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Active two-terminal devices as local oscillators 
for low-noise receiver systems at submillimeter wave frequencies 

H. Eisele, R. Kamoua, G. 1. Haddad a n d  C. Kidner, Ann Arbor  and Stony Brook, U.S.A. 

Contents: The power capabilities of three different two-terminal 
devices, GaAs IMPATT diodes, inP Gunn devices and GaAs 
TUNNETT diodes are evaluated. Two different selective etching 
technologies have been employed to fabricate devices on either 
a diamond heat sink or an integral heat sink. The reported RF power 
levels in fundamental mode are 20 mW at 120 GHz and 15 mW at 
135 GHz for D-band GaAs IMPATT diodes, 21 mW at 120 GHz, 
17 mW at 133 GHz and 8 mW at 155 GHz for D-band InP Gunn 
devices and up to 35 mW around 103 GHz for W-band GaAs 
TUNNETT diodes. Typical dc to RF conversion efficiencies range 
from 0.9% up to over 4.0%, In second harmonic mode power levels 
of 0.25 mW at 223 GHz were measured from TUNNETT diodes and 
0.4 mW at 220 GHz from a Gunn device. 

Aktive Zweipol-Bauelemente als Lokaloszillatoren fiir 
rauscharme Empfiingersysteme im Frequenzgebiet der 
Submillimeterwellen 

Ubersicht: Die Leistungsf/ihigkeit dreier verschiedener Zweipolbau- 
elemente, GaAs-IMPATT-Dioden, InP-Gunn-Bauelemente und 
GaAs-TUNNETT-Dioden, wird untersucht. Zwei unterschiedliche 
Herstellungsverfahren mit selektivem ~tzen wurden eingesetzt, um 
Bauelemente auf einer Diamant- bzw. integrierten Wfirmesenke 
herzustellen. Hochfrequenzausgangsleistungen yon 20roW bei 
120 GHz und 15 mW bei 135 GHz wurden mit GaAs-IMPATT- 
Dioden ffir das D-Band erzielt, 21 mW bei 120 GHz, 17 mW bei 
133 GHz und 8 mW bei 155 GHz mit InP-Gunn-Bauelementen fiir 
das D-Band und bis zu 35 mW um 103 GHz mit GaAs-TUN- 
NETT-Dioden ffir das W-Band. Typische Hochfrequenzwirkungs- 
grade lagen zwischen 0,9% und fiber 4%. Bei der ersten Oberwelle 
wurden mit TUNNETT-Dioden HF-Leistungen von 0,25 mW bei 
223 GHz gemessen und 0,4 mW bei 220 GHz mit einem Gunn- 
Bauelement. 

gies. The experimental results on D-band InP  Gunn  
devices agree well with simulations [3] and indicate that 
fundamental  mode operation can be extended to the 
upper D-band.  Since I M P A T T  diodes, T U N N E T T  di- 
odes and Gunn  devices are nonlinear devices, this p a p e r  
also focuses on harmonic power extraction. 

2 Device design 

The design of the GaAs D-band single-drift flat-profile 
I M P A T T  diodes was based on an extended small-signal 
model for the avalanche region and a large-signal appro-  
ximation for the drift region and followed the same 
procedure as previously used in the design of GaAs 
W-band diodes [4]. The design of the W-band T U N N E T T  
diodes was based on a simplified large-signal model [5] 
and GaAs material parameters  derived from measure- 
ments on heavily doped p++n + junctions and GaAs 
I M P A T T  diodes [6]. 

An Ensemble Monte  Carlo program has been develo- 
ped to simulate Gunn  devices. Since a Monte  Carlo 
method requires accurate values for a large number  of 
material parameters,  first InP  W-band  Gunn  devices with 
n+n-n -- structures similar to published designs were 
fabricated and tested. The appropriate  material parame-  
ters were selected by comparing dc and high-frequency 
measurements  with results predicted by the model [3]. 
During this selection process two different structures for 
operation at D-band frequencies were designed, one with 
a fiat doping profile and one with a graded doping profile 
[31. 

1 Introduction 

There is a growing need for local oscillator power above 
100 G H z  in radioastronomy. Although impressive pro- 
gress has been demonstrated for oscillators with three- 
terminal devices at mm-wave frequencies [1, 2] two-termi- 
nal devices still hold the greatest promise in delivering 
significant power levels at sub-mm-wave frequencies. This 
paper  summarizes the recent experimental results obtai- 
ned from I M P A T T  diodes, T U N N E T T  diodes and Gunn 
devices at frequencies above 100 G H z  and gives an 
overview of design procedures and fabrication technolo- 

3 Fabrication technology 

A lattice matched A10.55Gao.45As layer grown between 
the device layers and the GaAs substrate or a lattice 
matched Ino.53Gao.47As layer grown between the device 
layers and the InP substrate allows the use of a selective 
etching technology [3, 8]. This technology gives substrate- 
less devices on a 15 to 20 gm thick integral heat sink. 
Figure 1 outlines the main steps in this fabrication 
technology. Before the epitaxial side of the MBE-, CBE- 
or M O C V D - g r o w n  wafer is metallized with Ti /Pt /Au for 
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Fig. 1. Flow chart for mesa-type two-terminal device fabrication 

a p§ ohmic contact (TUNNETT diode) or Ni/Ge/Au/ 
Ti/Au for an n + ohmic contact (Gunn device), grooves are 
selectively etched down to the etch-stop layer (A1GaAs or 
InGaAs) to divide the device layers into square shaped 
islands. This reduces the stress in the device layers during 
annealing. In addition, the trenches shape the evaporated 
metal layers and plated gold layer of the integral heat sink 
thus increasing the mechanical strength of the metal 
layers for the subsequent processing steps after the 
substrate and the etch-stop layer have been removed in 
selective etches. The top n § ohmic contact 
(Ni/Ge/Au/Ti/Au) is defined by standard lift-off techno- 
logy. After an additional metallization (Ti/Au/Ti) step 
a second photolithography process produces a hole on 
top of each n + ohmic contact. The top Ti layer is removed 
and up to 3 lira of gold can be electroplated through these 
holes in order to ease bonding. The remaining Ti/Au/Ti 
layers between the contacts are removed in wet etches. 
Mesas are formed using a standard wet etch and the 
ohmic contacts are annealed on a hot plate. The heat sink 
is diced to give individual devices. TUNNETT diodes 
with nominal diameters of 25-35 gm or Gunn devices 
with nominal diameters of 35-45 gm are mounted on 
gold plated copper blocks. 

The high operating current densities around 
60 kAcm -2 and corresponding high power densities in 
D-band IMPATT diodes require operation on diamond 
heat sinks. Therefore another, previously reported, selec- 
tive etching technology [8] was employed in the fabrica- 
tion of the IMPATT diodes. The diodes are thermocomp- 
ression bonded on to metallized diamond heat sinks. 

To minimize parasitic elements of the package and to 
find the optimum impedance transformation an open 
package with four stand-offs and tapered ribbons was 
chosen for all the IMPATT and TUNNETT diodes and 
for most of the Gunn devices. Some of the Gunn devices 
were packaged with metallized quartz rings and tapered 
gold ribbons. 
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Fig. 2. Output power and efficiency versus oscillation frequency for 
different GaAs D-band single-drift flat-profile IMPATT diodes 

4 Exper imenta l  results 

A full-height waveguide cavity (WR-10 for W-band, 
WR-6 for D-band) with a resonant cap on top of the 
device and with a back short at one flange has been 
successfully used for all the two-terminal devices reported 
in this paper. The gold plated copper block of the heat 
sink forms the bottom of the waveguide. 

Figure 2 compares the performance of D-band IM- 
PATT diodes fabricated from two wafers with an active 
layer of a nominal width between 0.285 ~tm and 0.28 gm 
and of a nominal doping concentration between 
2.7 x 1017 cm -3 and 2.8 x 1017 cm -3. Diodes made from 
wafer (b) exhibit slightly higher RF power levels and dc to 
RF conversion efficiencies at frequencies above 120 GHz; 
20 mW with 1.4% at 120 GHz and 15 mW with 1.5% at 
135 GHz were obtained [9]. 

A plot of the RF output power and dc to RF 
conversion efficiency versus oscillation frequency in Fig. 3 
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Fig. 3. Output power and efficiency versus oscillation frequency for 
different GaAs W-band single-drift TUNNETT diodes 
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Fig. 4. Output power versus oscillation frequency for different InP 
D-band Gunn devices in W-band and D-band 
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Fig. g. Spectrum of an InP D-band Gunn device free 
running oscillator, power level 3.6 mW, center frequency 
155.915 GHz, vertical scale 10 dB/div, horizontal scale 
500 kHz/div, BW 100 kHz 

summarizes the experimental results for the eleven best 
devices of the W-band T U N N E T T  diodes that have been 
mounted and tested to date. The peak in output power 
(35 mW) and efficiency (>  4%) at around 103 GHz  occurs 
close to the design frequency of 100 GHz  and confirms 
that the first order design rules [5] accurately predict the 
operating frequency of the T U N N E T T  diodes. It also 
indicates that the average, high field, high temperature 
electron drift velocity in GaAs T U N N E T T  diodes is close 
to 4.6 x 106 cms -1 [7]. 

Figure 4 compares the experimental results obtained 
from the InP Gunn devices with the flat doping profile 
(grown by CBE) and with the graded doping profile 
(grown by MOCVD) between about 9 0 G H z  and 
165 GHz. The best device with the flat doping profile 
yielded an RF output power of 33 mW with a correspon- 
ding dc to RF conversion efficiency of 1.75% at 
108.3 GHz. To the authors'  knowledge, these are the 
highest reported values for an n+n-n + structure. As 
expected from the simulations, devices with the graded 

doping profile exhibit the better performance. RF output 
power levels of 2 1 m W  at 120.6GHz, 17.5roW at 
133.7 GHz  and 8.4 mW at 155.4 GHz  were obtained from 
the best devices so far. The corresponding dc to RF 
conversion efficiencies were 1.25%, 1% and 0.6%, respec- 
tively. Oscillations up to about 165 G H z  (<  1 roW) have 
also been detected in a reduced-height WR-4 waveguide 
cavity with a coaxial post. 

All investigated I M P A T T  diodes, T U N N E T T  diodes 
and Gunn devices exhibit clean spectra up to the highest 
oscillation frequencies. As an example the spectrum 
of a free running Gunn device oscillator is shown in 
Fig. 5 for 3.6 mW at 156 GHz. Using a self-injection 
locking method a loaded Q value of 54 was measured at 
156 GHz. This low a value indicates that the Gunn device 
operates in the fundamental-frequency mode. Typical 
loaded Q values between 30 and 105 were determined 
for various Gunn devices with the two doping profiles 
at other D-band frequencies and corroborate this con- 
clusion. 

3* 



18 Archiv ftir Elektrotechnik 77 (1994) 

LEVEL FREQUENCY 
aEF ODBM CEN 223.474GHZ 

8PAN/DIV 
500KHZ 

TEK 
2755P 

1111 I1[] li11 IIII IIII i 

tODB/ EXT 170-325 tOOKHZ 
VERTICAL RF FREQ RESOLUTION 
DISPLAY ATTENUATION RANGE BANDWIDTH 

5 Second harmonic power extraction 

IMPATT diodes, TUNNETT diodes and Gunn devices 
are nonlinear devices and are expected to have higher 
harmonics in their output signal. Therefore, a 1"-long 
WR-3 waveguide section (cut-off frequency: 173.28 GHz) 
was inserted between a D-band thermistor power head 
(calibrated around 160 GHz) and the flange of the full 
height waveguide cavity. Estimated 3 dB attenuation 
were taken into account for the losses in the three 
waveguide sections (each 1" long) and for the mismatch in 
the power head, although the correction factor for the 
D-band thermistor head might be considerably higher at 
around 220 GHz. 

A W-band IMPATT diode with a maximum RF output 
power of 140 mW and a dc to RF conversion efficiency of 
4.2% at 93.4 GHz yielded an output power of 0.12 mW at 
a second harmonic frequency of about 182 GHz and a bias 
current of about 2/3 the maximum bias current. A D-band 
IMPATT diode with 20 mW at 120 GHz had an output 
power of 13 pW at the second harmonic of 240 GHz. An 
explanation of low up-conversion efficiency can be found in 
the decrease of the derivative of the ionization rates with 
respect to the electric field strength at electric fields above 
500 kV cm -1 [4, 10]. This decrease causes the avalanche 
process to become more and more linear [10] and the higher 
harmonics to disappear in the output signal of the diode. 

Three different D-band Gunn devices yielded RF 
output power levels of 0.39 mW at 220 GHz with a funda- 
mental to second-harmonic power conversion efficiency 
of 2.5%, 0.09 mW at 228 GHz and 0.12 mW at 232 GHz. 
The power levels are similar to the values obtained with 
a more optimized second-harmonic oscillator circuit [11]. 
A W-band InP Gunn device tested in a full-height WR-10 
waveguide gave 3.5 mW at 156.3 GHz with a fundamental 
to second-harmonic power conversion efficiency of 10%. 
The second harmonic output of this W-band oscillator 
was measured in a WR-6 waveguide test setup. 

Four different TUNNETT diodes had RF power levels 
of 41pW at 200GHz, 0.25mW at 223.5 GHz and 
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Fig. 6. Spectrum of a W-band TUNNETT diode free 
running oscillator in second harmonic mode, power level 
0.2 mW, center frequency 223.474 GHz, vertical scale 
10 dB/div, horizontal scale 500 kHz/div, BW 100 kHz 

223 GHz and 0.12mW at 225 GHz. The RF output 
power level of the TUNNETT diode with the 0.25 mW at 
the second harmonic was 14roW at 112.5 GHz. Thus 
a conversion efficiency of 1.8 % between fundamental and 
second-harmonic output power can be calculated. This 
value is very similar to the unpublished result of a V- 
band TUNNETT diode which had a conversion efficiency 
of 2% and an output power of 0.5 mW at the second- 
harmonic frequency of 121 GHz. The V-band diode was 
tested in a full-height WR-15 waveguide cavity [12] and 
the second-harmonic output was measured in a WR-6 test 
setup. Figure 6 shows the spectrum of the W-band 
TUNNETT diode at an RF output power of 0.2 mW and 
proves that the oscillations have a clean spectrum even at 
the second harmonic of 223.5 GHz. This is the highest 
reported frequency for CW operation of TUNNETT 
diodes. 

6 Conclusion 

The experimental results from the D-band IMPATT 
diodes are the best reported to date. The power levels and 
efficiencies of the W-band TUNNETT diodes above 
93.5 GHz are the highest reported so far and compare 
favorably to the values of Gunn devices [13-15] above 
100 GHz. InP Gunn devices can be operated in funda- 
mental mode up to D-band frequencies exceeding the 
power levels that have been published so far. These 
experimental results confirm recent theoretical findings. 
Free running oscillators with all these two-terminal 
devices exhibit clean spectra which makes them excellent 
candidates for local oscillator applications. 

Second harmonic power extraction has been success- 
fully demonstrated with IMPATT diodes, TUNNETT 
diodes and Gunn devices. Useful power levels with clean 
spectra were extracted from TUNNETT diodes and 
Gunn devices. Higher power levels and harmonic power 
extraction at higher frequencies can be expected with 
more optimized circuits. 
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