GUNN OR TRANSFERRED-ELECTRON DEVICES

Among all solid-state microwave devices, transferred-electron
devices (TEDs), often called Gunn devices, are unique in that
they utilize specific bulk-material properties of certain semi-
conductors. They are unipolar devices and, generally, do not
exhibit the distinctive diode characteristic of p—n junctions as
seen, for example, in other two-terminal microwave devices,
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such as impact ionization avalanche transit-time (IMPATT)
or tunnel injection transit-time (TUNNETT) diodes (see
TRANSIT TIME DEVICES and IMPATT DIODE AND CIRCUITS). Origi-
nally, TED structures and circuits were developed for both
amplifier and oscillator applications. However, rapid progress
in high-speed and high-frequency three-terminal devices (see,
for example, HETEROJUNCTION BIPOLAR TRANSISTOR and HETER-
OSTRUCTURE DEVICES) with excellent noise performance is prac-
tically eliminating TEDs from all low-noise preamplifier ap-
plications up to the high millimeter-wave frequencies.
Additionally, oscillators or amplifiers with three-terminal de-
vices continue to reach higher and higher frequencies and of-
fer similar or even higher radio-frequency (RF) output power
levels and direct-current (dc)-to-RF conversion efficiencies
compared to the most powerful two-terminal devices, such as
IMPATT diodes. TEDs in oscillator applications are charac-
terized by low noise and medium RF output power Pgy. There-
fore, they are well-suited for local oscillators in receivers and
transmitters for frequencies above 30 GHz.

PRINCIPLES OF OPERATION

The transferred-electron effect only depends on a specific
band structure of the semiconductor material and, therefore,
is present in the bulk material. Several materials, mainly in
the groups of III-V and II-VI compound semiconductors and
listed in Table 1 (1-3), exhibit such a band structure. These
semiconductor materials have more than one energy mini-
mum (i.e., valley in the conduction band) and meet the follow-
ing criteria, which were proposed independently by Ridley
and Watkins (4) and by Hilsum (5) (RWH):

1. At least two valleys must be present in the conduction
band.

2. The minimum (minima) of the upper valley(s) must be
several times the thermal energy of electrons above the
minimum of the lowest (= main) valley in the conduc-
tion band for electrons to initially reside in the lowest
valley.

3. The energy difference (AE) between the minimum (min-
ima) of the upper valley(s) and the minimum of the
main valley in the conduction band must be less than
the energy bandgap E, to avoid the onset of significant
impact ionization in such a device.

4. The transfer of electrons from one conduction band val-
ley to another must require much less time than one
period of the intended operation frequency.

5. The effective masses and densities of states in the up-
per valley(s) must be considerably higher than in the
main valley. As a consequence of the higher effective
masses, mobilities in the upper valley(s) must be much
lower than those in the main valley.

For the principles of operation, a homogeneous bulk semi-
conductor material and a simplified band structure as shown
in Fig. 1 are assumed. Electrons at low energies initially re-
side in the main valley of the conduction band, where a low
effective mass corresponds to a high mobility w,;. When elec-
trons acquire more energy (e.g., under an electric field &),
most of them still remain in the main valley if & < &y,
where &y, is referred to as the threshold electric field. As elec-

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright © 1999 John Wiley & Sons, Inc.



524 GUNN OR TRANSFERRED-ELECTRON DEVICES

Table 1. Semiconductor Materials Related to the Transferred-Electron Effect

Valley Separation

Semiconductor E, (eV) Between AE (eV) ér (kV/em) v, (107 cm/s) T (K)
GaAs 1.42 LandT 0.31 (0.33) 3.2-3.5 2.2-2.3 300
InP 1.35 LandT 0.53 (0.45) 10-12 2.5-2.8 300
Ge 0.74 LandT 0.18 2.3 14 77
CdTe 1.50 LandT 0.51 11.0 15 300
InAs 0.36 LandT 10.87 12,5 3.6 300
InSb 0.28 LandT 0.41 0.6 5.0 77
ZnSe 2.60 LandT — 38.0 15 300
Gay5Iny;Sb 0.36 LandT 0.36 0.6 2.5 300
Ga,3Ing,Sh 0.24 LandT — 0.6 2.9 300
Ing55Gag47AS 0.76 LandT 0.55 3-4 2.9 300
InAs,Pys 1.10 LandT 0.95 5.7 2.7 300
Gay13Ings7:A8057Po6s 1.05 LandT — 5.5-8.6 12 300
GaN 3.36 XandT 15 80-160 2.5-4.5 300
Gay Al sN 4.717 XandT 0.44 >70 2.5 300

Data from Refs. 1 to 3.

trons acquire even more energy (for & > &), many of them
are scattered (“transferred”) into the upper valley, where a
higher effective mass corresponds to a lower mobility u, (1).
When the electric field is assumed to be constant in the bulk
material and n; and n, denote the number of electrons in the
lower and upper valleys, respectively, an average electron ve-
locity v and average mobility @ can be defined as

Nily + Nglhg y
ny+n,

U= (@8]

=né

Since n,; decreases and n, increases, v decreases as shown in
Fig. 2. At large energies [i.e., high electric fields (& > &)],
most of the electrons are transferred to the upper valley and
n; < n,. Therefore, after reaching the minimum value, the
average drift velocity again increases for higher electric fields.
The decrease in the average drift velocity for & > &, gener-
ates a region of negative differential mobility wy with
dv

Mg = de (2)
If electrons in the upper valley reach a region where the elec-
tric field ¢ drops below ¢y, they lose energy and significantly
more of them are scattered back to the main valley.

James B. Gunn was the first to observe current oscillations
experimentally in bulk GaAs and InP (6,7), which were subse-
quently explained by this transferred-electron effect (8). As a
result, the name Gunn device quickly became common for this
type of device. Out of more than ten semiconductor materials

np

Figure 1. Simplified energy band dia-

4
gram for a direct two-valley semiconduc- v
tor showing electron transfer. (a) Electron ‘ |

distribution for ¢ < &y. (b) Electron dis- r L
tribution for & > &4. (¢) Electron distri-
bution for & > &y,

known for the transferred-electron effect, only GaAs and InP
have so far found widespread use in system applications.
GaAs and InP have three valleys in the conduction band, and
at the doping concentrations required for operation at milli-
meter-wave frequencies, high-field mobilities are considerably
lower than the low-field mobilities. As a consequence of two
upper valleys and additional scattering mechanisms, the elec-
tron drift velocity v monotonically decreases for electric fields
above &y, Figure 3 shows simplified band structure diagrams
for GaAs and InP, and Fig. 4 shows their respective velocity—
electric field profiles. Table 2 (9—11) summarizes the relevant
material characteristics of GaAs and InP. The finite time it
takes for electrons to gain or lose energy in an electric field
causes a fundamental physical frequency limit in these de-
vices.

Except for some rare conditions in devices at lower micro-
wave frequencies, the bulk negative differential mobility
alone does not cause a static negative differential resistance
to be used for RF power generation. A mechanism based on
the negative differential mobility results in a dynamic nega-
tive resistance as shown next. In a region of bulk semiconduc-
tor material under uniform conditions (doping concentration
Np, electric field &, average differential mobility w,;), any
space charge inhomogeneity Q,(x, ) traveling at the velocity
v grows or decays following an exponential law that can be
derived from Maxwell’ s equations:

Qs (x,t) = Qs(x — vt, 0) exp <—%> 3)

(c)
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Figure 2. Velocity—electric field profile for the two-valley semicon-
ductor of Fig. 1.

where

€s €s

o gNpig

(4)

In Eq. (4), g denotes the elementary charge; o and ¢, denote
specific conductivity and dielectric constant of the material,
respectively. At low electric fields ¢ where mq > 0, the charge
inhomogeneity decays with 7 = 7, the dielectric relaxation
time, and at higher electric fields, where w; < 0, a charge
inhomogeneity can grow. This charge inhomogeneity reaches
a significant level only if the growth factor for the maximum
traveled distance /, the length of the active region of the de-
vice, is very large. Therefore, the condition
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Figure 3. Simplified band diagram for the three-valley semiconduc-
tor materials GaAs and InP.
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Figure 4. Velocity—electric field profile for the three-valley semicon-
ductor materials GaAs and InP.

must be satisfied, which corresponds to
Npl > 1 x 102em~2 (6)

for both GaAs and InP.

Typical Gunn devices at millimeter-wave frequencies have
Nyl products between 1 X 102 em 2 and 3 X 102 ecm 2, and
doping concentrations N, in the active region exceed 10
cm™3, For Np > 10% em™2, space-charge inhomogeneities typi-
cally grow into so-called dipole domains where accumulation
and depletion layers are lumped together. Figure 5 shows the
carrier distribution and electric-field profile for such a dipole
domain under uniform conditions. Electrons in the low-field
region travel at a constant vy for a constant electric field &;.
Electrons in region a are accelerated by the higher electric
field until they reach region b, where they are transferred to
the upper valley and slow down to be trapped in this accumu-
lation region. Electrons in region c lose energy and are trans-

Table 2. Semiconductor Material Characteristics Relevant
to GaAs and InP TEDs (at a temperature of 300 K unless
noted otherwise)

Semiconductor
Properties GaAs InP
Energy gap (eV) 1.42 1.34
Low-field mobility (at 500 K)

(cm?.V'1.g7h) 5000 3000
Thermal conductivity (W-em™.K™) 0.37-0.54 0.68-0.80
Velocity peak-to-valley ratio 2.2 3.5
Threshold field &, (kV-cm™) 3.5 10.5
Breakdown field (at Np = 10 cm™3)

(kV-cm™) 400 500
Effective transit velocity vy (cm-s™1) 0.7 X 107 1.2 X 107
Temperature dependence of vy (K1) 0.0015 0.001
Diffusion coefficient—mobility ratio at 2 &

(ecm?-s7h) 72 142
Energy relaxation time due to collisions

(ps) 0.4-0.6 0.2-0.3
Intervalley relaxation time (ps) — 0.25
Acceleration—deceleration time (ps)

(Inertial energy time constant) 1.5 0.75

After Wandinger (9), Fank et al. (10), and Eddison (11).
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Figure 5. Carrier concentrations and electric field profile for a di-
pole domain.

ferred back to the lower valley. Their average velocity now is
higher than the average velocity in region b, thus region c is
depleted of electrons. After a domain forms at the cathode,
grows, and propagates through the active region, the voltage
drop across the domain increases and, under a constant bias
voltage, lowers the voltage drop outside the domain. This volt-
age drop is equivalent to a reduction in the electric field &,
outside the domain and generally prevents formation of new
domains in the active region. It also limits the growth of the
existing domain because fewer electrons are trapped in the
accumulation layer or escape the depletion layer. Domains
reaching the anode collapse and induce a current flow in the
external circuit. The phase difference between current and
voltage causes a dynamic negative resistance and generates
RF power in an appropriate circuit.

Distinctive modes of operation have been investigated and
described for TEDs at microwave frequencies (12). However,
as is shown next, at millimeter-wave frequencies, finite inter-
valley transfer and domain-formation times reach a signifi-
cant fraction of the RF cycle. In such a case, domains form,
grow, and suppress formation of new domains, but may never
reach the stable state before they reach the anode as de-
scribed above. Therefore, modes get blurred, and devices gen-
erally operate in a near transit-time mode, where the op-
erating frequency f,, is given by

fop = %)

The effective transit velocity vy = v(&,) = vp(&£1) can be deter-
mined from Butcher’s equal-area rule (13), which is

/Uh[v(é”) —vpldé=0 ®)
(«(1

Figure 6. Equal area rule for TEDs.

for a constant diffusion coefficient throughout the active re-
gion and is illustrated in Fig. 6.

If the operating frequency f,, differs somewhat from Eq.
(7), the domain reaches the anode prematurely or is delayed.
Similar to the operation of transit-time diodes, the current
pulse from the collapsing domain still causes a negative resis-
tance and generates RF power. Therefore, operation over a
broad bandwidth can be achieved. Additionally, higher bias
voltages increase electric fields in the device, and higher elec-
tric fields reduce the domain velocity vy, as seen in Fig. 6. At
higher electric fields, electrons also acquire the energy for in-
tervalley transfer over a shorter distance, as will be described
in more detail later. Consequently, the portion of the active
region where domains form and travel is increased.

Figure 7 gives an overview of typical structures and sche-
matic doping profiles for TEDs that have yielded excellent RF
performance. The three-zone flat-doping and the two-zone
flat-doping structures were the first to be exploited because
they are easy to grow in more classical growth systems, such
as liquid-phase or vapor-phase epitaxy (LPE or VPE). The
three-zone flat-doping structure (14) consists of the n~ doped
active region sandwiched between the highly doped n* regions
for the ohmic contacts. Since low-ohmic alloyed contacts can
be formed on n-type GaAs and InP, the highly doped region
on the cathode side can be omitted and just a two-zone flat-
doping structure needs to be grown by VPE or LPE.

The advent of advanced growth techniques, such as molec-
ular beam epitaxy (MBE), metalorganic chemical vapor depo-

N GaAs GaAs
N
N

+

GaAs or InP 7—AGaAs N
n* —n GaAs
Metal Metal GaAs
© n- n* ®@ o @
b) n- nt

I
Graded composition
(d)
Figure 7. Different device structures for TEDs. (a) Three-zone flat-

doping, (b) two-zone flat-doping, (c) three-zone graded doping, and (d)
heterojunction-barrier cathode.
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sition (MOCVD), metalorganic molecular-beam epitaxy
(MOMBE), and chemical-beam epitaxy (CBE) has allowed
more complicated structures to be grown. Using these growth
techniques, graded doping profiles and heterojunction barri-
ers, as shown in Fig. 7, can be incorporated into the device
structures and suitably tailored to optimize device perfor-
mance at a particular frequency or to extend the frequency
limit of TEDs. Computer simulations (11,15,16) have revealed
that in a three-zone flat-doping structure, “cold” electrons at
low energies entering the active region from the contact zone
at the cathode require some time to acquire enough energy to
transfer to the upper valley. The results of such Monte Carlo
simulations (16) at a frequency of 95 GHz are illustrated in
Fig. 8 for a three-zone flat-doping structure in InP with a dop-
ing of 1 X 10 em™ in the active region. The finite energy
relaxation times, which are shown in Fig. 9 as a function of
the electron energy in GaAs and InP, create a huge so-called
dead space at the beginning of the 1.7-um-long active region.
As can be seen from Fig. 8(c), the average energy E of elec-
trons within the dead space does not reach the threshold en-
ergy Ey, for intervalley transfer, and electrons mainly reside
in the main valley. Therefore, the differential mobility re-
mains positive, and space-charge inhomogeneities are pre-
vented from growing, which is illustrated in Fig. 8(b) with
insignificant electron accumulation within the dead space. As
a consequence, the resistance of the device R(x) [i.e., the real

0 02040608 112141618 2
x (um)
(d)

the electron density, respectively, at ot =
nu/4, n = 0, 2, 4, 6, and part (c) shows the
electron energy profile at ot = nun/4, n = 0,
. . ., 7, during one RF cycle.

part of Z(x)] as a function of the position x,

/-x E(x)dx
0

Z(x)=Rx) + jX(x) = A
7/ J(x')dx'
0

9
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Figure 9. Energy relaxation times 7, in GaAs and InP as a function
of the electron energy E. [After Rolland et al. (15), with permission.]
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remains positive for a large fraction of the active region and
contributes to losses in this dead-space region, whereas a neg-
ative resistance contributes to the RF power generation only
for a small fraction of the active region. In Eq. (9), A and
denote the device area and total current density, respectively.
In addition to this dead-space region, the peak electric field
occurs near the anode, and, at a high dc bias, the electric field
may reach values for the onset of avalanche breakdown. The
energy-dependent energy relaxation times of Fig. 9 lead to
effective transfer time constants as shown in Table 2 for GaAs
and InP. Fundamental frequency limits of 100 GHz for GaAs
and 200 GHz for InP TEDs are estimated from these effective
transfer time constants. In subsequent sections, some solu-
tions that help reduce the dead-space region or extend the
useful frequency range close to or even beyond these funda-
mental frequency limits are presented and discussed.

FABRICATION TECHNOLOGIES

TEDs are characterized by low-to-medium dc-to-RF conver-
sion efficiencies ranging from approximately more than 15%
down to less than 1%. As a consequence, most of the dc input
power Ppg, i.e., Ppc — Pyr needs to be dissipated as heat in the
device. In most cases, one of the metal contacts near the ac-
tive region of the device also acts as the heat sink; therefore,
TEDs for millimeter-wave frequencies generally are mesa-
type devices. Additionally, operation at these frequencies re-
quires thin devices to reduce losses in the substrate resulting
from the skin effect. The integrated heat sink technology is
the most widespread for devices at millimeter-wave frequen-
cies. To reduce losses in the substrate, most of it needs to be
removed during fabrication.

In early fabrication technologies, vapor-phase epitaxy pro-
vided the layer structures. As a first step in processing, a few

small holes across the sample were etched through the epitax-
ial layers down into the substrate. An appropriate depth of
the holes was chosen to gauge the thickness during substrate
removal. The advent of more advanced growth techniques,
such as MBE, MOMBE, MOCVD, and CBE, allows the incor-
poration of a lattice-matched, stop-etch layer between the
substrate and the epitaxial layers of the device. This way, the
substrate is completely removed, and precise control of the
mesa height and, consequently, the device diameter is
achieved. Fabrication technologies for substrateless devices
on integral heat sinks or on diamond heat sinks for better
heat removal have been developed and described in the litera-
ture. Selective etching technologies in the GaAs and InP ma-
terial systems (16-18) employ as etch-stop layers lattice
matched Ga,Al;_,As (x < 0.4), and Ing53Ga,As layers, respec-
tively. Improved yield, reproducibility, and performance char-
acterize these substrateless devices.

Figure 10 summarizes the basic steps of these fabrication
technologies. The batch fabrication of InP TEDs on integral
heat sinks serves as an example (16). In the first step, the
metalization for the n ohmic contact (Ni/Ge/AuTi/Au) is evap-
orated or sputtered onto the surface. A thick gold layer is then
electroplated onto this metalization to form the integral heat
sink. The sample is mounted on a carrier to provide addi-
tional mechanical support and protect the heat sink during
the subsequent processing steps. The substrate is removed in
a selective etchant of diluted HCI (16), which does not attack
the Ing53;GagyAs etch-stop layer. Good ohmic contacts can be
formed on InP or, with lower specific contact resistance p,, on
Ing53Gag4;As. Therefore, this Ings3GagsAs layer need not be
removed, but may be etched away selectively in a standard
solution of phosphoric or sulfuric acid, hydrogen peroxide, and
water as indicated in Fig. 10. Such a solution does not attack
InP. A photolithography step defines the openings on this InP
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Figure 10. Steps in the fabrication of InP

TEDs on integral heat sinks. (a) Island
definition, n-ohmic evaporation, and gold
plating of heat sink (=20 um). (b) Sub-
strate thinning, etch-stop layer removal,
and second n-ohmic evaporation. (¢) Gold
plating of ohmic contacts. (d) Final de-
vices after annealing and mesa etch.
[After Kamoua et al. (16), with per-
mission. ]
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surface (or IngzGagAs surface if left in place), where the
metalization (Ni/Ge/Au/Ti/Au) for the other n-ohmic contacts
on the second heavily n*-doped layer is deposited. Excess
metal outside the contacts is lifted off with the photoresist
and, using another photolithography step, the contacts are se-
lectively electroplated with several microns of gold to form a
good bonding pad. The contact pad acts as a mask when the
mesa of the diode is etched in a nonselective etch. After the
sample has been removed from the carrier, the contacts are
annealed, and the sample is diced into individual diodes. Di-
odes are then mounted in packages for appropriate RF cir-
cuits.

DEVICE PACKAGES, OSCILLATOR CIRCUITS,
AND RF PERFORMANCE

Figure 11(a) shows a typical TED package. It consists of a
gold-plated threaded copper puck (which can be screwed into
the RF circuit), an alumina ring, and a top lid for a hermetic

lent circuit of the parasitic elements.

seal. The device is soldered or thermocompression-bonded
onto a pedestal inside the ring, and gold straps are then ther-
mocompression bonded to the device and the top metalization
of the alumina ring. The height and diameter of the ring de-
pend on the operating frequency as well as the device, and
typical values are given in Fig. 11(a). This type of package is
used up to frequencies of 94 GHz, and its parasitic elements
can be approximated by lumped elements as illustrated in
Fig. 11(b). Different ribbon configurations are chosen to mini-
mize the influence of the parasitic inductance, which is the
highest for just one gold strap across and the lowest for the
“star” configuration. The useful frequency range of the pack-
age can be extended to 140 GHz and higher if the alumina
ring is replaced by a quartz ring. However, new devices for
frequencies above 100 GHz are still being developed, and, for
research purposes, a low-parasitic open package with two or
four standoffs at the highest millimeter- and up to submilli-
meter-wave frequencies is also often employed (18,19). The
heat-flow resistance Ry, from the active layer of the device to
the package causes an average temperature increase AT in
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Figure 12. Estimated and measured (21-23) heat-flow resistances
Ry, of InP TEDs on integral heat sinks and estimated Ry, of InP TEDs
on diamond heat sinks against device diameter d; estimates are based
on the spreading approximation (20).

the active layer

AT =Ry, (Ppc — Pgy) (10)

Too high an active layer temperature degrades the RF perfor-
mance as well as the device reliability and lifetime (11). A
larger valley separation of 0.53 eV in InP than in GaAs (see
Fig. 3) reduces the temperature dependence of the transfer
mechanism as well as the temperature dependence of the ef-
fective transit velocity vy (see Table 2). As a result, de-to-RF
conversion efficiencies and oscillation frequencies are gener-
ally less temperature dependent in InP Gunn devices. How-
ever, the higher threshold electric field of 10.5 kV em ™! in InP
(see Table 2) requires higher bias voltages than those applied
at GaAs devices of the same length. Therefore, RF power lev-
els are thermally limited at low microwave frequencies, where
long active regions need to be used. As a further consequence,
InP TEDs are more likely to benefit from reduced heat-flow
resistances (11). Figure 12 compares the estimated (20) heat-
flow resistances of W-band (75 to 110 GHz) and D-band (110
to 170 GHz) InP Gunn devices on integral and diamond heat
sinks as well as some measured values for devices on integral
heat sinks (21-23). Examples of how diamond heat sinks im-
prove the RF performance of both GaAs and InP Gunn de-
vices are provided in the section on device structures.

Many different circuit configurations for oscillators with
TEDs have been investigated. At millimeter-wave frequen-
cies, waveguide circuits are quite common. Although excellent
results were reported from a few transferred-electron oscilla-
tors (TED) in microstrip circuits (10,11,24,25), the vast major-
ity of the state-of-the-art-results was obtained in waveguide
circuits. These results are summarized in Fig. 13 and include
the performance of different device structures as illustrated
in Fig. 7. Examples for the RF performance of individual de-
vice structures will be given in the subsequent section. An
overview of typical configurations for waveguide circuits
(26,27) is shown in Fig. 14. Examples of oscillator circuits us-
ing coaxial lines at microwave frequencies can be found in
Ref. 1.

DEVICE STRUCTURES

Ohmic Cathode Contacts

TEDs with ohmic contacts on both heavily n-doped regions of
the structure of Fig. 7(a) are the simplest structure, easy to
fabricate, but characterized by low dc-to-RF efficiencies.
These devices are typically operated in a full-height wave-
guide cavity with a resonant cap on top of the device package,
and this configuration is illustrated in Fig. 14(e). Modifica-
tions of this configuration include the use of a reduced-height
waveguide or a mechanism for adjusting the position of the
resonant cap and the device package with respect to the bot-
tom of the waveguide. Fundamental-mode operation of Gunn
devices in a reduced-height post-coupled waveguide cavity
was reported up to millimeter-wave frequencies, e.g., for a
GaAs Gunn device at 84 GHz (28) and an InP Gunn device at
126 GHz (29). RF power levels (and corresponding dc-to-RF
conversion efficiencies) of 420 mW (6%) at 35 GHz (19), 280
mW at 45 GHz (19), 150 mW at 60 GHz, and 110 mW (2.8%)
at 70 GHz (30) were reported from flat-profile GaAs Gunn
devices in the fundamental mode.

A sharp decline in the dc-to-RF conversion efficiencies of
devices operating in the fundamental-mode presages the
above frequency limits for GaAs or InP Gunn devices. How-
ever, this frequency limit can be extended by the extraction of
higher harmonics from the inherently nonlinear Gunn device.
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Second-harmonic power extraction has been proven most
successful in a slightly modified version of a resonant-cap,
full-height waveguide cavity. The size of the waveguide is ap-
propriate for the second-harmonic frequency, but impedes
propagation at the fundamental frequency. If in such a circuit
the fringe capacitance of the cap and the device capacitance
together resonate with the inductance of the bias post [see
Fig. 14(e)] at half the output frequency, this signal cannot
propagate, and the device is mainly reactively terminated at
the fundamental frequency. This reactive termination causes
a large voltage swing in the device and, as a result, strong
nonlinear operation. A cap of appropriate size together with
the coaxial post provides impedance matching into the wave-
guide at the second-harmonic frequency, and a waveguide
back short at one side of the cavity provides power tuning.
The resonant circuit at the fundamental frequency is decou-
pled from the load, which corresponds to typically higher @
values than those in fundamental-mode operation. As a re-
sult, reduced frequency pulling with load changes or im-
proved frequency stability may be observed. However, more
complicated circuits with precise mechanical dimensions are
necessary if wide-range frequency tuning is to be imple-
mented. As an example for second-harmonic power extraction,
RF power levels (and dc-to-RF conversion efficiencies) of 123
mW (3.1%) at 83 GHz and 96 mW (2.7%) at 94 GHz were
measured with GaAs Gunn devices (30).

The advantages of InP can be seen clearly at millimeter-
wave frequencies with short active regions where lower iner-
tial energy time constants lead to a higher fundamental fre-
quency limit of approximately 200 GHz. RF power levels (and
corresponding dc-to-RF conversion efficiencies) of 200 mW
(5%) at 80 GHz and 150 mW (3.5%) at 94 GHz (22) in the
fundamental mode as well as 7 mW at 180 GHz and 3.2 mW
at 206 GHz (31) in a second-harmonic mode were reported
from similar InP Gunn devices on integral heat sinks.

Power stability against package temperature typically
ranges from —0.02 dB/°C to —0.06 dB/°C as quoted by various

cuits for TED oscillators. [After Kuno (26),
with permission.]

manufacturers for commercially available GaAs Gunn devices
(see also Ref. 11). Conversely, values of around —0.013 dB/°C
(11) or as low as —0.005 dB/°C (21,22) were reported from InP
Gunn devices.

Current-Limiting Cathode Contacts

A partially annealed ohmic contact significantly reduces the
typical Schottky barrier height of metals on the semiconduc-
tors GaAs and InP (0.6 €V to 0.9 eV), but still leaves a small
barrier (<200 meV). If such a contact is formed on the cath-
ode side of the two-zone structure [see Fig. 7(b)] and is re-
verse biased, this barrier causes a high-field region at the
cathode contact of the device under bias. Electrons injected
over this barrier into the active region have a higher energy
and, under this high electric field, transfer faster into the up-
per valleys. This faster transfer reduces the dead space. The
shallow Schottky barrier also limits the current flow into the
active region at the cathode. Thermionic emission and thermi-
onic-field emission contribute to the current flow, and, in this
case, the current density J, as a function of the voltage V,
across the barrier can be approximated by

v, 1—n)gV.
Je(Ve) = {eXp <_5kT) T exp [%]}

In Eq. (11), the saturation current J, = A*T'? exp(—qpp./kT)
and k, T, r, A*, q ¢z, denotes the Boltzmann constant, absolute
temperature, ideality factor, effective Richardson constant,
and effective barrier height on n-type materials, respectively
(1). Current limiting as a boundary condition at the cathode
causes the electrons in the active region of the device to ap-
proximate the current valley condition (15,32) for a saturated
electron velocity v, and a doping concentration ny,

(1D

J(t) =Jy = npqus (12)
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Figure 15. Measured RF performance of a D-band InP Gunn device
as a function of the ambient temperature. [After Crowley et al. (23),
with permission.]

with large space-charge waves superimposed on an almost
constant electric field throughout the active region (15). This
mode of operation yields high RF power levels in the funda-
mental mode as well as a second-harmonic mode. Correspond-
ing dc-to-RF conversion efficiencies are typically the highest
reported to date. RF power levels (and dec-to-RF conversion
efficiencies) of more than 500 mW (15%) at 35 GHz, more
than 350 mW (13%) at 44 GHz and 380 mW (10.6%) at 57
GHz (19,33) in the fundamental mode as well as 175 mW (7%)
at 94 GHz and 65 mW (2.6%) at 138 GHz (23,34) in a second-
harmonic mode were achieved using this technology. These
devices are on integral heat sinks, and still higher RF power
levels are expected from devices on diamond heat sinks. De-
vices on integral heat sinks with high RF power levels are
also commercially available.

Equation (11) expresses the strong temperature depen-
dence that is inherent in the current flow through a shallow
Schottky barrier in the reverse direction (1). However, the
high-efficiency mode reduces dc input requirements and pro-

Density (cm™2)

vides higher impedance levels. As a consequence, larger de-
vice diameters can be used, which have lower heat-flow resis-
tances (see Fig. 12). In turn, lower heat-flow resistances Ry,
entail lower active-layer temperatures [see Eq. (10)]. The typ-
ical temperature increase remains below 100 K at maximum
RF output power (23,33), and low operating active-layer tem-
peratures ensure reliability and excellent temperature stabil-
ity over wide temperature ranges of —30°C to +70°C for de-
vices at 56 GHz (33) and 94 GHz (33,34) as well as of 0°C to
50°C for devices at 140 GHz (23). The temperature-dependent
performance of a D-band InP Gunn device in Fig. 15 serves
as an example.

Graded Active Region

A doping profile with a lower doping concentration Ny, at the
cathode and a linear grading toward a higher Ny at the anode
decreases the peak electric field near the anode to a large
extent and increases the electric field near the cathode (16).
Both effects are beneficial to the device operation, and they
enhance the dc-to-RF conversion efficiency as well as the RF
output power of the device. A lower electric field near the
anode reduces the power dissipation in this region and also
allows higher bias voltages without the onset of impact ion-
ization and avalanche breakdown. A higher electric field near
the cathode causes a larger fraction of the electrons to trans-
fer to the upper valleys over a shorter distance, which is
equivalent to a shorter dead-space region. This is illustrated
in Fig. 16, which compares domain formation in a flat-profile
[Fig. 15(a)] and a graded-profile [Fig. 15(b)] TED structure,
both with a 1.0-um-long active region. Accumulation domains
form in the flat-profile structure, whereas dipole domains
form in the graded-profile structure. A higher fraction of elec-
trons in the upper valleys slightly lowers the average electron
velocity throughout the active region; as a consequence, the
graded-profile structure operates at lower current densities
compared to a flat-profile structure of a similar doping con-
centration. As a matter of fact, a lower average electron veloc-
ity and shorter dead space may somewhat decrease the opti-
mum operating frequency for the same device length.
However, more efficient device operation extends the upper
frequency limit and allows shorter active regions. Structures
with graded doping profiles were investigated in both InP and
GaAs material systems.
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RF power levels (and dc-to-RF conversion efficiencies) of
345 mW (6.8%) at 31.2 GHz and 325 mW (6.6%) at 34.9 GHz
from devices on integral heat sinks (35) and 116 mW (4.5%)
from devices on diamond heat sinks (36) around 60 GHz were
achieved in the GaAs material system. The devices on dia-
mond heat sinks showed operating active-layer temperatures
below 150°C and fundamental-mode operation up to 84 GHz
(33 mW and 1.7%) (36). Devices from InP material with the
properly designed (16) graded doping profile of Fig. 16(b)
yielded the highest RF power levels reported for any Gunn
device to date. Fundamental-mode operation was demon-
strated up to 165 GHz, and RF power levels that exceeded
200 mW at 103 GHz, 130 mW around 132 GHz, 80 mW at
152 GHz, and 25 mW at 163 GHz (37) were obtained from
devices on diamond heat sinks (29). As an example, dc-to-RF
conversion efficiencies exceeded 2.3% between 102 GHz and
132 GHz (38). RF power levels exceeding 2 mW around 223
GHz (39) and exceeding 1 mW at 280 GHz (37) as well as 315
GHz were measured in a second-harmonic mode. As illus-
trated in Fig. 17, the InP Gunn devices on diamond heat sinks
allow single-mode operation over a wide range of dc input
power levels. Excellent tuning behavior was also observed,
which can be expected from operation in the fundamental
mode. This tuning behavior over a range of more than 4.5
GHz is shown in Fig. 18 for the device of Fig. 17 near maxi-
mum dc bias. The oscillation frequency changes almost lin-
early with the position of the back short, which is the only
tuning element in this full-height waveguide resonant-cap
cavity [see Fig. 14(e) for a schematic]. Improved dc-to-RF con-
version efficiencies reduce the dc input power requirements
for the same RF power levels, and, similar to devices with
current-limiting cathode contacts, lower the operating active-
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layer temperatures, in particular on diamond heat sinks
(29,36).

Injection Over a Homo- or Heterojunction Barrier

Injection of hot electrons over a barrier reduces the dead
space in the active region. Several concepts (e.g., planar-
doped barrier, camel cathode, and heterojunction barriers)
have been investigated in GaAs to improve efficiency, but also
to eliminate cold-start problems in GaAs Gunn devices. Injec-
tion over a heterojunction barrier has been proven the most
successful and was experimentally investigated in the
AlGaAs/GaAs system with improved efficiencies and upper
frequency limits (28,40). Figure 19 shows the band diagrams
of isotype heterojunctions in the lattice-matched
GaAs/Al,Ga;_As and InP/InGa,_,As,P;_, material systems.
In both material systems, layers can be grown lattice-
matched over a wide composition range, and thus bandgap or
conduction band offset can be tailored suitably.

Linear composition grading from the GaAs to the wide
bandgap AlGaAs eliminates the first barrier, and the doping
spike as shown in Fig. 7(d) at the beginning of the active re-
gion (GaAs) reduces or eliminates the notch at the interface
from the AlGaAs layer to the GaAs region. At the proper bias
level, “hot” electrons are now ballistically launched into the
active region from an approximately 200 meV high step in the
conduction band. The optimization of such a design requires
advanced simulation schemes, such as ensemble Monte Carlo
techniques. Using a reduced-height post-coupled waveguide
cavity [see Fig. 14(b) for a schematic] for the oscillator, an
RF output power of 71 mW with a corresponding dc-to-RF
conversion efficiency of 2.8% was measured in the fundamen-
tal mode at 77.6 GHz. Low-noise operation of such a Gunn
device was achieved at least up to 84 GHz (28). As a charac-
teristic of fundamental-mode operation (29), a wide tuning
bandwidth of more than 6 GHz was observed by simply ad-
justing the position of the back short (28).

In contrast to the GaAs/AlGaAs material system, lattice-
matched InGaAsP has a smaller band gap than InP as illus-
trated in Fig. 19. Therefore, electrons cannot be ballistically
launched into the active region. However, a wide composition
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Figure 18. Mechanical tuning characteristic for the D-band InP
Gunn device of Fig. 17 close to maximum applied bias.
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range in the InGaAsP material system can be lattice-matched
to InP. This wide composition range allows a wide range in
the bandgap and conduction-band offset to be implemented.
As a consequence, the proper current-limiting injection at the
cathode can be designed. Theoretical investigations predict a
significant improvement in dc-to-RF conversion efficiencies at
W-band and D-band frequencies (32,41) while preserving the
higher-frequency limit of InP compared to GaAs.

In summary, different schemes for “accelerating” electrons
and transferring them faster into the upper valleys can be
incorporated in a device design. Shorter transfer times reduce
the dead space, improve the dc-to-RF conversion efficiency,
and allow for a shorter active region to achieve a higher op-
erating frequency. However, a reduced dead space effectively
increases the transit time and actually lowers the optimum
operating frequency for an active region of the same length.
Finite transfer times still impose a physical upper frequency
limit. Additionally, if electrons gain too much energy and/or
the active region is too short, the long energy relaxation time
prevents the electrons from losing enough energy to transfer
back to the lower valley. No domains can form in such a struc-
ture, the dynamic resistance between the two terminals re-
mains positive for all frequencies, and no RF power is gen-
erated.

NOISE

The noise in the output spectrum of an oscillator consists of
fluctuations in amplitude (AM noise) and oscillation fre-
quency (FM noise). However, FM noise generally dominates
in Gunn devices and can be described as effective frequency
modulation Af,,, versus frequency f, off the oscillation fre-
quency f,. It corresponds to the noise-to-carrier ratio N/Clgy
as, for example, seen on a spectrum analyzer

N
c

rms

213

2
_A (13)

FM

To compare the noise performance of different oscillators in-
cluding those with other two-terminal devices on a more equi-
table basis, the FM noise measure M (42) is more appropriate:

where T is the absolute temperature and B is the bandwidth.
The loaded @ factor of the oscillator circuit is determined in
a waveguide setup as illustrated in Fig. 20(a). The sweep os-
cillator injects a signal at the power level P; into the oscilla-
tor-under-test (OUT), and the maximum continuous fre-
quency range Af; over which the OUT remains injection-
locked with the sweep oscillator is determined (42):

Q= ifo P,

7\ Peg
An alternative is also shown in Fig. 20(b). The signal from
the OUT is reflected at a tunable low-loss back short and in-
jected back as P; through the coupler into the OUT. If the
position of the back short is moved by more than half of the
guide wavelength A,, the oscillation frequency continuously
changes from a lower to an upper limit. This maximum tun-
ing range (i.e., the self-injection locking range) is now Af; in
Eq. (15).

Thermal noise of electrons is the dominant effect in Gunn
devices. If a TED is designed (using subcritical Nyl < 1 X
102 cm™2?) for and operated in the amplifier mode (1), the
small-signal noise measure M approaches the asymptotic
limit M,:

(15)

gD

M, R T, (16)
where the ratio of the diffusion coefficient D and the differen-
tial mobility |u4| is the crucial factor. InP shows an advantage
of 142/72 (~3 dB, see Table 2) over GaAs. If an equivalent
differential mobility . is introduced for the oscillator mode
(eritical Npl > 1 X 102 em™2) with the conductance per unit
area Gy,

IGpl
Mot = ~x7 amn
ff qND
the large-signal noise measure M can be defined as
gD
= (18)
klueffTO

2 N2
M= A2¢ Pgp (14) The noise performance of Gunn devices near the carrier is
f3kT,B dominated by flicker noise components with typical corner
L —
1] "
VO VO
n* n n* nt n nt
GaAs or GalnAs or
GaAlAs GaAs GaAlAs GalnAsP InP InP

Figure 19. Band diagram of isotype het-
erojunctions in GaAs/AlGaAs and InP/In-
GaAsP at zero bias. [After Friscourt et al.
(32), with permission.]
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frequencies in the range of 100 kHz to 1 MHz. As predicted
by Eq. (13), the phase noise decreases —20 dB per decade at
higher off-carrier frequencies. Table 3 summarizes typical re-
sults from GaAs and InP Gunn devices (24,28,29,43).
Although Eq. (18) predicts lower M for oscillators with InP
Gunn devices, experimental results indicate little difference
between the two. Figure 21 (39) compares the FM noise mea-
sure M of Gunn devices with that of other two-terminal de-
vices in the frequency range of 75 GHz to 155 GHz. This fig-
ure highlights the low-noise characteristics of TEDs, where
the large-signal FM noise measure of both GaAs and InP
Gunn devices typically remains below 25 dB (11,24,29,43,44).
Some InP devices with current-limiting contacts show excess
flicker-noise components near the carrier frequency. Oscilla-

tors with Gunn devices in a second-harmonic mode yield
lower values for the phase noise, but they yield similar values
for the noise measure because much higher @ values are
achieved in a circuit without a resistive load at the fundamen-
tal frequency.

FUTURE TRENDS

Fundamental-mode operation up to 165 GHz was demon-
strated with InP Gunn devices. Therefore, InP or InP with
heterojunction barriers are promising material systems not
only for device structures that exhibit improved performance
in the fundamental mode at frequencies around or above 100

Table 3. Phase Noise of Free-Running Oscillators Using GaAs or InP Millimeter-Wave

Gunn Devices

Off-Carrier Oscillation RF Output

Material Phase Noise Frequency Frequency Power

System (dBc/Hz) (kHz) (GHz) (mW) Reference
GaAs <-80° 100 77 >40° 28
GaAs =70 100 80 55 24
GaAs -100 1000 80 55 24
GaAs -120 10000 80 55 24
GaAs —-80 100 94 10 43
GaAs -105 1000 94 10 43
InP -75 100 94 20 43
InP -100 1000 94 20 43
InP <-110 500 103 180 b
InP <-108 500 132 120 29
InP <-103 500 151 58 29

“ Reported as typical value; corresponding RF output power not mentioned.

® H. Eisele, 1997 (unpublished).
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GHz, but also for other device structures that generate sig-
nificant RF power levels up to 320 GHz in a second-harmonic
mode. In all these devices, proper heat management is one of
the important factors, and the employment of the appropriate
diamond heat sink technologies is mandatory for maximum
RF output power as well as reliable long-term operation.
Power-combining techniques (27,45) can be employed to in-
crease the available RF power levels. As examples, four InP
Gunn devices in a power-combiner circuit delivered an RF
power of 260 mW to the load in CW operation at 98.6 GHz
(11,46) and two devices on diamond heat sinks delivered more
than 300 mW at 103 GHz (38) or more than 125 mW at 152
GHz (39).

Wide-bandgap materials such as GaN and AlGaN hold
great promise for high-power Gunn devices. Favorable mate-
rial parameters, for example, are higher critical electric fields
for breakdown, higher thermal conductivities, higher permis-
sible operating temperatures, and expected higher carrier
drift velocities. However, high-threshold electric fields ep, may
result in thermal limitations of the RF performance. Further-
more, major improvements in material quality or availability
and in fabrication technologies are needed before devices for
system applications can be developed.

Waveguide circuits are, in general, rugged, can dissipate
heat easily, and offer high @ values. Therefore, they are the
preferred circuits to obtain the maximum RF output power.
However, they are bulky and in most cases must be ma-
chined, assembled, and tested individually, which prohibits
low-cost mass production. Therefore, high-volume production
for system applications such as wireless communication
(high-speed data transmission) or collision avoidance in auto-
mobiles must be based on quite different approaches. Both

hybrid and monolithic integration were attempted with Gunn
devices. Hybrid microstrip-line oscillators with InP Gunn de-
vices exhibited excellent performance. RF power levels (with
corresponding dc-to-RF conversion efficiencies) of 52 mW
(3.5%) at 94 GHz (25), but also 40 mW (1.4%) at 81 GHz
(11,24), and >200 mW (>7.5%) around 35.5 GHz (10,34) were
measured and are considered comparable to values from simi-
lar Gunn devices in waveguide circuits. The thermal conduc-
tivity of the semiconductor materials InP and GaAs is rather
low (0.68 W-ecm™'-K™! and 0.46 W-cm!- Kl respectively)
when compared to metals or diamond (20 W-cm - K! at
room temperature). Therefore, fully monolithic integration of
low-efficiency Gunn devices at millimeter-wave frequencies
encounters severe thermal limitations. A summary of reports
on integration of Gunn devices at frequencies up to approxi-
mately 68 GHz can be found elsewhere (27).
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