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ABSTRACT

The frequency and power capability of
GaN-based Gunn diodes is evaluated using
transient hydrodynamic simulations. GaN
Gunn oscillators with 2um-thick GaN Gunn
diodes are predicted to have fundamental
frequency of 148-162GHzand power density
of >10°W/cnt. Due to their high frequency
and power characteristics, applications of
these devices are envisaged for THz signal
generation.

INTRODUCTION

GaAs- and InP-based Gunn diodes, based on
the transferred-electron effect, have been
successfully employed for microwave and
millimeter-wave signal generation [1,2]. Studies
of the fundamental properties of GaN indicate
that it aso exhibits transferred-electron effect
[3]. The use of wide-bandgap semiconductors,
such as GaN, with increased electrical strength
offers the possibility to increase frequency and
power capability of semiconductor devices.
Thus, GaN-based MODFETs with a record
power density of 7W/mm have been recently
demonstrated [4].

Although further confirmation is needed
regarding the presence of the transferred-el ectron
effect in GaN-based materials, it is worthwhile
to evauate the frequency and power capability
of GaN Gunn devices in order to estimate the
advantages of using this material for microwave
power generation. The authors previoudy
reported first results along these lines [5].
Increased electrical strength, a higher threshold
field, and a possibility of higher frequency of
operation due to larger electron velocity and
reduced energy-relaxation time are expected to
be key features of GaN Gunn diodes. These can
be exploited in order to generate signals in the

THz regime where renewed interest has recently

been shown for various civil and defense
applications.
MODELING OF GaN MATERIAL

PARAMETERS

Studies of GaN Gunn diodes were conducted
by employing a commercial device simulator
Medici. GaN material parameters used for this
purpose were carefully selected and verified by
comparing sSmulated and  experimenta
characteristics of GaN FETs and PIN diodes, as
was discussed in aprior publication [6].

Models for field dependence of electron
mobility in GaN were based on the v-F
characteristics calculated by Monte-Carlo
simulations [3]. The threshold field for
intervaley transfer Fry is much larger in GaN
(150KV/cm) than in GaAs (3.5KV/cm). The
increased value of Fry is caused by a larger
separation between the high- and low-mobility
valeys in GaN AE=2.1eV compared to =0.3eV
for GaAs. GaN aso manifests a higher peak
velocity Vpeak (3%10° vs. 1.5x10°cm/sey and
increased saturation velocity vear (2x10° vs.
0.6x10'cm/sey. At the same time, the GaN low-
field mobility of 280cni/V's and peak negative
differential mobility g, = max(-dv/dF) of
50cnf/Vs are lower than the GaAs values of
8000cn¥/Vsand 2500cni/Vs respectively.

Frequency-independent v-F characteristics can
be used to describe electron transport in the
presence of time-varying electric field as long as
the frequency of operation is much lower than
the Negative Differentiadl Resistance (NDR)
relaxation frequency f,,, =1/(re + 7 ), Where

Ier IS the energy-relaxation time and 7zt is the

intervalley-transfer relaxation time. =g was
cdculated as the €lectron acceleration time



Ten =42My AE /qF,, [1], and was 0.15ps and
1.5ps for GaN and GaAs, respectively. 7=r was
evaluated from the results of Monte Carlo
studies of balistic transport in these materials
[7]. By extrapolating reconstructed 7=r(F) curves
to the point of threshold field F=Fry, 71 values
of 7.7ps and 1.2ps were found for GaAs and
GaN, respectively.

Based on the results of this analysis, the NDR
relaxation frequency of GaAs was found to be
109GHz in excellent agreement with previousy
published results [1]. The frequency capability
of GaN Gunn devices was found superior to that
of GaAs as indicated by the higher GaN NDR
relaxation frequency of 740GHz. This suggests
the THz potential of nitride NDR devices
through multiplication of signals generated in
the fundamental mode or through harmonics that
exceed, in both cases, the power level of two
terminal devices made from traditiona I11-V
compounds.

DESIGN OF GaN GUNN DIODES

When a high electric field F > Fry isapplied to
bulk GaN, electrons experience a negative
differential mobility tnpr.  Under these
conditions, a non-uniformity of electron
concentration grows at a rate 1/ 1ppr Where 1popr
is the differential dielectric relaxation time
calculated using expression T,z = &/ QN

where N is the electron concentration and tinpr
is the peak negative differential mobility. It is
expected that domain growth last for at least
3% 1ppr [8]. Thus, Gunn domain instability in an
electronic device with doping N and thickness L
ispossible if N xL >3x¢&xX Vo /0% Uyor [8]-

The critical values of NxL product for GaN and
GaAs were caculated using their material
parameters and the results are summarized in
Table 1. The results show that, due to a higher
peak velocity and a smaller negative mobility,
NxL for GaN is about 80 times larger than for
GaAs.

Table 1. NxL Product and Critical Doping Level

Material GaAs GaN
NxL, [cm?] |1x10% 8.2x10"
Nemt[cm®]  |3.4x10" | 4.3x10°

To avoid formation of static domains at the
anode, N should not exceed the critical doping

concentration Ny =€ xFp,°/q  [8], also

shown in Table 1. Ncrt in GaN is aso much
higher than in GaAs and, thus, GaN devices can
be doped significantly higher (~10'cm®) than
GaAs devices (~10"°cmi®). The latter is a very
important result in terms of feasibility of GaN-
based Gunn devices since the growth of high-
quality low-doped GaN is still challenging.

The possibility of increased doping in GaN
Gunn diodes aso leads to reduction of the
differential dielectric relaxation time and, as a
result, enhanced growth rate of Gunn domains.
Thus, the differentia dielectric relaxation
frequency of GaN Gunn diodes with N of
5x10"cni® exceeds 530GHz

Several designs of GaN Gunn diodes were
investigated. A W-band design had an n-type
active layer with doping N of 1x10*cm™ and
thickness L of 3um. The D-band active layer
was 2um thick and its doping varied between
8x10"cmi® and 5x10*"cm?®. Cathode and anode
layersin al designs were 0.1pmthick and doped
at 1x10"°cm?. All diodes had 50-pmdiameter.

RESULTSAND DISCUSSION

To alow large-signal power analysis of Gunn
diode oscillators, an LCR cavity was
implemented using special boundary conditions
based on Kirchhoff equations. The regions of
voltage V() and current I(t) waveforms
corresponding to sustained oscillations were
subjected to harmonic analysis and the resulting
power spectrum was used to determine the
frequency and power of the Gunn diode
oscillators. The build-up of Gunn-effect
oscillations in the W-band GaN diode biased
with Vp=2xVcgr (90V) and terminated with an



LCR cavity (L=17.5pH, C=0.1pF, R=500) is
shown in Figure 1. Initial build-up of oscillations
is shown by the current waveform while the
emergence of sustained large-signal oscillations
isindicated by the dynamic load line.
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Figure 1. Dynamic load line and current waveform

Profiles of electron concentration as a function
of time were aso extracted from these
simulations and demonstrated formation and
propagation of Gunn domains in GaN devices as
shown in Figure 2. The oscillation frequency
was 87GHz, corresponding to a period of 11ps,
while the output power was 37.6dBm, resulting
in a power density of 2x10°W/cnf.
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Figure 2. Time-dependent concentration profiles.
The modeling approach adopted in this study

was verified by ssimulating the performance of
Kaband GaAs Gunn diode oscillators. The

simulated GaAs Gunn diode also had a 3um
thick active layer, but its doping was reduced to
3x10”cm™ in order to satisfy the design
condition N < Ncg1. The bias was selected using
the same criteria as for GaN diodes. Vp=2XV cr
(2.1V) and the LCR termination was re-
optimized for maximum power at the GaAs
frequency. The simulations showed that the
operation frequency of GaAs Gunn diodes was
approximately 40GHz while the output power
was about 10dBmin good agreement with the
expectations for this design [9]. GaN devices
showed significant improvements over GaAs
devices in terms of output power density and
frequency. These results are aso supported by
the high value of GaN signal-generator figure-
of-merit PPZ=Fg?Vsar?/4 [1], which is 100times
higher than for GaAs.

A D-band Gunn diode design having a thinner
active layer (2um and, thus, expected to operate
a a higher frequency was used to further
investigate the potential of GaN-based Gunn
diodes for millimeter-wave power generation.
The power spectrum of the D-band GaN Gunn
oscillator was obtained by harmonic analysis of
the current and voltage waveforms
corresponding to sustained oscillations and
showed a fundamental of 162.6GHz and a
second harmonic frequency of 325.2GHz as
shown in Figure 3.
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Figure 3. Simulated output power spectrum.



This high frequency capability of GaN is dueto
high carrier velocity, short relaxation times and
large threshold field in this material.

The power and frequency capabilities of GaN
NDR diodes were evaluated by simulating the
performance of D-band GaN Gunn oscillators
while modifying the doping N of the active layer
in these devices. The results of this study are
shown in Figure 4 and demonstrate the high
power (4x10°W/cnf) and frequency (325GH3
capabilities of GaN Gunn diodes.
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Figure 4. Frequency and power density of Gunn
diode oscillators vs. doping of the GaN active layer

Expected trends of increasing the oscillation
frequency and output power were observed when
the doping of the active layers was increased
from 8x10%cm® to 3x10Ycm®  This
improvement was due to reduction of differential
dielectric relaxation time in higher-doped
devices. This decrease of the oscillation
frequency and output power for GaN NDR
diodes with N>5x10"cmi® was attributed to an
increasing mismatch between the device and the
resonant cavity.

CONCLUSIONS

The high frequency capability offered by GaN
Gunn diodes is due to higher electron velocity
and reduced relaxation times in this material.
Increased electrica  strength  which alows
operation with higher doping levels and at a
higher bias contributes to the high power

capability (>10°W/cnf) of the devices. Overall,
GaN Gunn devices are expected to have twice
the frequency and a hundred-times the power
capability of GaAs Gunn diodes. This makes
them suitable for THz signal generation by
means of multiplication of signal generated in
nitride semiconductor diodes or harmonic
generation at much higher levels than any other
currently available semiconductor device.
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