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Two-Terminal Millimeter-Wave Sources

Heribert Eisele and George |. Haddadfe Fellow, IEEE

Abstract—Basic principles of operation, fundamental power- first step, as shown in Fig. 1, the metallization for the p-ohmic
generation capabilities, and fabrication technologies are reviewed contact (Ti/Pt/Au) is evaporated or sputtered onto the surface.

for three groups of two-terminal devices, i.e., resonant-tunneling - a thick gold layer is then electroplated onto this metallization

diodes (RTD's), transferred-electron devices (TED's), and transit- f the int | heat sink. Th le i ted
time diodes. The paper focuses on devices for frequencies aboveto (_)rm € 'n_ egra _e_a SINK. e_samp e IS mounted on a
30 GHz, and an overview of recent research in this area and of carrier to provide additional mechanical support and to protect

various state-of-the-art laboratory results is given. As an outlook, the heat sink from etchants during the subsequent fabrication
the potential of some new material systems for high-power devices steps. The substrate is removed in a well-known selective
is discussed. etchant of HO, : NH,OH 1:19 [12], [13], which does not
Index Terms—Etching, gallium compounds, Gunn devices, significantly attack the GaAl; _,As stop-etch layer if > 0.4.
IMPATT diodes, indium _compqu_nds, miIIimeter-V\_/ave device_s, Ohmic contacts are more difficult to form on G¥d;_,As
millimeter-wave generation, millimeter-wave oscillators, oscil- 1hap on GaAs. Therefore, this Gl ,As layer is selectively
lator noise, phase noise, silicon, silicon compounds, submilli- . . -
meter-wave devices, submillimeter-wave generation, submilli- removed. in a solution of HF' which does.not attack. Gahs.
meter-wave oscillators. A photolithography step defines the openings on this heav-
ily nt-doped GaAs layer, where the standard metallization
(Ni/Ge/Au/Ti/Au) for the n-ohmic contacts is deposited. Ex-
cess metal outside the contacts is lifted off with the photoresist
ESPITE the rapid progress in the upper frequency limiend, using another photolithography step, each contact is
and RF power levels of three-terminal devices [1]-[5kelectively electroplated with several microns of gold to form
two representatives of two-terminal devices, i.e., Gunn devicagood bonding pad. The contact pad then acts as a mask when
and impact avalanche transit time (IMPATT) diodes, togeth#ére mesa of the diode is etched in a nonselective etchant. After
with vacuum tubes, still play an important role in many systetthe sample has been removed from the carrier, the contacts
applications. Three-terminal devices have almost entirely sare annealed, and the sample is diced into individual diodes.
perseded two-terminal devices in low-noise preamplifiers, podes are then mounted in packages for appropriate RF
to millimeter-wave frequencies. This paper will mainly focusircuits.
on oscillators and will give an overview of resonant-tunneling Proper thermal management is one of the most critical issues
diodes (RTD’s), Gunn or transferred-electron devices (TED’dh high-power two-terminal devices, and high-performance
and transit-time diodes, as well as their fundamental powetevices for reliable long-term operation are generally mounted
generation capabilities at millimeter-wave frequencies. Varioes diamond heat sinks [8]-[11], [13]-[18]. Typically, heat-
power-combining techniques were utilized to increase tliew resistances of mesa-type devices on diamond heat sinks
available RF output power, and examples will be presentade at least a factor of two lower than those of devices on
for each of the discussed two-terminal devices. integral heat sinks.

I. INTRODUCTION

Il. GENERAL TECHNOLOGY IIl. RTD’s

Selective etching technologies with the benefits of, €.9.,RTD's utilize the distinctive properties of the carrier trans-
well defined and highly reproducible mechanical dimensiopt across a double heterojunction barrier [19], as illustrated
of the device mesa and contact structures, are employed in iWEFig. 2. for the InGaAs/InAlAs and InGaAs/AlAs material
fabrication of most of the present state-of-the-art two-terming,stemsl If, under bias, one of the discrete energy levels
devices. The flowchart of Fig. 1 serves as an example afidthe quantum well between the barriers lines up with the
illustrates the fabrication steps for GaAs IMPATT or tuhn&gndyction band outside, a large (resonant-) tunneling current
injection ransit-tme (TUNNETT) diodes on integral heatof electrons will flow from the band outside through the bar-
sinks [6], [7]. More detailed descriptions of various fabricatiopers [19]. This process causes current-voltage characteristics,
technologies for devices in the Si-, GaAs-, and InP-materigy shown in Fig. 2, for the RTD’s with high peak-to-valley
systems or references to them are given in [6]-[11]. In thgtios (PVR's)J,/J, in the INAIAs/INGaAs and AlAs/InGaAs

material systems. The RTD exhibits a negative differential

Manuscript received October 17, 1997; revised March 4, 1998. resistance if _b|ased between tvﬁ’ the voltage for the peak
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Fig. 1. Flowchart with the fabrication steps for GaAs IMPATT or TUNNETT diodes on integral heat sinks [6], [7]. (a) Island definition, p-ohmic raporat
and gold plating of heat sink to approximately 26n. (b) Substrate thinning, stop-etch layer removal, and n-ohmic evaporation. (c) Gold plating of
ohmic contacts. (d) Final diodes after mesa etch and annealing.
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Fig. 2. Conduction band profiles and current-voltage characteristics for lattice-matched InAlAs/InGaAs and strained AlAs/InGaAs RTD’s witR'sigh P

easily leads to bias—circuit oscillations, and a simple analysismbined losses, contact resistances, and so forth is shown

[6] reveals two conflicting power limitations in these diodesin Fig. 3, and includes relevant elements of the bias circuit.
A simplified equivalent circuit for an oscillator with aOperation in an oscillator at such a high-frequenayis

resonant circuit as the load and a series resistélic®r the assumed so that the capacitance (per unit a@a)of the



EISELE AND HADDAD: TWO-TERMINAL MILLIMETER-WAVE SOURCES 741

Resonant Circuit 1 T T " T T T T T3
Ml HP N | ! [ — or ]
1o Le E H 5 1 ]
E L ' R : L AN <2 E
E AL : /
T Yo | ; 01 .
l_o_T LR S - . P 4 , ]
Device DC Bias Load 5 L - N
- [ ] h
Fig. 3. Simplified equivalent circuit of an oscillator with an RTD connected E -
to a bias circuit and load [6]. 5 001 ¢ LAY 3
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Generally, the smallest load resistanBg that can be pre- 0.0007 —r 1 111l L
sented to the two-terminal device determines the maximum 30 100 1000
device area. In this case, the RF circuit limits the RF output Frequency [GHz]

power Prr, and with the specific series resistange= R, A
Fig. 4. Published state-of-the-art RF power levels from RTD’s in the fre-

1 Ry quency range of 30-1000 GHz.
Prr = RS20 (Jp = Ju)* VAR (2)
D (RL + —S)

A

However, to avoid oscillations in the bias circuit, the followin
much smaller area must be chosen [6]:

delectron transfer from a central valley with low effective
mass and high mobility to at least one satellite valley with
high effective mass and low mobility. This type of transfer

A= @ Jp = Jy 3) is possible in many compound semiconductor materials [25],

Ls V,-V, but, so far, only GaAs and InP have played a major role.

) Acceleration—deceleration and energy relaxation times in the
which severely reduces the power to range of 0.4-1.5 ps for GaAs and 0.2-0.75 ps for InP [6],
c W2 (Vy = V) [26], [27] govern this intervalley transfer process, cause a

Prr = PsD |y opy — 2P (Ve — Vp)Q, (4) so-called “dead zone” in the active region [6], and impose
8Ls Jo=Jp a fundamental frequency limit on Gunn devices. As illustrated

RTD's in waveguide circuits are, in general, contactel Fig. 5 for aWW-band (75-110 GHz) InP Gunn device with a

b & whiser 20, and s Whisker iducance is & mag 1709 SILE 00 e destone b et e o
contribution toLs (3), (4), which cannot be reduced much. y 9

RTD's for oscillators were realized in the InGaAs/Alas 2UVe resistance of the device. Current-limiting contacts [14],

GaAs/AlAs, and InAs/AISb material systems. Oscillation fré[-26]’ [27] and heterojunction barriers [28] are examples of

quencies up to 712 GHz with InAs/AISb RTD's [20] are th experimentally tested approaches to a substantial reduction of
highest achieved to date and exceed those of any other t is dead zone. The fundamental frequency limit is estimated

terminal (and also three-terminal) devices. As illustrated t'qpb(_arEnS:ar éOO 2G6H22"; Gaﬁs TEDl;S atndd nbear ZOO.GHZt |In
Fig. 4, RF power levels are low, although power Combinir;g s [6], [26], [27] and corroborated by experimenta

was shown to bring about considerable improvement [21] a Félin_trthsj’ndalrgent;I;— mod; opera’;pn elxggegmg _80|G|l—| z
as an example, the RF power of 28V was measured at In S s [16], [28] and exceeding zInin

290 GHz [22]. In this monolithic approach, part of the bia;l:ED.'s [7], [18]. Dge to their e,xcellent noise proper‘ues n
circuitry is integrated and helps reduds;. The highest RF medium-power oscillators, TED'’s have found widespread use
power levels of 20Q:W at 100 GHz and 5@\ at 205 GHz as local oscillators and drivers for multiplier or amplifier
were reported from InGaAs/AlAs RTD's [23]. Low outputchains in many system applications. Fig. 6 summarizes the
power levels, together with the inherent tendency for bigsate-of-the-art RF power levels from InP and GaAs TED's
instabilities have, so far, severely limited the use of RTD®&P0ve 30 GHz. Fundamental-mode operation suffers a sharp

in system applications, and only one experiment with an RTE:Clin€ in the RF performance above approximately 70 GHz,
in a receiver system was reported [24]. as seen in GaAs TED’s, and above approximately 140 GHz,

as seen in InP TED'’s, which presages the above fundamental
, frequency limits. However, operation in a second-harmonic-
IV. TED’S mode has been proven to be very effective in extending the
The operation of TED's is based on a specific conductionseful frequency range of TED’s with RF power levels of,
band structure with several minima (valleys) that allow ae.g., 96 mW at 94 GHz [29] and 7.5 mW at 180 GHz [30].
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Fig. 6. Published state-of-the-art RF power levels from TED’s under contin-
uous wave (CW) operation in the frequency range of 30-300 GHz. Numbers
next to the symbols denote dc-to-RF conversion efficiencies in percent.
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Various experimental results at millimeter-wave frequencies ‘AG:;
demonstrated that power combining with Gunn devices (in L w00z 0
particular, the fundamental mode) is straightforward and that 01 L . L
high combining efficiencies (even exceeding 100%) can be 30 100 400
easily obtained up to the highest frequencies [31], [32]. Frequency [GHz]

Fig. 7. Published state-of-the-art RF power levels from various transit-time
V. TRANSIT-TIME DIODES diodes under CW operation in the frequency range of 30—400 GHz. Numbers

A confined bunch of carriers is generated in a narrofA¢xt to the symbols denote dc-to-RF conversion efficiencies in percent.
region (by different means, depending on the type of diode
[6], [25]) and its transit through a depleted region inducesdiodes reach oscillation frequencies above 300 GHz [33].
current flow in the outer circuit. The phase delay between tivany of the state-of-the-art RF power levels from Si, but
RF voltage at the terminals and the induced current resultso GaAs IMPATT diodes in Fig. 7, were the results of
in a dynamic negative resistance and the generation of Rfajor research and development efforts in the late 1970’s
power. IMPATT diodes with significant power levels haveand 1980’s [14], [15], [33]. Recent research in the area of Si
been realized with the semiconductor materials Si, GaAs, aadd GaAs IMPATT diodes focuses on refining the state-of-the-
InP. Si and GaAs IMPATT diodes are commercially availablart by improving fabrication technologies and by employing
Fig. 7 summarizes the state-of-the-art RF power levels fromvanced growth techniques such as molecular-beam epitaxy
various transit-time diodes. Below 60 GHz, GaAs IMPATTMBE) to implement more complex doping profiles [8], [11],
diodes offer higher RF output power and dc-to-RF conversi¢h5], [17], as illustrated in Fig. 8. Such doping profiles increase
efficiency than their Si counterparts, whereas only Si IMPAThe available impedance level for the same diode area and
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tion frequency fotD-band InP Gunn devices fabricated from epitaxial material
grown by metal-organic chemical-vapor deposition.

TABLE |
PROPERTIES OFIMPORTANT SEMICONDUCTORS FORRF POWER GENERATION
. 6H-SiC .
Si GaAs InP (4H-SIC) GaN | Diamond
» Distance Band Gap (eV) 3.06
(b) (@ 300 K) 1.12 1.42 1.34 (3.26) 3.39 55

Electron mobility
Fig. 8. Schematic doping profiles for high-power high-efficiency dou- (@ 300 K, cn#/Vs) 1400| 8500 | 4600 | 499 850) 900 | 2200

ble-drift IMPATT diodes. (a) Double-drift Hybrid Read low—high—low. (b) L c-axis 80 (1020)
Double-drift Hybrid Read flat-high—low. || c-axis
Hole mobility 90
(@ 300 K, criiVs) 450 400 140 (115) 150 1600
improve dc-to-RF conversion efficiency as well as RF output B’ea(klc(’)?"\“,')cfr%'d&‘ o6l oes loms| 25 | 2 | 10
: : : (2.2)

cm’)

power. Conversely, higher dc-to-RF conversion efficiencies (@ Np ~ 10

help reduce the dc power consumption and ease the thermaIThem(‘\j‘Jlgﬁ]“}g”“‘V”V 125 046 |068| 49 | 13| 20

constraints of planar oscillators [34] where most of the heat sz aiectron arift vel.

has to be dissipated into the semiconductor material with a _ vs (10" cmis) 1| 06 |075 2 27 | 27
. .. @ € > 5x10° Vicm)

typically much lower thermal conductivity than most metals——{gecric consant 11181 128 26 97 5 55
Contrary to RTD’s and TED’s, IMPATT diodes have also Electronic Pre

found widespread use in applications where they are drivefﬁ“fe"’f'gefff f)ez'a“"e S

with pulses. This mode of operation overcomes thermal limits =

and results in significantly higher peak RF power levels such

as 28 W at 35 GHz [14], 42 W at 96 GHz [11], and 5.Gime diodes. Their power-generation capabilities are compared

W at 140 GHz [14] from Si IMPATT diodes under shortin terms of M,, relative to Si. However, significant additional

50-200-ns-long pulses. efforts are required in the areas of material growth and
Numerous power-combining techniques were extensivedyiaracterization, as well as doping and processing technologies

investigated and subsequently employed in Si and Gabefore the full potential of these wide-bandgap materials can

IMPATT amplifiers and oscillators. A review of power-be utilized.

combining techniques can be found in [31]. Examples of

Ccw Operation are the RF OUtpUt power of 20 W at 44 GHz VIl. SELECTED EXPERIMENTAL RESULTS

for an output stage of 16 Si IMPATT diodes [35] and 5.9-6.5

W at frequencies of 60.5-62.5 GHz for an output stage of Rte_s;)eatlr((:jhtat the Ur|1t|v§r§|ty of lehltga;n a]}tthAnntArborlt
eight GaAs IMPATT diodes [36]. contributed to, or resulted in, several state-of-the-art results

from two-terminal devices. RF power levels of more than
200 mW at 103.1 GHz [32] and, as shown in Fig. 9, power
VI. NEW MATERIALS levels of more than 130 mW around 132 GHz and more
fhan 80 mW at 152 GHz (with low FM noise measures
very low phase noise) were achieved with InP Gunn

1 0.4 0.9 70 80 2000

Considerably higher RF power levels, in pulsed mode

particular, can be expected from transit-time diodes if Widé‘—”d_ X ;
bandgap materials such as SiC, GaN, and diamond are uglgYices on diamond heat sinks [t8These RF power levels

As is well known [25], the RF power generated from gre' the highest reported to date from any Gunn devices and
transit-time diode is pro’portional to the figure of metif, = they correspond to dc-to-RF conversion efficiencies exceeding

(€.v,/f)2. Table | summarizes relevant material parametefs3”0 between 102-132 GHz. Four results from the first
of semiconductors that can play an important role for transit-'H. Eisele, unpublished results.
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successful demonstration of power combining withband
(110-170 GHz) Gunn devices [32]are also included in Fig. 11. Spectrum of d&-band TUNNETT diode free-running oscillator

i in a second-harmonic mode, RF power level 3 mW, center frequency 217.6
Fig. 9. RF power levels of more than 300 mW at 106 GH%HZ, vertical scale 10 dB/div, horizontal scale 500 kHz/div, BW 100 kHz,
130 mW at 136 GHz, and more than 125 mW at 152 GHz wefgeq Bw (VBW) 300 Hz.
obtained using the in-line dual-waveguide cavity configuration

of Fig. 10. Oscillators with these power-combined devices 50 Sl S

maintain the same excellent phase—noise properties as those A'/‘_’S_TMF;:;!,

with single devices [32], and also retain some of the smooth 5 a0 - o | o @ gosmparr ‘

tuning capabilities [32]. Second-harmonic power extraction = . | 0 cansTuNNETT N

from these InP Gunn devices was shown to be possible up < N oo cumnDoviens |

to at least 290 GHz [10] and, as examples and preliminary A o

results, RF power levels of more than 0.3 mW at 283 GHz = s, e - DD °

[10] and 2 mW at 223 GHz were demonstrafed. B D VRS ff' .
Work has been, and is being, performed in the area of 2 20 | o * ¢ :

GaAs and InP IMPATT diodes, and InP is emerging as a new ©

potential candidate for high-performance IMPATT diodes [37].

Exemplary results for simple single-drift flat-profile GaAs 10 L

IMPATT diodes are RF power levels (and corresponding dc-to- 75 95 15 135 155

RF conversion efficiencies) of 320 mW (7%) at 92 GHz and Frequency [GHz]

more than 10 mW %$1.0%) at 140 GHz [38}- TUNNETT Fig. 12. FM noise measur&/ of free-running oscillators with transit-time
diodes can compete in RF output power, e.g., 309 mW at diodes and TED's in the frequency range of 75-155 GHz (published and
100-107 GHz [9}; with GaAs Gunn devices around 100 GHz"Published results).

[29], whereas their dc-to-RF conversion efficiencies, e-Giith two GaAs TUNNETT diodes. each in a simple in-line
0/—| 0, — H L]
5.8%-6.1% at 100-107 GHz [Sare much higher than thoseduaI-cavity configuration [9] similar to Fig. 10. The diodes

Ozngiﬁ‘s GlggAde_\lflﬁilsN[é?llL gogtrary 0 C?[aAs Gugnlg(e)vg peared to be phase-locked readily and without spurious
[29], these S lodes operate aroun gnals when tuned for maximum RF output power. They

in the fundamental mode. Since they also exhibit strong so demonstrated clean spectra with excellent phase noise

nonlinear properties, second-harmonic power extraction ¢ r[bperties as seen in free-running oscillators with one GaAs
be utilized [9] and, as preliminary results, yielded RF pow UNNETT’ diode

levels of approximately 3 mW at 217.6 GHz and more than Fig. 12 compares the FM noise measu& [39], [40] of

2 mW at_234.5 GHz, which correspond to dc-to-RF Convers'%ae—running oscillators with different transit-time diodes and
efficiencies of more than 0.3% and remarkable UP-CONVETSIOR .« This noise measurd/ is defined as follows:

efficiencies of between 6% and more than 10%s illustrated
with the spectrum in Fig. 11 of a free-running oscillator at M= Af2@* Prr )
217.6 GHz, the excellent phase noise of much lower than f2kT0B
—87 dBc/Hz at a frequency off the carrier of 500 kHz
correctly reflects phase noise of much lower the8 dBc/Hz,
which was measured at the fundamental frequency Ejd
similar dc bias.

Power-combining efficiencies around 80% and a combin
RF power of more than 140 mW at 104 GHz [9] were achieveia,[0

Where Af,..s is the effective frequency modulatiod} the
loaded quality factor of the resonant cavitygr the RF
output power,f, the oscillation frequencyZ; the absolute
temperature of the RF load, the Boltzmann constant, arfsl
?g(;nmeasurement bandwidth. In the small-signal case, the oscil-
rs are typically operated under conditions where less than
2H, Eisele and A. Rydberg, unpublished results. 10% of the maximum available RF power is generated. The



EISELE AND HADDAD: TWO-TERMINAL MILLIMETER-WAVE SOURCES

745

lowest FM noise measuresc18 dB) for any oscillator with [16] K. Akamatsu, A. Yokohata, S. Kato, N. Ohkuba, and M. Ohmori,
two-terminal devices were measured with GaAs TUNNETT
diodes around 100 GHz [40]. Fig. 12 also confirms the well-

known low-noise properties of Gunn devices.

[17]

(18]

VIIl. CONCLUSION

The power-generation capabilities of selected two-termingb]
devices were reviewed, and an overview of results from
current research in this area was presented. It is evident frgsy
these exemplary results that significant RF power levels and
low-noise performance in oscillators can be achieved with two-
terminal devices operating at millimeter-wave frequenciepi]
These devices will continue to be useful in several system

applications where high power for transmitters or low nois&2

for local oscillators is required. Improved performance such

as operation at much higher millimeter-wave frequencies of

TED's or much higher RF power levels in transit-time diodeps
from new materials can be expected as results of future
research.
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