, we expect 1/f o

to be a linear function ofUds-Usat. Figure 3 shows that
(1/f o) can indeed be approximated by a straight line as pre-
dicted by this simple model. We determined the effective
electric field in the high field region to beEd54
3104 V/cm, while the saturation voltage was taken asUsat

5240 mV, the voltage for which the first well resolved reso-
nant emission (f 050.42 THz) was observed.

In summary, we report on a resonant THz emission from
an InGaAs HEMT with a 60 nm gate length and interpret it
as caused by the Dyakonov–Shur instability of plasma
waves in the gated two-dimensional electron system. We
show that:~i! the observed emission appears once the device
current exceeds a certain threshold,~ii ! by driving the tran-
sistor into the saturation region one reaches required bound-
ary conditions, and~iii ! the value of the resonant frequency
and the range of its tunability agree with theoretical predic-
tions.
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