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One THz harmonic oscillation of resonant tunneling diodes
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One THz harmonic oscillation was observed in a sub-THz oscillating GaInAs/AlAs resonant
tunneling diode integrated with a slot antenna. The fundamental and third-harmonic frequencies
were 342 GHz and 1.02 THz, respectively, for a 50 �m long antenna. The maximum output power
of the fundamental mode was around 23 �W, and that of the third-harmonic component was 2.6%
of the fundamental. Theoretical analysis with the van der Pole equation qualitatively explained the
measured results. © 2005 American Institute of Physics. �DOI: 10.1063/1.2139850�
The terahertz �THz� frequency range is receiving consid-
erable attention recently because of its many possible appli-
cations, such as in imaging, spectroscopy in chemistry and
biotechnology, and high-capacity communications. For these
applications, compact and coherent solid-state light sources
are important key components. For semiconductor devices,
quantum cascade lasers1,2 and p-Ge lasers3 oscillating in the
THz range have been reported. Electron devices toward the
THz range are also being developed from the low-frequency
side.4–11 Resonant tunneling diodes �RTDs� have been con-
sidered as one of the candidates for the THz oscillators at
room temperature.4–7

Oscillation of harmonic frequency in single devices is
also investigated in IMPATT, Gunn, and TUNNETT
diodes11–15 and superlattices,16 as well as frequency multipli-
ers using external low-frequency sources. In this letter, har-
monic oscillation of 1 THz is reported for RTDs oscillating
in sub-THz range at room temperature. To our knowledge,
this is the highest frequency to date from a room-temperature
single semiconductor electronic oscillator, although it is a
harmonic component.

The structure of the fabricated RTD oscillator is shown
in Fig. 1. An InGaAs-AlAs double-barrier RTD with the area
of 2�2 �m2 is located at the center of a slot antenna. The
layer structure of the RTD is, from the top, n+-GaInAs
�1018–1019 cm−3 ,30 nm� /n-GaInAs �1017 cm−3 ,50 nm� /
GaInAs �undoped, 5 nm�/barrier AlAs �undoped, 5
monolayers�/well GaInAs �undoped, 4.5 nm�/barrier AlAs
�undoped, 5 monolayers�/GaInAs �undoped, 5 nm�/
n-GaInAs �1017 cm−3 ,50 nm� /n+-GaInAs�1018–1019 cm−3 ,
400 nm� on a semi-insulating InP substrate. The GaInAs lay-
ers are lattice-matched to InP.

The left and right electrodes of the slot antenna are con-
nected to the upper and lower sides of the RTD, respectively.
At both ends of the slot, these electrodes are overlapped with
a 100 nm-thick SiO2 inserted between them. By this metal/
insulator/metal �MIM� structure, high frequency electromag-
netic waves are reflected at both ends of the slot, and a stand-
ing wave is formed. The bridging lead between the upper

a�
Electronic mail: asada@pe.titech.ac.jp

0003-6951/2005/87�23�/233501/3/$22.50 87, 23350
Downloaded 30 Nov 2005 to 128.119.85.250. Redistribution subject to
side of the RTD and the antenna electrode is 6 �m wide and
4 �m long, and is designed to be slightly larger than the
RTD to act as a heat sink. The antenna electrode is Au/Pd/Ti
with the thicknesses of 750/20/20 nm for the left part and
70/15/10 nm on 400 nm-thick n+-GaInAs layer for the right
part. A sheet resistor of bismuth is deposited parallel to the
RTD on the outside of the antenna to suppress low-frequency
�2 to 3 GHz� parasitic oscillations originating from the reso-
nance with the external bias circuits.

In the fabrication process, an approximately 500 �m
�1 mm and 700 nm high mesa of the RTD layer was first
formed by electron-beam �EB� lithography for the founda-
tion of the right-hand-side electrode of the slot antenna in
Fig. 1, by a serial process consisting of the deposition of
Ti/Au/Ti for etching mask, CH4 and H2 reactive ion etching
�RIE� and wet chemical etching �H2O:H2SO4:H2O2

=40:1 :1�. In order to avoid contact of the left-hand-side
electrode with the side wall of the RTD mesa, the foundation
of the right-hand-side electrode was coated by benzo-cyclo-
butene �BCB�. After etching BCB by RIE �CF4 and O2�, the
top Ti/Au/Ti was removed with HF. The un-overlapped part
of the left-hand-side electrode and the bridging lead between
the RTD and the left-hand-side electrode was fabricated by
EB lithography and Au/Pd/Ti deposition. The RTD rectan-
gular mesa with the area of around 4 �m2 was fabricated by
FIG. 1. Fabricated structure of RTD oscillator integrated with slot antenna.
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RIE �CH4 and H2� and wet chemical etching of the founda-
tion of the right-hand-side electrode. Then, the right-hand-
side electrode was fabricated by EB lithography and
Au/Pd/Ti deposition. The upper electrode of the MIM re-
flector was finally fabricated by SiO2 plasma chemical vapor
deposition, EB lithography, deposition of Au/Cr, RIE �CF4
and O2� for SiO2 etching, and deposition of Au/Cr for con-
nection to the left-hand-side electrode.

The peak current density of the fabricated RTD was typi-
cally around 300 kA/cm2, and the peak-to-valley current ra-
tio was around 2. Output power was measured from the bot-
tom of the substrate through a hemispherical Si lens and an
off-axis paraboloidal mirror with a He-cooled Si composite
bolometer. Oscillation spectra were measured with a Fourier
transformed infrared spectrometer. In the measurement of
harmonic oscillations, a high-pass mesh filter with the cut-off
frequency of 600 GHz �� fundamental frequency of the
measured samples� was inserted to avoid mixing with the
spurious harmonics from the fundamental component in the
Fourier transformation. Measurements was performed under
pulsed current conditions by the lock-in technique to elimi-
nate surrounding noise from the detector. The pulse duration
was 0.3 ms and the repetition frequency was 300 Hz. For the
fundamental mode oscillation, measurement under continu-
ous current was also carried out, and the output power was
found to be almost the same as that obtained under the
pulsed condition.

Figure 2 shows the measured spectrum of the fundamen-
tal oscillation of the device with a 50 �m long antenna. The
negative differential resistance �NDR� region was
0.37–0.65 V, and the bias voltage in Fig. 2 was 0.52 V. The
maximum output power was obtained in the range of
0.5–0.55 V, and was estimated to be 23 �W. The funda-
mental frequency was 342 GHz at the maximum output
power. Figure 3 shows the measured spectra of the harmonic
components for various bias voltages after eliminating the
fundamental component with the high-pass filter. Since the
fundamental frequency increases slightly with bias voltage,7

the harmonic frequencies also change in the same manner.
The frequency of the third harmonic component was
1.02 THz at 0.55 V. The output powers of the harmonic
components depend on bias voltage, as shown in Fig. 3. Near
the center of the NDR region �Fig. 3�b��, the second har-

FIG. 2. Measured spectrum of fundamental oscillation for the device with
50 �m long antenna.
monic vanishes. This agrees qualitatively with the theoretical
Downloaded 30 Nov 2005 to 128.119.85.250. Redistribution subject to
analysis shown below. The output power was 2.6%
�0.59 �W� of the fundamental component for the third har-
monics at 0.55 V.

The harmonic components included in the oscillation
was calculated theoretically with the simple equivalent cir-
cuit shown in the inset of Fig. 4, where v�t� is the oscillation
voltage, −Gd is the differential conductance of the RTD, L
and C are the equivalent inductance and capacitance of the
antenna resonator, and GL is the load conductance of the
antenna. The parasitic elements are neglected for simplicity,
because the main conclusions are not changed. −Gd is as-
sumed to depend on bias voltage as17 −Gd=−a+3b�v+V0�2,
where a and b are constants, and V0 is the bias voltage mea-
sured from the center of the NDR region. The oscillation
voltage across the RTD is obtained from the following van
der Pole equation

d2�

d�2 − ��1 − �� + �0�2�
d�

d�
+ � = 0, �1�

where �=�0t with �0=1/�LC, �=�3b / �a−GL�v, �0

=�3b / �a−GL�V0, and �= �a−GL� /�0C. The NDR region is

FIG. 3. Measured spectra of the second and third harmonics with high-pass
filter ��600 GHz� cutting of the fundamental mode for the device with
50 �m long antenna for various bias voltages.

FIG. 4. Calculated results of fundamental output power and power ratios of
the harmonics, as a function of normalized bias voltage in which the origin

is shifted to the center of the NDR region.
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��0���a / �a−GL�, and the oscillation is possible in the bias
range of ��0��1. The voltage amplitudes of the harmonics
were obtained from the Fourier expansion coefficients of the
numerical solution of Eq. �1� after many periods of oscilla-
tion. The output power is proportional to the absolute square
of the Fourier expansion coefficient for each harmonic
component.

Figure 4 shows the calculated results of the fundamental
output power and the power ratios of the harmonics to the
fundamental, as a function of normalized bias voltage �0 for
�=1.5. At the center of the NDR region ��0=0�, the second
and fourth components vanish, because −Gd is symmetric
with respect to v�t� at this point. In spite of the simplified
model, the central part of Fig. 4 qualitatively explains the
behavior of the harmonic components in Fig. 3. Vdc=0.5,
0.55 and 0.59 V in Fig. 3 correspond to �0=−0.9, 0 and 0.8,
respectively. In the region away from the NDR, the theoret-
ical output power of the 4th harmonic is not negligible com-
pared with the third harmonic. However, the fourth harmonic
was not observed in the experiment in the whole range of the
fundamental oscillation. Exact calculation may be possible
with a precise dependence of −Gd on bias voltage and the
inclusion of parasitic elements.

Harmonic components increase with increasing � in Eq.
�1�. A large � can be achieved by reducing C or increasing a.
The theoretical ratio of the third harmonic to the fundamental
components increases from 2.7% to 3.9% at the center of the
NDR region, when � increases from 1.5 to 2. The addition of
resonance circuits for harmonic components may also be ef-
fective. However, the fundamental oscillation over 1 THz is
the most important and effective for THz single oscillators
with high output power, which is theoretically possible by
reducing the size of the slot antenna.6 We believe the experi-
mental results presented in this letter imply that RTDs can
also operate over 1 THz in the fundamental oscillation mode.

In conclusion, 1 THz harmonic oscillation was observed
in sub-THz oscillating GaInAs/AlAs resonant tunneling di-
ode integrated with a slot antenna. The fundamental and third
harmonic frequencies were 342 GHz and 1.02 THz, respec-
tively, for a 50 �m-long antenna. The output power of the
fundamental mode was around 23 �W, and the third har-

monic component was 2.6% of the fundamental. Theoretical
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results of the van der Pole equation reasonably agreed with
the measured results.
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