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Abstract:Negative differential resistance devices were fabricated from four epitaxial wafers with different
GaAs/AlAs superlattices and evaluated in resonant-cap full-height WR-15 and WR-10 waveguide cavities. These
devices on integral heat sinks generated output powers in the fundamental mode between 62—-108GHz. The best RF
powers (and their corresponding dc-to-RF conversion efficiencies) were 58mW (3.5%) at 66 GHz, 42mW (2.6%) at 78
GHz, and 28 mW (1.8%) at 94GHz. The RF power of 15mW at 101GHz constitutes a 30-fold improvement over
previous results; the highest fundamental oscillation frequency was 108 GHz. In a second-harmonic mode, one device
yielded 2.0mW at 216GHz, the highest second-harmonic frequency to date for a GaAs/AlAs superlattice.

Keywords: Harmonic operation, Millimeter-wave oscillator, Negative differential resistance device, Spectral purity,
Superlattice

doi: 10.11906/TST.109-116.2010.09.11

1. Introduction

Compact, reliable, and efficient sources of radiation are a prerequisite for many emerging
systems applications at terahertz frequencies, such as wideband wireless communications,
material analysis, imaging, chemical and biological sensing, and space exploration. High spectral
purity is also imperative for these sources to be used as transmitters or local oscillators in such
applications [1]. In their seminal paper of 1970, Esaki and Tsu proposed a device structure “with
virtually no frequency limitation” where the Bragg reflection of electrons in an engineered
semiconductor superlattice (SL) gives rise to energy minibands and regions of negative
differential velocity [2] in the velocity-electric field characteristics. At sufficiently high electric
fields across a doped SL, traveling domains may then form in the SL [3] and, similar to domains
in Gunn devices, cause a negative differential resistance (NDR) to occur between the device
terminals. When a superlattice electronic device (SLED) with such an NDR is connected to a
suitable resonant RF circuit, RF power is generated.

SLEDs have attracted much attention since the 1990s because the underlying physical process,
the Bloch effect, has relevant time constants that are much shorter than those of the
transferred-electron effect in, for example, GaAs Gunn devices [4]. SLEDs with sufficiently wide
minibands in the GaAs/AlAs and InGaAs/InAlAs material systems have been demonstrated as
millimeter-wave oscillators [4-7]. As examples, fundamental-mode operation up to 103GHz (with
an RF output power of 0.5mW) was demonstrated for a GaAs/AlAs SL [4], and a high dc-to-RF
conversion efficiency of 5% at 64.4GHz was obtained with a SLED in a cavity micromachined
using SU-8 [7]. More recently, the use of selective etching technologies [8], and improved
thermal management with substrateless devices, yielded RF output powers of more than 80mW
and dc-to-RF conversion efficiencies up to 5.1% around 63GHz [9]. This paper reports the
demonstration of SLEDs as high-performance millimeter-wave oscillators above 75GHz.

109


http://www.tstnetwork.org/10.11906/TST.109-116.2010.09.11

Terahertz Science and Technology, ISSN 1941-7411 Vol.3, No.3, September 2010

2. Experimental Procedure

Four different SL structures were grown in an Oxford Instruments (VG Semicon) V80-H
molecular beam epitaxy growth chamber at a substrate temperature of 580°C and with a V/III
flux ratio of approximately 7. In this MBE system, the substrate temperature is determined using
a k-Space Associates calibrated BandiT spectrometer, whereas the flux ratio is determined by a
beam monitoring ion gauge. The growth conditions for the four wafers were similar to those used
at the time to grow high electron mobility transistor structures with mobilities exceeding
106¢cm-V-1s-1 at 1.2K. Doping levels were assessed by growing separate bulk GaAs layers for
Hall effect measurements.

Tab.1 lists the structural properties of the four wafers and their estimated miniband widths [11].
To increase the operating frequency slightly from previously evaluated devices [9], the total
lengths of these SL structures were reduced for Wafers 2-4 by approximately 12-15%, and for
Wafer 4, a wider miniband width was also chosen. In all four wafers, and as before [9], the SLs
were sandwiched between graded transition layers and thin buffer layers on both sides. A
0.5-um-thick Al0.55Ga0.45As layer was grown between the substrate and the SLED layers to
allow for complete substrate removal during device fabrication [8].

Wafer |Number of |[Number of |Number of |Nominal Miniband
periods GaAs MLs |AlAs MLs |doping [em ] |width [meV]
1 120 12 3 1.5x10" 85
2 102 12 3 1.6x10" 85
3 102 12 3 1.9x10" 85
4 110 12 2 1.5x10" 150

Tab. 1 Nominal device structures of the wafers used for millimeter-wave superlattice electronic devices.

Device fabrication followed the same process steps described in [9] except that the top ohmic
contacts were defined by etching in a wet etchant [12] for all fabrication runs, and somewhat
smaller SLEDs, with nominal diameters of 30-55um, were selected for packaging and RF testing.
SLEDs were mounted in the same type of package that has been employed previously in the
evaluation of different types of active two-terminal devices on integral and diamond heat sinks in
the GaAs and InP material systems [8], including SLEDs [9].

SLEDs fabricated from each of the four wafers were evaluated in the fundamental mode and in
higher harmonic modes. For fundamental-mode operation, the same types of resonant-cap
full-height WR-15 and WR-10 waveguide cavities were employed, as previously used in the
evaluation of various two-terminal devices in the GaAs and InP material systems at V-band
(50-75GHz) frequencies [8], and W-band (75-110GHz) frequencies [8], respectively. RF output
powers and oscillation frequencies were measured in calibrated WR-15 (V-band) and WR-10
(W-band) waveguide test setups that each have a precision attenuator, a precision direct-reading
frequency meter, a thermistor power head, and a directional coupler to connect to a harmonic
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mixer [8].

For operation in a second-harmonic mode below approximately 190GHz, the SLEDs had to be
mounted in a different package, which fitted the highly tunable waveguide mount of Fig.1. This
mount previously yielded state-of-the-art results from InP Gunn devices above 180GHz [14] and
SLEDs around 130GHz [9]. Therefore, the SLEDs for this mount were not evaluated in the
fundamental mode. Conversely, the SLEDs with fundamental oscillation frequencies above
100GHz were also evaluated for second-harmonic power extraction, and the waveguide
configuration of Fig.2 was employed. It is one of the configurations that were used previously for
the same purpose with GaAs tunnel injection transit-time (TUNNETT) diodes [14].
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Fig.1 Schematic of the waveguide oscillator mount for second-harmonic power extraction from SLEDs from Wafers
1-3 below 190GHz.
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Fig.2 Schematic of the WR-10 waveguide oscillator cavity and WR-3 output waveguide for second-harmonic power
extraction from SLEDs from Wafer 4.
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3. Results

The current-voltage characteristics of SLEDs from Wafers 1-4 are very similar to that reported
previously [9] and typically show the onset of a negative slope at a dc bias voltage of
approximately 0.8V, SLEDs from Wafer 1 yielded RF powers (and corresponding dc-to-RF
conversion efficiencies) of 52mW (4%) and 58mW (3.5%) at 62.7GHz and 66.4GHz, respectively,
and these values are comparable to those typical for the SLEDs of [9]. In a second-harmonic
mode, one SLED from Wafer 1 generated an RF power of 5mW around 150GHz in the mount of
Fig.1.

Contrary to the SLEDs of [9] however, SLEDs from Wafer 1 could be operated easily in a
WR-10 waveguide cavity and at fundamental frequencies above 75GHz. They then produced RF
powers of 31mW and 20mW at 75.2GHz and 87.1GHz, respectively. RF powers of 20-25mW
around 75GHz were measured with SLEDs from Wafer 2 in a WR-15 waveguide cavity whereas
SLEDs from Wafer 3 yielded much higher RF powers (and corresponding dc-to-RF conversion
efficiencies) of 47mW (3%) at 66.6GHz and 42mW (2.6%) at 77.8 GHz in the same cavity.

The spectral purity of the fundamental-mode oscillations in V-band was verified with an
Agilent E4407B spectrum analyzer and an Agilent 11970V waveguide harmonic mixer connected
to the V-band waveguide setup. Typical dc bias voltages of the SLEDs from the four wafers are
below 3V. At such bias voltages, even small noise signals (less than 1mV) from the power supply
were found to cause appreciable frequency modulation and broadening of the line width of the
oscillators. As a consequence, the same bias filter as for the 480-GHz oscillator with an InP Gunn
device [16], consisting of a series resistor of 122 and a parallel capacitor of more than 50mF, was
connected between the power supply and the SLED under test. The spectral purity of the SLEDs
was found to be as good as or better than that reported in [9].

The SLEDs from Wafer 4 were first tested in a WR-10 waveguide cavity and instantly
achieved the highest oscillation frequencies of the four wafers of Tab. . Therefore, they were not
tested in a WR-15 waveguide cavity. The best results to date are RF powers (and corresponding
dc-to-RF-conversion efficiencies) of 28mW (1.8%) at 94.5GHz and 15mW (1.0%) at 101.0GHz.

The employed WR-15 and WR-10 waveguide cavities generally do not support the operation
of devices in a second-harmonic mode at 50-75GHz and 75-110GHz, respectively. Nonetheless,
two types of additional experiments were carried out to confirm that the SLEDs from Wafer 4
were operating in the fundamental mode. The tunable back short in the waveguide greatly
changes the impedance seen by the active two-terminal device and, consequently, its oscillation
frequency when the device is operating in the fundamental mode. As a result, active two-terminal
devices in the fundamental mode commonly show monotonic tuning behavior and a wide tuning
range when the position of the back short is changed [8], Conversely, the oscillation frequency of
an active two-terminal device in a second-harmonic mode is hardly affected by the tunable back
short such as the power short in the waveguide of the mount of Fig.1.

As can be seen from Fig.3, the SLED from Wafer 4 can be tuned monotonically (and virtually
linearly) by more than 6GHz, that is, from 101.1GHz to 107.7GHz, when the position of the back
short is changed by 0.7mm. No mode or frequency jumps occur over the full tuning range, and an
RF output power of more than 11mW is available over a smaller tuning range, which still exceeds
4GHz. Such a wide tuning range is a clear indication of operation in the fundamental mode.
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SLEDs are well known to generate strong signals at higher harmonic frequencies [7],.
Therefore, the same SLED whose tuning characteristics were presented in Fig.3 was also
evaluated for its performance in the configuration of Fig.2. For different positions of the back
short, RF powers of 2.2mW and 1.3 mW were measured at 207.7GHz and 212.3GHz, respectively

and confirm again that the results presented in Fig.3 correspond to operation in the fundamental
mode.

Fig.3 RF output power and oscillation frequency as a function of backshort position for a GaAs/AlAs SLED from
Wafer 4 operating in the fundamental mode on an integral heat sink.

Fig.4 Spectrum of a free-running oscillator with a SLED from Wafer 4 in the fundamental mode; RF power: 8mW,

center frequency: 106.21GHz, vertical scale: 10dB/div., horizontal scale: 500kHz/div., resolution bandwidth:
50kHz, video bandwidth: 1kHz.

The excellent spectral purity of SLEDs from Wafer 4 at the fundamental and second-harmonic
frequencies was ascertained using a Rohde & Schwarz FSU-46 spectrum analyzer either with a
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W-band harmonic mixer connected to the WR-10 waveguide setup or a J-band (170-325GHz)
mixer connected to the output waveguide of Fig.2. The same bias filter as before with a series
resistor and a parallel capacitor [16] was used. Fig.4 shows the spectrum of the SLED for an RF
power of 8mW at 106.2GHz and Fig.5 the spectrum of the same SLED for an RF power of
1.3mW at 212.3GHz. Both figures show the two traces that are produced by the IDENTIFY
function of the spectrum analyzer.

Fig.5 Spectrum of a free-running oscillator with a SLED from Wafer 4 in a second-harmonic mode; RF power:
1.3mW, center frequency: 212.34GHz, vertical scale: 10dB/div., horizontal scale: 500kHz/div., resolution
bandwidth: 50kHz, video bandwidth: 1kHz.

Fig.6 RF powers from SLEDs of Wafers 1(e), 3(A) and 4(m) in the fundamental mode over the frequency range
60-110GHz.

The SLED of Fig. 3-5 Fig.3-Fig.5 was removed from its WR-10 cavity to allow for testing of
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other SLEDs from Wafers 3 and 4. It was then tested again after reassembly with the same
resonant cap as before and the aforementioned RF power of 15mW was measured at 101.0GHz.
For the same resonant cap, but different positions of the tunable back short, it also yielded RF
powers of 24mW at 96.4GHz in the fundamental mode and 2.0mW at 216.3GHz in a
second-harmonic mode. Fig.6 summarizes the best results from Wafers 1, 3, and 4 of Tab. in the
fundamental mode over the frequency range 60-110GHz. The RF power of 15mW at 101.0GHz
constitutes a 30-fold improvement over previous results [4] and this performance improvement
confirms the importance of suitable thermal management in SLEDs [9], as already known from
other active two-terminal devices [8]. Furthermore, RF powers of 2.2mW at 207.7GHz and
2.0mW at 216.3GHz are several orders of magnitude higher than those reported before. The
oscillation frequency of 107.7GHz is the highest reported to date from GaAs/AlAs SLEDs
operating in the fundamental mode and also much higher than the highest reported to date for
GaAs Gunn devices operating in the fundamental mode (87GHz) [8].

4. Conclusions

The experimental results reported in this paper show that shorter SL structures and wider
miniband widths lead to higher operating frequencies. They are also a very good indication of the
strong potential of SLEDs as high-performance fundamental sources for millimeter-wave and
submillimeter-wave frequencies up to 17Hz. Further performance improvements are expected not
only from fully optimized thermal management, but also from SL structures designed for higher
operating frequencies or more efficient harmonic operation. In addition, approaches to efficient
third-harmonic power extraction that have already been demonstrated with GaAs TUNNETT
diodes [18] and InP Gunn devices up to 480GHz [16], [19] could be implemented.
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