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ABSTRACT

Gunn diodes play a prominent role in the development of low-cost and reliable solid-state
oscillators for diverse applications, such as in the military, security, automotive and consumer
electronics industries. The primary focus of the research presented here is the optimisation
of GaAs and GaN Gunn diodes for mm-wave operations, through rigorous Monte Carlo

particle simulations.

A novel, empirical technique to determine the upper operational frequency limit of devices
based on the transferred electron mechanism is presented. This method exploits the
hysteresis of the dynamic velocity-field curves of semiconductors to establish the upper
frequency limit of the transferred electron mechanism in bulk material that supports this
mechanism. The method can be applied to any bulk material exhibiting negative differential
resistance. The simulations show that the upper frequency limits of the fundamental mode of
operation for GaAs Gunn diodes are between 80 GHz and 100 GHz, and for GaN Gunn
diodes between 250 GHz and 300 GHz, depending on the operating conditions. These
results, based on the simulated bulk material characteristics, are confirmed by the simulated
mm-wave performance of the GaAs and GaN Gunn devices. GaAs diodes are shown to
exhibit a fundamental frequency limit of 90 GHz, but with harmonic power available up to
186 GHz. Simulated GaN diodes are capable of generating appreciable output power at
operational frequencies up to 250 GHz in the fundamental mode, with harmonic output power
available up to 525 GHz.

The research furthermore establishes optimised doping profiles for two-domain GaAs Gunn
diodes and single- and two-domain GaN Gunn diodes. The relevant design parameters that
have been optimised, are the dimensions and doping profile of the transit regions, the width
of the doping notches and buffer region (for two-domain devices), and the bias voltage. In
the case of GaAs diodes, hot electron injection has also been implemented to improve the
efficiency and output power of the devices. Multi-domain operation has been explored for
both GaAs and GaN devices and found to be an effective way of increasing the output
power. However, it is the opinion of the author that a maximum number of two domains is
feasible for both GaAs and GaN diodes due to the significant increase in thermal heating
associated with an increase in the number of transit regions. It has also been found that
increasing the doping concentration of the transit region exponentially over the last 25%
towards the anode by a factor of 1.5 above the nominal doping level enhances the output

power of the diodes.

The RF performance of the devices is simulated in terms of output power in fundamental and

harmonic modes of operations, admittance and conversion efficiency. The Monte Carlo



simulations incorporate thermal effects consistently with the evolution of the electrons’
dynamic behaviour throughout the device, which is essential in the reliable simulation of
Gunn diodes. The simulated results are therefore more conservative than those published in

the literature, where thermal effects are generally not adequately modelled.

The optimised two-domain GaAs yields an RF output power of 218 mW at the fundamental
frequency limit of 62 GHz and RF output powers of 42 mW and 890 uW at the second and
third harmonics of 124 GHz and 186 GHz, respectively. Beyond a fundamental frequency of

62 GHz, the efficiency of the two-domain diode degrades significantly to less than 0.1%.

The single-domain GaN Gunn diode yields RF output power of 3.4 W, 259 mW and 42 mW
at the fundamental frequency of 175 GHz and at its second and third harmonics,
respectively. For the two-domain diode, the corresponding RF output power increases to 5
W, 514 mW and 57 mW. The expected fourfold increase in power has not been realised,
which is ascribed to the higher operational temperature of the two-domain device, and non-

identical growth of Gunn domains in each of the two domains.

Heating of Gunn diodes, especially for GaN devices, is a major concern and is addressed by
proper heat sinking and decreasing the effective bias current and voltage. In this work an
integral heat sink is assumed. The bias current and voltage have been reduced by applying

a pulsed bias voltage with duty cycles of less than 1.5% to the diode.
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1 INTRODUCTION




1.1 Background

The “Gunn effect” was discovered on 19 February 1962 by J.B. Gunn. He observed
random “noise”-like oscillations when an n-type GaAs sample was biased above a
threshold voltage level (Gunn, 1963:88-91). Gunn explained the observed oscillations as
a “transit time” mode of oscillation. Group llI-IV materials exhibit this Gunn effect.
Today, Gunn diodes are widely used in commercial and military applications, for
example in house alarm systems, security screening, surveillance, medical imaging,

astronomy, spectroscopy, and radar systems.

GaAs and GaN Gunn diodes are found to be less noisy, producing signals with lower
frequency drift and with more stable and reliable operation as compared to IMPATT
diodes, or Gunn diodes based on InP (Dunn and Kearney, 2003:794-802; Hughes,
Castro and Johnston, 2005:595-600). However, due to their low power conversion
efficiencies, Gunn diodes operate at very high temperatures. This poses significant
challenges in terms of fabrication and the mitigation thereof (Buniatyan and
Arountionian, 2007:6355-6385; Hao, Yang and Zhang, 2008:51-64).

GaN, with its wider energy band gap, high breakdown field and high electron drift
velocities, has drawn wide interest for use as a potential microwave source (Alekseev
and Pavlidis, 2000:245-252; Wu, Tsai, Chen and Chang, 2007:1276-1280; Benbakhti,
Rousseau, Soltani and De Jaeger, 2009:1-5). Furthermore, nitride-based Gunn diodes
are suitable for integration in upcoming nitride technologies (Aloise, Vitanov and
Palankovski, 2011).

The major disadvantages of GaAs Gunn diodes, compared to their GaN counterparts,

are lower power capability and much lower operational frequencies.

The research presented here on GaAs Gunn diodes builds on the work by Van Zyl
(2006) regarding the optimisation of two-domain diodes with appropriate doping profile
engineering and hot electron injection. The simulated output power of the optimised
diode at 94 GHz was 160 mW with an efficiency of 2%. More recent experimental
results for single-domain GaAs Gunn diodes indicate that the operational frequency of
GaAs Gunn diodes extends to 122 GHz, where second harmonic output power of

40 mW has been reported (Priestly and Farrington, 2010:1-10).



The performance of GaN Gunn diodes, as reported in the literature, is mostly based on
simulation. Output power at frequencies as high as 675 GHz has been simulated
(Garcia, ifiguez-de-la-Torre, Pérez, Mateos and Gonzalez, 2013:1-24), although these
predictions unrealistically assume that the effects of self-heating do not degrade the
efficiency of the diode significantly. The investigation of multi-domain GaN diodes has
been reported, for example a 4-domain diode yielding simulated output power of 1.9 W
at 340 GHz (Joshi, Viswanadha, Shah and del Rosario, 2003:4836-4842). This, again,
is an unrealistic expectation. It will be shown in this research that thermal heating for
GaN Gunn diodes, specifically, is inhibitive and that multi-domain diodes can only be

operated in extremely low duty-cycle modes.

1.2 Research objectives

The principal objective of the research is to optimise GaAs and GaN Gunn diodes for
operation at mm-wave frequencies through doping profile engineering and the

incorporation of multi-domain structures.

The research further investigates the expected practical operational frequency limit of
these devices. This is assessed by determining the upper frequency limit of the
transferred electron mechanism in bulk GaAs and GaN empirically though Monte Carlo
simulations. This novel approach exploits the degradation of the effective negative slope
of the dynamic velocity-field characteristics of bulk GaAs and GaN at frequencies

approaching the limit of the transferred electron mechanism.

The aforementioned broad research objectives can be subdivided into two groups; the
first dealing with the bulk material, and the second with the actual devices based on

these materials. The specific objectives are summarised below.

Group 1: Bulk semiconductor material

» Estimate the upper operational frequency limit of the transferred electron mechanism

supported in bulk GaAs and GaN.

» Determine the effect of doping concentration and temperature on the upper

frequency limit of the transferred electron mechanism in bulk GaAs and GaN.



Group 2: Device level

GaAs Gunn diode

* Optimise the performance of a two-domain diode in the mm-wave range
(benchmarked against the work by Van Zyl (2006)).

* Determine the maximum fundamental and harmonic frequencies of operation of a

two-domain diode operating within its physical and thermal limits.

GaN Gunn diode

» Establish a benchmark single- and two-domain diode.

* Optimise the performance of the single- and two-domain diodes in the upper mm-

wave and terahertz regions.

* Determine the maximum fundamental and harmonic frequencies of operation of the

single- and two-domain diodes operating within their physical and thermal limits.

1.3 Research questions

The research objectives translate into the following research questions.

Group 1: Bulk semiconductor material

* How can the dynamic velocity-field curves of GaAs and GaN bulk material be
interpreted to determine the upper operational frequency limit of the transferred

electron mechanism in these materials?

* What is the maximum operational frequency limit of the transferred electron

mechanism supported in bulk GaAs and GaN material?

* What is the effect of doping concentration and temperature on this maximum

operational frequency limit?

Group 2: Device level
* Which device parameters influence the microwave performance of Gunn diodes?

* What are the effects of these parameters on the microwave performance of single-

and two-domain GaAs and GaN Gunn diodes?



* Which set of parameters yields optimum output power and efficiency for these diodes
at the fundamental and harmonic frequencies of operation, whilst ensuring practical

device impedances?

* How does thermal heating impact the performance of the optimised diodes, and how

can its effect be mitigated?

1.4 Research methodology

Due to the absence of local infrastructure to develop the specialised GaAs and GaN
diodes, an ensemble Monte Carlo particle simulation technique (EMCPST) is employed
to simulate these diodes realistically. The EMCPST developed for this purpose is based
on the work done by Van Zyl (2006). The simulation results are verified by comparing its
performance with experimental data as far as is feasible. Notably, the EMCPST
incorporates a thermal model that is dynamically consistent with the evolution of the

electrons through the device; thus, rendering a realistic model of the Gunn diodes.

Figure 1.1 gives an outline of the workflow of the research, indicating the three major

areas of investigation, namely the:

» empirical estimation of the upper frequency limit of the transferred electron
mechanism in bulk GaAs and GaN;

= optimisation of a two-domain GaAs Gunn diode and determining its operational
frequency limit; and

= optimisation of a single- and two-domain GaN Gunn diode and determining its

operational frequency limits.

Following the research design plan in Figure 1.1, a step-by-step overview of the

research is summarised as follows:

* The operational frequency limits of the transferred electron mechanism in bulk GaAs
and GaN are established.

* The effects of doping concentration and operating temperature on this operational
frequency limit are determined to assist in baseline device design.

* A 94 GHz benchmark two-domain GaAs Gunn diode with multiple hot electron
launchers is established, based on the work of Van Zyl (2006).

* The benchmark two-domain GaAs Gunn diode is further optimised for output power

and efficiency.



* The upper operational frequency limit of two-domain GaAs Gunn diodes is

determined.
* A benchmark single-domain GaN Gunn diode is established.
* The benchmark single-domain GaN Gunn diode is further optimi

and efficiency.

sed for output power

* The upper operational frequency limit of single-domain GaN Gunn diodes is

determined.

* A two-domain GaN Gunn diode, based on the single-domain diode design, is further

optimised for output power and its upper frequency limit determined.

Gunn Diode
Optimisation

Empirical estimation of upper
frequency limit of the transferred
electron mechanism

Optimisation of two-domain GaAs
Gunn Diode

Optimisation of GaN

Benchmark two-domain
diode at 94 GHz

Benchmark single-domain diode

at 100 GHz

GaAs semiconductor| |

material

Optimisation of benchmark two-
domain diode at 94 GHz

GaN semiconductor

Optimisation of benchmark

single- domain diode at
100 GHz

material

Investigation of upper fundamental
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Figure 1.1 Research design plan

1.5 Delineation of the research

The scope of the research is delineated as follows:

Performance comparison of the
single-and two-domain diode

* Only Gunn diodes based on GaAs and GaN are investigated.



* Only the first, second and third harmonics of the terminal currents and voltages
are considered to determine the maximum operational frequencies of the diodes.

* The RF performance parameters of the diodes are limited to output power at the
fundamental and harmonics, device admittance, and conversion efficiency.

* The noise performance of the diodes is not investigated.

* The number of domains for both GaAs and GaN diodes is limited to two, due to
the expected excessive thermal heating of diodes when more domains are
incorporated.

* Only meso-style diodes are simulated. Planar diodes are not considered.

e Simulations are limited to one dimension, as this is acceptable where the

diameter of the diode is much larger than the active region of the device.

1.6 Significance of the research

As mentioned earlier, Gunn diodes have found wide industrial application. Although
alternative technologies, such as SiGe, GaAs and GaN MMICs have become available,
Gunn diodes are still preferred due to their relative simplicity, cost and output power
(Priestley and Farrington, 2010). Increasing the operational frequencies of these
devices and improving their output power and efficiencies will extend their usefulness

well into the future.

This research puts forward optimised models of GaAs and GaN Gunn diodes at mm-
wave frequencies. The simulated operational frequency limits for these devices are
deemed more realistic than most simulation-based results reported in the literature. This
is chiefly due to the modelling of thermal heating throughout the devices, linked with the

‘realism’ that is implicit to Monte Carlo simulations.

The investigation of GaN Gunn diodes presented here is especially significant. This

technology is comparatively new and therefore not as well-published as GaAs diodes.

Furthermore, the proliferation of space applications through the emergence of nano-
satellites (Mincheberg, Krischke and Lemke, 1996:799-808) gives impetus to this work.
Nano-satellite platforms require low-cost solutions that are reliable, relatively simplistic
and power efficient. These solutions are also required at increasingly higher mm-wave
frequencies. CPUT has embarked on a nano-satellite programme in 2009 and has

witnessed tremendous growth and development of this technology. Communications and



radar applications are now being developed on these platforms. Hence, the development
of GaN Gunn diodes that can integrate with nitride technologies is very relevant, due to

the robustness of these materials in the harsh space environment.

1.7 Dissertation layout

The research is presented in six chapters.

Chapter 2 gives a technical literature review of GaAs and GaN Gunn diodes. The
underlying Gunn effect and how it is exploited in Gunn devices are described. An

overview of the ensemble Monte Carlo particle simulation technique is also presented.

Chapter 3 introduces an innovative empirical technique to determine the maximum
frequency at which the transferred electron mechanism can be sustained in bulk GaAs
and GaN semiconductors and, by implication, the upper fundamental frequency limit of

Gunn devices based on these materials.

Chapter 4 presents the optimisation of the mm-wave performance of a two-domain GaAs
Gunn diode. The optimised diode is further investigated for its upper fundamental and

harmonic frequency limits.

Chapter 5 investigates the operational feasibility of single- and two-domain GaN Gunn
diodes. A benchmark single-domain diode is established and its performance optimised.
The optimised diode is further investigated for its upper fundamental and harmonic
frequency limits. This approach is repeated for a two-domain diode, based on the single-
domain design. The chapter concludes with a comparison of the mm-wave performance

of single- and two-domain diodes.

Chapter 6 concludes the thesis with a discussion of the findings and briefly summarises

future research work.

For purposes of continuity, the simulation results and findings of the Monte Carlo

‘experiments’ are graphically represented, analysed and discussed in each section.



2 TECHNICAL LITERATURE REVIEW




2.1 Introduction

This chapter describes the Gunn effect and its manifestation as negative differential
resistance exhibited by Gunn devices. An overview of optimisation techniques to
enhance the mm-wave performance of Gunn diodes is presented. This is followed by a
summary of the technological evolution of GaAs and GaN Gunn diodes. The chapter

concludes with a discussion of the Monte Carlo particle simulation technique.

2.2 The Gunn effect

Gunn ascribed the “noise’like oscillations that he observed when an n-type GaAs
sample was biased above a certain threshold voltage level to a “transit time” mode of
oscillation and further postulated that (Gunn, 1963:88-91)
* the device exhibits a negative differential resistance (NDR);
* the oscillating frequency of the device is a function of bias voltage and
temperature; and
* the terminal current waveform consists of narrow spikes indicating high harmonic

content and low efficiency at the fundamental frequency.

These macroscopic characteristics of Gunn devices are attributed to the transferred
electron mechanism whereby electrons in the conduction band of Group IllI-IV materials
are accelerated and achieve sufficient energy to transfer from the central to the satellite
valleys of the conduction band. The satellite valleys are associated with higher effective
electron mass than for the central valley; hence, the electrons literally slow down and
“pile up”. These “Gunn domains” then traverse the device and give rise to current spikes
at the terminals, effectively presenting a negative differential resistance to the external
circuit (Gunn, 1963:88-91; Sze et al., 2007:511-540). A negative differential resistance

can also be achieved through the dispersion of electrons, as in the case of GaN.

The underlying transferred electron mechanism and Gunn effect are extensively
documented in the literature, for example Gunn (1963), Bullman et al. (Bullman, Hobson,
Taylor, 1972), Bosch et al. (Bosch and Engelman, 1975) and Shur (1990), and will only

be discussed briefly in subsequent sections.
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2.2.1 Gunn domain formation

Consider a sample of uniformly doped n-type GaAs (or GaN) of length L, biased with a
constant voltage source V, as shown in Figure 2.1(a) (Van Zyl, Francis, Perold and
Botha, 2009).

The initial electrical field (Eo) is assumed to be constant, with a magnitude of Eq = Vy/L.
Due to the application of the electric field, the electrons flow from cathode to anode with
a constant velocity v; as shown in Figure 2.1(d). The flow of electrons causes a small
local perturbation (at a random location) in the net charge at t = t,, which gives rise to the
resulting electric field distribution as indicated by the solid curve in Figure 2.1(c). The
electrons at point A experience an electric field E 1 and drift towards the anode with
velocity v,, whereas the electrons at point B that are subjected to an electric field Ey;,
drift towards the anode with velocity v,. The velocity v, is smaller than v,. Consequently,
a ‘pile-up’ of electrons occurs between points A and B, effectively further increasing the
net negative charge in that region. Furthermore, the electron drift velocity at B is lower
than that of the electrons immediately to the right of B (towards the anode); hence, this
region becomes more depleted of electrons. The progressive piling up and depletion of
electrons cause the initial charge perturbation to grow into dipole ‘Gunn’ domains. The
domains grow while propagating towards the anode until a stable Gunn domain has
formed, as indicated by the dashed curve in Figure 2.1(c). At this instant, the electrons at

points C and D drift at the same velocity v;.

The formation of the Gunn domain decreases the electric field in the rest of the sample,
inhibiting the formation of a second Gunn domain. As soon as the Gunn domain is
absorbed at the anode contact region, the average electric field in the sample rises and
Gunn domain formation starts again. This successive formation and drift of Gunn
domains through the sample lead to alternating current oscillations observed at the

contacts.
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Figure 2.1 Gunn domain formation in a uniformly doped GaAs or GaN sample

(From Van Zyl et al., 2009)

The fundamental frequency of these current pulses is inversely proportional to the time it
takes for the domains to traverse the transit region of the diode. This relationship
between transit region length and the fundamental operational frequency for GaAs
diodes is illustrated in Figure 2.2 (Teoh et al., 2002:1090-1095).
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Figure 2.2 lllustration of GaAs Gunn diode frequency and transit region length

(From Teoh et al., 2002:1090-1095)

Gunn domains are well formed only if the product of the nominal doping concentration
(no) and length of the transit region (L) of the Gunn diode satisfy the condition (Bosch et

al., 1975; Sze et al., 2007; Zhao et al., 2000:334-342; Joshi et al., 2003:4836-4842;
Caroll, 1970)

nol. >k x 10" m Equation 2.1

with k = 1 for GaAs and k = 5 for GaN.

The various modes of operation of Gunn diode oscillation have been investigated by
Bosch et al. (1975:83-145), who classified these as delayed dipole domain oscillation,
quenched dipole domain oscillation, limited space charge accumulation oscillation, and
travelling accumulation layer oscillation. Dipole domain oscillation is only possible at
lower frequencies. Van Zyl (2006) confirms that the primary mode of Gunn diode

oscillation at mm-wave frequencies is the travelling accumulation layer.
It is important to note that domains will only form if the sample is biased such that the

internal electrical field is in the negative slope region of the velocity-field characteristic

curve, also referred to as the region of negative differential resistance.
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2.2.2 Negative differential resistance

As mentioned above, the transferred electron mechanism in GaAs and GaN gives rise to
the negative differential resistance presented by Gunn diodes. Figure 2.3 (Sze and
Kwog, 2007) illustrates the typical current-voltage (I-V) characteristic curve of a Gunn
diode, which shows an expected resemblance to the velocity-field curve of the bulk
material. The diode exhibits Ohm’s law in the linear region of the |-V characteristic curve,
until it reaches a threshold voltage (Vw). Increasing the bias voltage beyond this
threshold value, the electrons in the central conduction band valley accelerate and
obtain sufficient energy to transfer to the satellite valleys. The higher energy satellite
valleys are associated with heavier electrons and a decrease in their mobility. This

causes a decrease in the electron current, which manifests as a negative differential

resistance region.

MNeaative differentail
resistance region
v - —>

+

=

e

5

O

0
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Yoltage (V) -
Figure 2.3 GaAs Gunn diode |-V characteristic curve

(From Sze et al., 2007)

GaAs Gunn diodes exhibit NDR through the transferred electron mechanism only,
whereas GaN Gunn diodes can exhibit NDR through two mechanisms, namely:
* inter-valley electron transfer exhibited by GaN (Wz), similar to GaAs; and
» dispersion of electrons in the central valley exhibited by GaN (Zb) (Gelmont et al.,
1993; Krishnamurthy et al., 1997:1999-2001; Alekseev et al., 2000:941-947;
Chitara et al., 2009:205-209).
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The dispersion mechanism will be described briefly below, although it was not
investigated due to the absence of a realistic energy band model for GaN (Zb) to

simulate this mechanism.

Dispersion of electrons and NDR

Dispersion of the group velocity of electrons in the central T-valley leads to negative
differential resistance without electrons being transferred to the satellite valleys as in the
case of inter-valley electron transfer. Dispersion of electrons in the I'-valley occurs if the
following two conditions are satisfied (Foutz et al., 1997:2849-2852; Krishnamurthy et al.,
1997:1999-2001; Alkeseev et al., 2000:941-947):

* the energy gap between the central I'-valley and the satellite L-valleys is small;
and
* the inflection point of the T'-valley is located below the lowest satellite energy

level.

Figure 2.4 (Krishnamurthy et al., 1997:1999-2001) is an illustration of the conduction
energy band and group velocity of electrons in GaN (Zb). The upper curve illustrates the
conduction energy band and the lower curve represents the group velocity of electrons.
Point ‘A’ denotes the peak group velocity of electrons, while ‘E;” (dotted curve) denotes

the inflection point.

In the absence of any scattering mechanisms and under the influence of an applied
electric field, the electrons slow down when their energies exceed the inflection point
energy. This is due to the semi-classical effective mass of the electrons acquiring a
negative value (Chen and Hao, 1995:5451-5456; Krishnamurthy et al., 1997:1999-2001).

Of the two negative differential resistance mechanisms exhibited by GaN, the
mechanism that predominates depends on the relative ordering of the inflection point
and the energy of the satellite valley at the inflection point (Krishnamurthy et al.,
1997:1999-2001).
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Figure 2.4 Conduction energy band and group velocity of electrons in GaN (Zb)

(From Krishnamurthy et al., 1997:1999-2001)

2.2.3 Operational frequency limit of NDR

From Section 2.2.1, it is evident that Gunn domain formation is not instantaneous. For
domains to form, electrons must first accelerate to gain sufficient energy to transfer to
the satellite valleys. The transfer mechanism itself is also associated with a finite
duration. Mathematically, the time 7,,; required to exhibit negative differential resistance

through the transfer electron mechanism can be stated as (Sze et al., 2007)

Ttot = Tgr t TET Equation 2.2

where tpp is the energy relaxation time and tyr the inter-valley relaxation time. The
energy relaxation time is approximated as the time an electron with effective mass m.;
takes to accelerate to the threshold energy AE under an applied threshold electric field

Ery, and is given by (Sze et al., 2007)

Tp=""" . Equation 2.3

9Ep,
The intervalley-transfer relaxation time is evaluated from the results of Monte Carlo
studies of the electron ballistic transport in GaAs and GaN (Alekseev and Pavlidis, 2000;

Eisele and Haddad, 1998; Foutz et al., 1993).

16



An NDR relaxation frequency (fypr) can now be defined as (Alekseev et al., 2000:245-
252)

Sor = _ Equation 2.4

TER + TET

which is the highest frequency at which the Gunn effect can still effectively yield NDR.
At operational frequencies above fypr, Gunn domains will not have sufficient time to form
and, hence, the NDR characteristic of the device will deteriorate. This is further

investigated in Chapter 3.

Where NDR is based on the dispersion of electrons, as is the case with GaN (Zb), there
is no inter-valley scattering. This means that zzr = 0, which results in a much higher
frequency limit of inflection point Gunn operation than for operation based on the

transferred electron mechanism.

From Equation 2.4 the operational frequency limits intrinsic to GaAs and GaN Gunn
devices are estimated as (Foutz et al., 1997:2849-2852; Alekseev et al., 2000:941-947;
Pavlidis, 2004:551-554):

* 105 GHz for GaAs;

* 740 GHz for GaN if NDR is based on the transferred-electron mechanism; and

* 4 THz for GaN if NDR is based on the dispersion of electrons.

2.2.4 Comparison of bulk GaAs and GaN for Gunn operation

The microwave performance of GaAs and GaN Gunn devices can be compared at the
hand of three figures of merit, namely the Keyes and Johnson'’s figures of merit, and a
quality factor as defined below (Buniatyan et al., 2007:6355-6385).

Keyes figure of merit
The Keyes figure of merit (KM) relates to the switching speed of a device and its thermal

limitation due to heat generation.
Johnson’s figure of merit

The Johnson’s figure of merit (JM) is defined with reference to the high frequency and

high power capability of the Gunn device and places a limit on the device’s performance.
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The Quality factor (QF) is the thermal figure of merit for the heat sink material and the

active device area in the power device.

Table 2.1 tabulates a comparison of the figures of merit for GaAs and GaN devices and
their limitations (Pearton et al., 2000:55-212; Alekseev et al., 2000:941- 947; Buniatyan
et al.,, 2007:6355-6385).

Table 2.1 Figures of merit for GaAs and GaN devices

Material JM KM QF Processing | Key technical issues
maturity and limitations
GaAs 71 0.45 5.2 High Contact stability at high
temperature
GaN 756 1.6 560 | Very low Material quality and
ohmic contacts

From Table 2.1 it is observed that overall the frequency and thermal figures of merit for

GaN are significantly higher than for GaAs. The superior Gunn performance of GaN, as

compared to GaAs, is a result of the following material properties and characteristics
(Foutz et al., 1997:2849-2852; Alekseev et al., 2000:941-947):

Energy band gap: GaN 3.4 eV, GaAs 1.3 eV.

Thermal conductivity: GaN 130 W/m-K, GaAs 50 W/m-K.

Critical electrical field: GaN 200 MV/m, GaAs 50 MV/m.

Saturation velocity: GaN 2 x 10°m/s, GaAs 1 x 10° m/s.

Inter-valley transfer relaxation time: GaN 1.2 ps, GaAs 7.7 ps.

Operational thermal limit: GaN is expected to have an operational limit higher

than GaAs due to the higher energy band gap.

This section concludes with a further comparison of GaN (Wz) and GaN (Zb) relevant to

Gunn operation. These are listed below:

GaN (Wz) exhibits a higher threshold electric field of 180 x 10® V/m as compared
to 110 x 10® V/m for GaN (Zb) (Krishnamurthy et al., 1997:1999-2001; Kolnik et
al., 1995:1933-1038).

GaN (Wz) exhibits a higher electron drift velocity, supporting higher operational
frequencies (Joshi et al., 2003:4836-4842).

Analytical expressions for the GaN (Wz) energy band structure are available
(Joshi et al., 2003:4836-4842).
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* At ambient conditions GaN (Wz) exhibits a more thermodynamically stable
structure (Alvi et al., 2010: 2431-2435).

* The commonly form of crystallisation in GaN semiconductor material is the Wz
crystal form (Alvi et al., 2010: 2431-2435).

The relevant material parameters for GaAs and GaN are listed in Annexure A.

2.3 Concepts in Gunn diode optimisation

2.3.1 Harmonic mode operation

Studies have shown that GaAs Gunn diode oscillators are inefficient at fundamental
frequencies above 40 GHz (E2V Technologies, 2002). This inefficiency is mainly due to
the transit time of the Gunn domains through the active region of the device that is
shorter than the period of oscillation at these frequencies. The Gunn diode also exhibits
the presence of a dead zone near the cathode (see next section), which further limits the

effective length of the transit region over which Gunn domains can form and develop.

GaAs Gunn diodes operating above 40 GHz therefore generally rely on harmonic power
generation (Haydl, 1983: 879-889). As will be reported in Chapter 3, the upper frequency
limit of the fundamental mode of NDR-based power generation for bulk GaAs is between
80 GHz and 100 GHz depending on the operational temperature and doping densities
of the transit regions (Francis et al., 2015: 825-828); likewise, for GaN diodes this limit is
expected to be between 250 GHz and 300 GHz.

In this work, harmonic output power at the fundamental, second and third harmonics are

investigated.

2.3.2 Dead zone

Due to the finite distance that electrons require to transfer to the higher energy satellite
valleys, a so-called dead zone exists adjacent to the cathode contact where Gunn
domains do not form. The dead zone does not contribute to the active operation of the
Gunn diode and effectively adds positive parasitic resistance to the device. Hence, to
increase the efficiency of the device, it is imperative to reduce the width of this dead

zone. Neylon et al. (1989:519-522) proposed that a reduction of the dead zone could be
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achieved by using combinations of a doping notch at the cathode, grading the transit

region doping profile, and hot electron injection.

These techniques are briefly described in the following sections.

2.3.3 Doping notch

The notch is a nominally under-doped section preceding the transit region on the
cathode side. It promotes the formation of Gunn domains closer to the cathode; hence,
reducing the dead zone. The width and doping level of the notch determine its
effectiveness in initiating domain formation, whilst not adding unnecessary series
resistance to the diode, and are therefore parameters that will be optimised. As an
example, Figure 2.5 illustrates the diode efficiency as a function of doping notch width of
a GaN Gunn diode (Sevik et al., 2004:188-190). The incorporation of a doping notch
has been reported widely in the literature; see as examples the references listed in

Tables 2.2 and 2.3.

Notch : 250 nm

/ 150 nm
|
M // 80 nm

Efficiency (%)

100 ' 200 l 3(I)0 l 4(I)0 ' 5(')0 l S(I)O
Frequency (GHz)
Figure 2.5 GaN diode efficiency as a function of frequency and width of doping notch

(From Sevik et al., 2004:188-190)

2.3.4 Graded transit region doping profile

Batchelor (1992:735-741) reported that a uniform resistivity profile across the active
(transit) region yields an optimum device efficiency, which has led to the implementation
of a graded doping profile across this region. Additionally, appropriate grading of the
doping profile reduces the heating effect associated with hot electron injection and

therefore further enhances the microwave performance of the device. Increasing the
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doping density from cathode to anode enhances both diode efficiency and output power
(Vaidyanathan et al., 1991:1555-1557).

In the work presented here, the doping concentration is increased exponentially towards
the anode over the last 25% of an otherwise uniformly doped transit region. Notably, to
reliably simulate the effect of the graded doping profile on the internal heating of the
diode, the temperature profile is determined throughout the device and not assumed

constant.

2.3.5 Hot electron injection

The electrons are injected from the cathode contact into the transit region with an
elevated energy, typically of the order of the energy gap between the central and
satellite valleys (Greenwald et al., 1988:1211-1214; Beton et al., 1988:434-435; Neylon
et al., 1989:519-522; Couch and Spooner, 1989:34-35). This enhances the probability of
immediate electron scatter and transfer to the satellite valleys; hence, reducing the dead

zZone.

Figure 2.6 illustrates the general energy diagram of a hot electron launcher for zero bias
and forward bias. The electrons essentially traverse a potential energy ‘cliff, gaining

additional energy as they move across the injector into the active region.

The AlGa;4As heterostructure launcher implemented in GaAs diodes, typically, is
undoped and has a linearly increasing Al mole fraction over a distance /;, followed by a
decreasing Al mole fraction over a much shorter distance /,. This is followed by a very
narrow n* doping spike, which acts as a non-equilibrium connector that prevents a

depletion region to extend into the transit region.
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Figure 2.6 Typical hot electron launcher energy diagram

(From Greenwald et al., 1988:1211-1214)

increasing Al

Figure 2.7 illustrates the typical doping profile of a single-domain Gunn diode
linearly

incorporating a hot electron launcher and doping notch:
Regions 1 and 6 are highly doped ohmic contact regions.
layer with

is an un-doped Al,GaiAs

Region 2

concentration.
Region 3 is a narrow n* doping spike.

Region 4 is an under-doped notch.
Region 5 is the transit region (nominally flat doping profile shown here).
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Figure 2.7 Doping profile of a single-domain Gunn diode using hot injectors

(Adapted from Van Zyl, 2006)
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The energy gained by the electrons is mainly dependent on the graded Al composition
profile X and less on the bias voltage. Furthermore, the electron temperature
associated with the launcher far exceeds the crystal temperature of the diode. The hot
electron injector therefore reduces the dependence of the diode’s operating frequency
on bias voltage as well as ambient temperature, in addition to reducing the dead zone.
Further advantages include improved oscillator turn-on characteristics at low

temperatures and a decrease in the turn-on voltage of the Gunn diode.

Hot electron injection, however, causes high electric fields at the anode side of the
transit region and leads to excessive heating in this area. This offsets the expected
increase in output power and efficiency of diodes with hot electron launchers (Neylon et
al.,, 1989:519-522). As stated above, grading of the transit region doping profile can
reduce this heating effect (Batchelor, 1992:735-741) and should be incorporated.

2.3.6 Multi-domain Gunn diode operation

A multi-domain Gunn diode essentially consists of multiple series-connected transit
regions, separated by highly doped buffer regions that quench the electric field.
Kroemer (1964:1980-1981) first stated that increasing the number of domains ‘N’ in a
Gunn device could enhance its output power. When comparing the performance of a
single-domain diode with an N-domain diode, it should be assumed that the bias
conditions in each transit region, as well as the overall device impedance, are similar.
Hence, an N-domain diode requires a bias voltage and a cross-section that are N-times
larger than that for the single-domain diode. This results, theoretically, in an N®increase
in both output power and power dissipation (Tsay et al., 1990:54-60; Lau et al.,
2007:245-248; Teoh et al., 2002:1090-1095). However, the N? increase in output power
is never achieved due to excessive thermal losses associated with multi-domain Gunn

diodes.

Multi-domain GaAs diodes

Multi-domain diodes were first proposed in the 1960’s when Thim (1968) stacked several
wafers on top of the other, forming a multi-domain GaAs Gunn diode. In subsequent
research, a horizontal diode was implemented with multi-domain nucleation centers
forced by literally scratching the surface of the active layer (Slater and Harrison, 1976:

560-567). Talwar (1979) reported a two-domain GaAs Gunn diode oscillator operating at
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a frequency of 73 GHz, predicting twice the output power as compared to a single-

domain Gunn diode.

Teoh et al. (2002:1090-1095) investigated the performance of multi-domain GaAs Gunn
diodes using the MCPS technique. Figure 2.8(a) illustrates the output power as a
function of the number of regions, indicating that the output power is approximately
proportional to the number of transit regions. The power conversion efficiency of the
diode is, however, much less sensitive to the number of domains. It was further shown
that multi-domain Gunn diodes having unequal transit regions display a broader
frequency response, as compared with a device with identical transit region lengths.
Diodes with unequal transit lengths (1L, 2L, 3L, ...) exhibit multiple resonating
frequencies, implying that these diodes can be used in oscillating circuits to widen the

electronic tuning range (Teoh et al., 2005:418-422).
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Figure 2.8 (a) Output power and (b) efficiency of multi-domain GaAs Gunn diodes as a
function of frequency

(From Teoh et al. 2005: 418-422)

Multi-domain GaN Gunn diodes

Joshi et al. (2003: 4836-4842) investigated the multi-domain operation of a notched GaN
(Wz) Gunn diode as presented in Figure 2.9 (3-domain diode shown). The output power

of these diodes is shown in Figure 2.10.
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Figure 2.9 Three-domain GaN Gunn diode with doping notch

(Adapted from Joshi et al., 2003: 4836-4842)
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Figure 2.10 Simulated output power of a multi-domain GaN Gunn diode

(From Joshi et al., 2003: 4836-4842)

Joshi et al. (2003: 4836-4842) further reasoned that the noise performance of a single-
domain diode is superior to that of multi-domain diodes. This is attributed to the charge
carriers in a single-domain diode being thermalised, with similar energies. The
thermalisation of the charge carriers leads to a “closely bunched” charge distribution.
The overall effect of the closely bunched charge distribution is reduced noise. On the
other hand, in a multi-domain GaN Gunn diode the charge distribution at the start of
each successive transit region is not periodic. This leads to a thermal gradient between

the two terminals of the diode, exhibiting a larger inconsistency in the inter-valley transfer
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of electrons. This translates into increased thermal noise in multi-domain diodes as

compared to single-domain diodes.

Note: The simulations above for both GaAs and GaN diodes are deemed unrealistic, as
they do not take into consideration the increase in power dissipation due to increased
heating with an increasing number of domains. As is evident from the simulations
presented in Chapters 4 and 5, where thermal heating is incorporated into the
simulations, the maximum number of domains appears to be two for both GaAs and
GaN diodes.

Multi-domain operation with multiple hot-electron launchers

Van Zyl (2006) proposed a diode structure incorporating multiple domains, each
incorporating a hot electron injector, graded doping profile and doping notch. This

structure is illustrated in Figure 2.11.
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Figure 2.11 Typical doping profile of a two-domain Gunn diode with hot electron injection
and doping profile engineering

(Adapted from Van Zyl 2006)

2.4 Development trends in GaAs and GaN Gunn diode technology

With the above brief background of the various concepts in Gunn diode optimisation, this

section deals with notable technological developments of GaAs and GaN diodes.
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GaAs Gunn diodes

Recent technological developments are listed chronologically in Table 2.2.

Table 2.2 Technological developments of GaAs Gunn diodes from 1989 to 2015

Year

Reference

Number
of
domains

Structure

Simulation/
Experimental

Output characteristics:
Frequency ‘f

Output power ‘P,’
Efficiency ‘n’

1989

Spooner and
Couch,

1989:34-35

1

Heterostructure,
doping notch

Simulation

f =75t0 110 GHz
P, = 80 mW (90 GHz)
58 mW (94 GHz)
2.4 %

(o}

2000

Alekseev et al.,
2000:941- 947

Doping notch

Simulation at
fundamental
frequency

TS T

2002

Teoh et al.,
2002:830-831

Doping notch

Simulation at
fundamental
frequency

f ~50GHz
P,=025W
n =54%

f ~50GHz,
P, =05W
n =55%

f ~50 GHz,
P,=1W
n =6.7%

f ~50GHz,
P,=14W
n =6.2%

f ~50 GHz,
P, =2.5W
n =6%

2005

Teoh et al.,
2005:418-422

(l1~12)

(|2 = 2|1)

(I3 =3l4
|2 = 2|1)

Doping notch

Simulation at
fundamental
frequency

f =57 & 62 GHz

(two resonating peaks)
P, =0.6 W

n=6%

f = 25&50GHz

(two resonating peaks)
P,=04W

n=6%

f =15,30 & 50 GHz
(three resonating peaks)
Po= 0.1 W

n =3%

2006

Van Zyl, 2006

Heterostructure,
doping notch

Simulation at
second
harmonic

f =94 GHz
P, =160 mW
n =1.9%
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2006 | Forster et al, 1 Heterostructure | Experimental | f =77 GHz

2006:350-360 at Po =50 mW to 90 mW
second
harmonic
2007 | Lau et al, 1 Doping notch Experimental | f =77 GHz
2007:245-248 Py =54 mW
2 Experimental | f =77 GHz
Py =64 mW
2009 | Mohamed et 1 Heterostructure | Simulation f =98 GHz
al., second P, =21 mW
2009 harmonic
Experimental | f =98 GHz
at second P, =21 mW
harmonic
2010 | Farrington et 1 Heterostructure | Experimental | f =122 GHz
al., at P, =40 mW
2010:281-284 second
harmonic
2013 Khalid et al., Multi- Planar structure | Simulationat | f =109 GHz
2013:686-688 channel Fundamental | P, =-4 dBm
frequency
2014 Maricar et al., 1 Planar structure | Simulationat | f =120 GHz
2014:2449-2451 Fundamental | P, =-9.14dBm
frequency
2015 | Sharma et al., 1 Heterostructure | Simulationat | f =94 GHz
2015:619-624 Second peak current = 0.86 A
harmonic

The current state of the art

Priestley and Farrington (2010), at the time, reported record RF output power of 40 mW
at 122 GHz with a single-domain diode. The average RF output power from a batch of
ten diodes was 32 mW. The diode structure incorporates a thin (<50 ym) n* doping
spike and a graded Al,Ga;xAs launcher. The major fabrication challenge was heat
sinking. A gold Integral Heat Sink was used, supported by alumina as its packaging

material.
Figure 2.12 summarises a compilation of published state-of-the-art performance results

up to 400 GHz for GaAs and InP Gunn diodes under CW operation (Farrington et.al.,
2008).
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Figure 2.12 State-of-the-art GaAs and InP Gunn diode RF performance

(From Farrington et.al., 2008)

The first epitaxially grown two-domain GaAs Gunn diode was reported in 2007 (Lau et
al., 2007:245-248). The output power of the two-domain diode was 64 mW at 77 GHz,

compared to 54 mW for the single-domain diode.

2.4.2 GaN Gunn diodes

Littlejohn, Hauser and Glisson (1975) first reported the phenomenon of negative
differential resistance in GaN semiconductor material and postulated that GaN
semiconductor devices can be used as a source of microwave energy. The development
of GaN Gunn diodes has been hampered due to the poor mechanical properties and
crystal imperfections of the semiconductor material, which hinder the fabrication of these
devices consistently and reliably (Kelly, 1993:723-729).
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Major challenges in fabricating GaN devices are (Hao et al., 2008:51-64):
» control of threading location in the GaN crystal,
* jonised impurity scattering in semiconductor material growth; and

¢ formation of excellent ohmic contacts on the device.

GaN crystallises in Wurtzite (Wz) and Zincblende (Zb) crystal forms with slightly different
material properties (Min, Chan and Ho, 1992:1159) that lead to varying energy band
diagrams, and different mechanisms of negative differential resistance (Kolnick et al.,
1995:1933-1038; Krishnamurthy et al., 1997:1999-2001).

(Wz) and GaN (Zb) material properties is listed in Annexure A.

A comparison of the GaN

Recent technological developments are summarised chronologically in Table 2.3.

Table 2.3 Technological developments of GaN Gunn diodes from 2000 to 2015

Year Reference Number | Structure Simulation/ Output
of Experimental | characteristics
domains Frequency ‘f’ (GHz)
Output power ‘P;’
Power density ‘Pp’
Efficiency ‘n’
2000 Alekseev et al., 1 Homogenous Simulation at f =87 GHz
2000:941-947 doping fundamental Po=6.3 W
frequency
2001 Alekseev et al., 1 Homogenous Simulation at f =774 GHz
2001:1462- doping harmonic Po=1 W
1469 frequency n =0.7%
2003 Joshi et al., 1 Doping notch Simulation at f =135GHz
2003:4836- harmonic P,=0.67W
4842 frequency
2 f =135GHz
Po=11W
4 f =340 GHz
Po=1.9W
2004 Sevik et al., 1 Doping notch Simulation at f =150 GHz
2004:369-377 fundamental n=09~1%
frequency
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2004 Pavlidis, Doping notch Simulation f =750 GHz
2004:551-554 n=1%
2007 Yilmazoglu et al., Doping notch Experimental f =38 GHz
2007:1-3 at fundamental | P, =27 W
frequency n =1%
2008 Macpherson Homogenous Simulation f =300 GHz
etal, doping
2008:005-012
Doping notch f =280 GHz
2008:103-105 Doping spike f =230 GHz
2009 Panda, Doping notch Simulation f =94 GHz
2009:4-6 Po = 1.4 x 10°W/cm?
2011 Aloise et al., Doping notch Simulation f =200 GHz
2011:599-602 Po=6x 10* W/icm?
2013 Francis et al., Doping notch Simulation at f =525 GHz
2013:177-182 3 harmonic | P, =42 mW
2013 Garcia et al., Doping notch Simulation at f =675 GHz
2013:001-024 6" harmonic, | n =0.1%
constant
temperature
2015 Francis et al., 2 Doping notch Simulation at f = 525 GHz
2015:177-182 3 harmonic | P, =87 mW

2.4.3 Gunn oscillator characteristics

Gunn oscillator performance is dependent on frequency, bias conditions and

temperature.

Output power versus frequency

Gunn diodes can operate in a wide range of frequencies if used in a properly designed
resonant circuit. Maximum output power is obtained at an optimum frequency, with roll
off either side of the centre frequency. The diode also has an inherent cut-off frequency,
as described in previous sections, above which no output power is predicted (Haydl,
1983: 879-889).
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Output power versus temperature

The frequency of oscillation of the Gunn diode is a function of its operating temperature
as it impacts the electron dynamics underlying the transit mode of operation (E2V
Technologies, 2002). Output power is also sensitive to temperature, as an increase in
temperature decreases the efficiency of the diode. This is a major challenge in Gunn

diode design.

Output power versus bias voltage

The frequency of oscillation of the Gunn diode is dependent on the bias voltage
(Batchelor, 1990). A minimum bias voltage (Vop) is required for power generation in a
Gunn diode. This minimum bias voltage provides the energy required to scatter the
electrons into the higher energy satellite valleys. An increase in the bias voltage beyond
the peak power voltage decreases the output power. This is mainly due to an increase in

power dissipation in the Gunn diode.

2.5 Ensemble Monte Carlo particle simulation of devices

2.5.1 Overview of the algorithm

This section provides but a brief overview of the ensemble Monte Carlo particle
simulation technique (EMCPST) that is deployed in this work. The reader is referred to
a number of sources for more comprehensive discussions of this technique; see, for
example, Jacoboni and Lugli (1989), Tomizawa (1993) and Moglestue (1993). The
algorithm used in this work is implemented in parallel on a cluster of personal computers
(Van Zyl et al., 2000).

Applied to electron transport in semiconductors, the technique is capable of providing a
statistically accurate solution of the Boltzmann Transport Equation (BTE) through
simulating the probabilistic transport behaviour of electrons in real and momentum space
(Moglestue, 1993). The algorithm follows the sequence of physical events as
experienced by charge carriers within the confines of the device, and in fact closely

resembles a physical experiment.
Typically, large sample spaces are required to reduce the statistical noise inherent to

Monte Carlo simulations; hence, these algorithms are costly in terms of computational

resource requirements. However, this powerful technique renders reliable simulations of
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stead-state and non-stationary particle transport in semiconductors. Both of these
mechanisms are relevant to the dynamic behaviour of electrons in the mm-wave Gunn
devices simulated in this work. Classic simulations are based on drift-diffusion models
(Sze, 2007) under the unrealistic assumption that charge carriers assume steady-state
immediately after a field variation. Steady-state is in fact only reached after a finite time
and associated distance. Drift-diffusion models can therefore not be used in simulations
where the physical size of the device or the frequency of operation prohibits steady-

state.

Figure 2.13 illustrates the typical flow diagram of an EMCPST algorithm for the
simulation of devices (Van Zyl et al., 2000:369-380).

An ensemble of charge carriers (in this case electrons) is accelerated under the
influence of the electric field experienced by each individual carrier. This classical
acceleration of the electrons is characterised by free flights with duration f,, interrupted
by scattering events. These events change the momentum state of the electron
instantaneously. Each electron is then accelerated again until the next scattering event.
The simulation of successive free flights and scattering events of the electrons in the
ensemble continues until the electric field is updated throughout the device through
solving Poisson’s equation (Sze, 2007). This is done at intervals of Ty, To ensure
consistency between the time-evolution of the electrons and the electric field distribution
inside the device, Ty, is usually of the order 5.10"°s. Electrons that cross the contacts
are removed from the simulation. Charge neutrality at the contact is maintained, which
may require the reintroduction of electrons to those regions. The total number of
electrons simulated is not kept constant artificially, but tends to fluctuate around the

initial ensemble size.

The modelling of the electrons’ dynamics is intrinsically dependent on the energy band of
the bulk material, and the scattering mechanisms implemented. In this work, a 3-valley
energy band with non-parabolicity has been implemented for GaAs and GaN. The
following scattering mechanisms have been implemented (Van Zyl, 2006): acoustic
phonon (intra-valley scatter), polar optical phonon (intra-valley), inter-valley (both

acoustic and optical phonon), and ionised-impurity (intra-valley).

Lastly, it should be noted that the simulation of the two-terminal Gunn devices are

treated as 1-dimensional problems.
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Figure 2.13 EMCPST algorithm for Gunn device simulation

(Adapted from Van Zyl et al., 2000)
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2.5.2 Output charaterisation of device

The simulation of the device within a resonant cavity is achieved through applying a

terminal voltage vy(t) across the Gunn diode of the form

Vy()=Vpe + Vy sin(wpb) + Vy sin(2wot +¢,) + V3 sin(3wyt +¢,)  Equation 2.5

where V¢ is the DC bias voltage, wyis the fundamental frequency, and V;, V, and V;
denote the harmonic voltage amplitudes of the fundamental, second and third
harmonics, respectively. The i harmonic is, generally, phase delayed by @, The
foregoing parameters are varied to maximise the output power, which is akin to tuning

the diode in the cavity.

The microwave conversion efficiency of the diode at its / harmonic is given by

n=—=— Equation 2.6

where P; represents the output power at the i harmonic and Ppc = IpcVoc is the DC

input power.

At any instant of time the total device terminal current is the sum of its displacement and
particle current components. The particle current can be determined by counting the
number of electrons crossing the contacts during each time step. However, this method
of determining the particle current leads to a ‘noisy current’ and potentially corrupts the
output power calculation. The method adopted here is the one proposed by Van Zyl

(2006), where the particle current is determined by
k2
n_v Equation 2.7

where: qsis the “super particle” charge;
A is the cross-sectional area of the active region;
nm is the number of super particles at mesh point m;
Vm is the electron velocity at mesh point m; and
ki, k2 denote the mesh points corresponding to the respective boundaries of the

ohmic region.

The displacement current in the contact regions is insignificant due to the small temporal

variation in the electric field in these regions. The device current is therefore accurately
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determined through Equation 2.7. The concept of a “super particle” is required because
of the relative small number of electrons simulated, compared to the actual number of
electrons in the real device. The charge of the super particle is weighted to compensate

for the shortage of actual electrons in the simulation.

The bias current Ipc is of course not known at the start of the simulation, but is built up

through the accumulated time-average of the total terminal current.

Fourier analyses of the device terminal current and applied voltage are used to
determine the harmonic output power P; as well as the device admittance Yp; at each
harmonic. The device admittance is usually of the form Yp; = -Gp; + jBp; [S] due to the
negative differential resistance and capacitive nature of the Gunn device under normal

operating condition.

Electrical losses due to the bonding wires and packaging of the diode are simply
modelled with a resistor Ryss in series with the admittance of the device. Typical values
for Ryss are of the order 0.1 Q at around 50 GHz to 0.2 Q at 100 GHz.

2.5.3 Thermal modeling of the device

The internal temperature profile of the diode is calculated through solving the steady-

state heat flow equation (Carslaw and Jaeger, 1950)

V(KVT)+Q=0 Equation 2.8

where K is the thermal conductivity of the material, Q is the steady-state heat dissipation
density within the device and T the temperature distribution. For one-dimensional
simulations, the steady-state heat dissipation density Q(y) is simply the product of the

bias current density and electric field at any position y.

To solve Equation 2.8 discretely, Zybura et al. (1995: 873-880) divided the device into
layers, with the assumption that the thermal conductivity and heat generation throughout
each layer is constant. They treated the transit region of the diode as a single layer,
which is a crude assumption. In fact, grading the doping profile throughout the active
region can reduce heating of the diode (Batchelor, 1992). In the simulations presented
here, the active region is also divided into layers and the temperature distribution

updated at regular intervals. Thus, the determination of the temperature profile of the
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transit region is improved and consistent with the steady-state distribution of the

electrons in the active region.

2.6 Thermal management in Gunn diodes

The thermal management of Gunn diodes is very important, as they suffer from
significant heating due to their low efficiencies. As pointed out earlier, both the output

power and operating frequency are sensitive to the temperature of the diode.

GaN Gunn diodes are especially vulnerable to thermal dissipation due to their higher
bias voltage than for GaAs diodes. The heating of GaN diodes also leads to an
increased leakage current (Kohn et al., 1998:105-112), which results in a reduction of
the channel mobility (Seelman et al., 2001:744-749).

A reduction of the operating temperature of the diode is achieved by spreading the heat
from the localised Gunn diode source over a larger part of the device through proper
heat sinking. Heat dissipation takes place primarily in the transit region close to the
anode (Van Zyl, 2006). The heat sink should therefore be placed as close as possible to
the active region of the device, and on the anode side. An effective technique is that of
incorporating an integral heat sink (IHS). This heat sink structure is suitable for high
frequency, high output power microwave devices, due to the efficiency of heat sinking

and thermal impedance profile shaping.

The fabrication process of the IHS is illustrated in Figure 2.14. The IHS is bonded to a
heat stud. Gold is generally used for the IHS and copper for the heat stud due to their
high thermal conductivities (Ka, = 311 Wm'K ™, Ke, = 393 Wm™ 'K at 400 K).

Materials with a higher thermal conductivity can be used for more effective heat sinking.
Diamond exhibits a high thermal conductivity exceeding 2000 Wm™'K" at room
temperature and a high electrical resistance in the range of 10" to 10™ Q. Indeed, at
temperatures of above 50 K, diamond exhibits the highest thermal conductivity of any
known material (Graebner and Jin, 1998:52-55; Gurbuz et al., 2005:1055-1070).

Another form of diamond generally used, is Chemical Vapour Deposited (CVD) diamond

(Coeu and Sussmann, 2000:1726-1729). CVD diamond is artificially produced and

exhibits material properties similar to that of diamond. The thermal conductivity of CVD
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diamond varies between 2000 Wm™'K™" and 3000 Wm™'K™" depending on its quality, which
makes this material highly suitable for effective heat sinking (Graebner et al., 1998:52-
55; Coeu et al., 2000:1726-1729).
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Figure 2.14 Fabrication process of an integral heat sink

(From Van Zyl, 2006)

2.7 Conclusion

Chapter 2 gives an overview of the historical and contemporary developments in GaAs

and GaN Gunn diodes. This is contextualised with a discussion on the theory of the
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Gunn effect. The various design parameters to enhance the performance of Gunn

diodes at mm-wave frequencies are discussed.

The Monte Carlo particle simulation technique and how it is applied to the simulation of
Gunn diodes is briefly described. The reader is referred to a number of sources in the

literature for a deeper discussion of this method.

Chapter 3 investigates the operational frequency limits of GaAs and GaN Gunn diodes
empirically through the simulation of the velocity-field characteristic of electrons in those
bulk materials. The frequency limit of the transferred electron effect that gives rise to
negative differential resistance and the Gunn effect is useful in predicting the highest
fundamental frequency of operation of transferred electron devices, such as Gunn

diodes.
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3 SIMULATED EMPIRICAL DETERMINATION OF UPPER OPERATIONAL
FREQUENCY LIMITS OF TRANSFERRED ELECTRON MECHANISM IN

BULK GAAS AND GAN
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3.1 Introduction

This chapter describes a novel, empirical technique to determine the upper operational
frequency limit of the transferred electron mechanism in bulk GaAs and GaN (Francis
and Van Zyl, 2015). The dynamic electron velocity versus electric field characteristic
curve, or simply “v-E curve”, is analysed to predict the highest operational frequency at

which these materials still exhibit negative differential resistance (NDR) characteristics.

In Chapter 2 this limit was defined as the NDR relaxation frequency (fupr) in terms of the
energy and inter-valley relaxation time constants (see Equation 2.4). However, linking
the operational frequency limit of the NDR mechanism in a bulk material to fypg (in terms
of the time constants) is overly simplistic. This estimation for fypg neglects the effects of
temperature, electron scattering and doping on the non-stationary electron dynamics
underlying the NDR mechanism at the operational limits of this mechanism. The
empirical approach described in this chapter, whereby the dynamic v-E curves of GaAs
and GaN are simulated and analysed, incorporates these effects implicitly and

consistently in a time-dependent bulk ensemble Monte Carlo simulation of the material.

It is postulated that the upper operational frequency limit of the transferred electron and
NDR mechanisms also constitutes the highest fundamental frequency of operation of

transferred electron devices, which will be explored further in Chapters 4 and 5.

It should be noted that the predicted operational frequency limit of the NDR mechanism
does not depend on the structure of the devices that exploit this mechanism, but is an
intrinsic characteristic of the material. The actual operational frequency limit of
transferred electron devices will be further reduced by structural constraints of the

device, as well as the dynamics of Gunn domain formation within the device.

3.2 Method

As described in Chapter 2, the v-E curves of semiconductors that exhibit NDR have a
characteristic negative slope above the threshold bias voltage (electric field).
Furthermore, the dynamic v-E curves of transferred electron materials exhibit hysteresis
(Bullman et al., 1972). Towards the operational frequency limit of the transferred
electron mechanism, this hysteresis behaviour progressively degrades the average

slope of the v-E curve over an RF cycle to such an extent that the effective negative
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differential resistance described by the curve disappears. Figure 3.1 illustrates the

typical static and dynamic v-E curves for bulk material that exhibits NDR.

— Dynamic characteristic
--- Static characteristic

Electron velocity v (current)

Appliéd electric field E (voltage)

Figure 3.1 Typical static and dynamic velocity-field characteristic curves for bulk
semiconductor that exhibits NDR

(From Bullman et al., 1972)

Simulating the dynamic v-E curves of GaAs and GaN at increasing frequencies and
analysing the average gradient over a complete cycle of the applied alternating electric
field provide an empirical tool to determine the NDR relaxation frequency fypr and the
operational frequency limit of the transferred electron mechanism. As stated earlier, this
approach implicitly considers the non-stationary dynamics of electrons at frequencies
approaching fypr, and at different temperatures and doping conditions. This estimation of

fnpr is considered to be more accurate than the time-constant approach described in

Chapter 2.

For the purposes of this investigation, a variable g,.. is defined as
1 <N Av. .
= i Equation 3.1
gave N 21’:1 AE,

which is the average slope of the v-E characteristic curve over a complete cycle of an

applied alternating electric field. The average is determined in a discrete manner over N

samples.

The v-E curve of the bulk material corresponds to the /-V curve of the device that is
based on that material (Sze et al., 2007; Dinesh and Shirvastava, 2009). The gave
parameter is therefore proportional to the average large signal conductance of the Gunn

diode based on that particular material, at a certain frequency and bias voltage. A
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negative value of g, indicates the existence of NDR in the bulk material. This gives a
quantitative assessment of the strength of the NDR mechanism in the Gunn diode at the

same frequency, and under similar bias, temperature and doping conditions.

The electric field applied to the bulk material is biased above the threshold to ensure that

the conditions for the transferred electron mechanism are maintained.

3.3 Simulation

The method described above is applied to bulk GaAs and GaN at various operating
conditions of temperature, doping concentration and frequency. The values of these
parameters are chosen to correspond to the operating conditions of typical GaAs and
GaN Gunn diodes to ensure a realistic estimation of the frequency limits of these
devices. The doping concentration reflects typical values of the transit regions of Gunn

diodes.

3.3.1 Simulated v-E curves and analyses of g,,. for bulk GaAs

Table 3.1 lists the simulation sets performed for bulk GaAs.

Table 3.1 Simulation sets for generating v-E curves of bulk GaAs

Simulation Doping Frequency Temperature
set concentration
(m?®) (GHz) (K)
1 1x10% 40 300 450
2 1x10% 50 300 450
3 1x10%2 60 300 450
4 1x10% 80 300 450
5 1x10%2 100 300 450
6 2x10% 40 300 450
7 2x10% 50 300 450
8 2x10% 60 300 450
9 2x10% 80 300 450
10 2x10% 100 300 450

Figures 3.2 and 3.3, respectively, illustrate the applied electric field and the average
electron drift velocity of the ensemble of electrons in response to the applied electric
field. Each graph is subdivided into eight equal intervals to determine g... by applying

Equation 3.1.
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Figure 3.2 Applied electric field for generating v-E curves of bulk GaAs
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Figure 3.3 Average electron drift velocity of an ensemble of electrons in response to the

applied electric field in Figure 3.2 for bulk GaAs

From the above, the dynamic v-E curves are generated. Figure 3.4, for example, shows

the v-E curve for a relatively low operating frequency of 40 GHz, a temperature of 300 K,

3

and a typical doping concentration of 1x10%? m™. As expected, the curve exhibits
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hysteresis with a clear negative average gradient (ga.e = -0.075 (arbitrary unit)) over one
complete RF cycle. The negative value of g.. indicates the existence of negative
differential resistance in bulk GaAs at 40 GHz and a temperature of 300 K. In contrast,
Figure 3.5 presents the dynamic v-E curve at a higher operational frequency of 100 GHz
and a temperature of 450 K. The value of g... over one RF cycle is now positive (+0.025
(arbitrary unit)) indicating the absence of NDR.
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Figure 3.4 Simulated v-E curve of bulk GaAs at 40 GHz, 300 K, and doped at 1x10**m™
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Figure 3.5 Simulated v-E curve of bulk GaAs at 100 GHz, 450 K, and doped at 1x10?* m™
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From the simulated dynamic v-E curves for all simulation sets, the average gradient g,.e
can be determined as a function of frequency at the various operating temperatures (T)

and doping concentration levels (n.). This is presented in Figure 3.6.
The zero-crossings are interpreted as the frequency limit of the transferred electron

mechanism and NDR, and therefore, also the limit of operation in the fundamental mode

of GaAs Gunn devices.
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Figure 3.6 Simulated g.,. as a function of frequency for bulk GaAs

The following observations can be made from Figure 3.6:

* the value of g, increases monotonically from negative values at low frequencies
to positive values at higher frequencies, indicating a progressive deterioration of
the NDR with increased frequency;

* higher ambient temperatures degrade NDR significantly;

* the nominal doping concentration of the bulk material has a negligible effect on
the frequency dependence of NDR; and

* the upper frequency limit for bulk GaAs to support NDR is between 80 GHz at
450 K and 100 GHz at 300 K.
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3.3.2 Simulated v-E curves and analyses of g,,. for bulk GaN

A similar approach is followed as described in Section 3.3.1 for bulk GaAs. Table 3.2

lists the simulation sets performed.

Table 3.2 Simulation sets for generating v-E curves of bulk GaN

Simulation Doping Frequency | Temperature
set concentration (K)
(m?®) (GHz)
1 1x10% 60 300 400
2 1x10% 80 300 400
3 1x102%2 150 300 400
4 1x10% 200 300 400
5 1x10%2 300 300 400
6 1x10%2 400 300 400
7 1x10% 60 300 400
8 1x10%3 80 300 400
9 1x10%3 150 300 400
10 1x10% 200 300 400
11 1x10% 300 300 400
12 1x10% 400 300 400

Figures 3.7 and 3.8 illustrate the applied electric field and the average electron drift
velocity, respectively, in response to the applied electric field in bulk GaN (Wz). The

value of g, is calculated for each simulation, as explained in Section 3.1.
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Figure 3.7 Applied electric field for generating v-E curves of bulk GaN
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Figure 3.8 Average electron drift velocity of an ensemble of electrons in response to the
applied electric field in Figure 3.7 for bulk GaN.

As a representative example, Figure 3.9 presents the simulated dynamic v-E curves for

a relatively low operating frequency and temperature (60 GHz, 300 K).
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Figure 3.9 Simulated v-E curve of bulk GaN at 60 GHz, 300K and doped at 1x10?m™>

The frequency dependence of g, for each simulation set is illustrated in Figure 3.10.
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Figure 3.10 Simulated g,,. as a function of frequency for bulk GaN

The following observations can be made from Figure 3.10:

* the value of g, increases monotonically from negative values at low frequencies
to positive values at higher frequencies, indicating a progressive deterioration of
the NDR with increased frequency;

* higher ambient temperatures degrade NDR significantly;

* the nominal doping concentration of the bulk material has more influence on the
on the frequency dependence of NDR than was the case for GaAs; and

» the upper frequency limit for bulk GaN to support NDR is between 250 GHz and
300 GHz, depending on the operating conditions.

3.4 Conclusion

This chapter presents a novel, empirical approach to determine the upper frequency limit
at which GaAs and GaN still exhibit NDR. This approach exploits the hysteresis in the
dynamic, high frequency velocity-field characteristics of these materials, and inherently
considers the non-stationary dynamics of electrons at frequencies approaching the NDR

relaxation frequency fypgr for typical operating temperatures and doping conditions.

The prediction of the upper frequency limit of the NDR mechanism using this approach is

expected to be more reliable than the theoretical, time-constant based calculation given
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in Equation 2.4, and furthermore, does not depend on the structure of the devices that

exploit this mechanism.

The upper frequency limit of NDR for bulk GaAs is simulated here to be between 80 GHz
and 100 GHz, and between 250 GHz and 300 GHz for GaN, depending on the operating
temperature and transit region doping levels. These estimations are indeed lower than
those calculated theoretically as ~105 GHz and ~700 GHz, respectively, for GaAs and

GaN. The discrepancy for GaN is especially prominent.

As stated earlier, it can be assumed that the actual operational frequency limit of
transferred electron devices will be further reduced by the structural constraints of the
device, as well as the dynamics of Gunn domain formation within the device, and the
elevated temperatures that these devices operate at. The Monte Carlo particle
simulations of actual Gunn diodes in the following chapters support this assumption.
The upper frequency limits of these devices in the fundamental mode of operation are
found to be of the order 90 GHz (see Figure 4.11) and 250 GHz (see Table 5.6) for
GaAs and GaN Gunn devices, respectively. It should be noted that the highest
fundamental frequency where harmonic output power was still measurable, was 62 GHz
for GaAs (see Figure 4.12) and 175 GHz for GaN (see Table 5.6).

Experimental data provides further validation of the empirical method presented here.

State-of-the-art GaAs Gunn diodes can generate second harmonic power at 122 GHz
(Priestley et al., 2010), corresponding to a fundamental frequency of 61 GHz. From
Figure 4.11 it is also evident that the fundamental mode of operation can extend to

100 GHz (but with negligible harmonic output power).

Measured performance data of GaN diodes are not readily available. However, based
on authoritative simulations done by MacPherson, Dunn and Pilgrim (2008), which
incorporate internal thermal heating of the diode, fundamental output power is predicted
at 240 GHz for a diode operating at 500 K.

It is informative to also note that in the frequency range below 70 GHz, the strength of
the NDR mechanism in GaAs exceeds that of GaN, as is evident from comparing ga.. for
these materials. Simulations show that, for comparable operating temperatures, the
(negative) value of g.,.. for GaAs exceeds that of GaN by a factor of more than 10. This

does not imply, however, that GaAs Gunn diode oscillators have improved output power
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compared to their GaN counterparts at these frequencies. The output power is also
dependent on the square of the magnitude of the harmonic voltage, which is typically

much higher for GaN than for GaAs oscillators.

As a final remark, it is evident from Figures 3.6 and 3.10 that the doping levels do not
generally have a significant impact on the upper frequency limit of GaAs and GaN
devices (although a greater impact for GaN devices). In Gunn diode design, this affords
the freedom to select the nominal doping level of the active region to ensure domain
formation, and to adjust the nominal admittance levels of the diodes for optimal matching
to the external circuitry, without considering the impact of doping levels on the upper

frequency limit of Gunn devices.

The upper operational frequency limits of multi-domain GaAs and GaN Gunn devices are

investigated in the following chapters.
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4 GAAS GUNN DIODE OPTIMISATION
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4.1 Introduction

This chapter investigates the optimisation of multi-domain GaAs Gunn diodes and the
determination of the operational frequency limits of these devices. The broad outline of

the optimisation process was summarised in Chapter 1.

The optimisation of the GaAs diode is approached in two steps, namely:
* establishing a benchmark two-domain diode with hot electron injection, based on
the work done by Van Zyl (2006); and

* optimising the benchmark diode for output power.

The optimised two-domain diode is further investigated to determine its operational

frequency limit in fundamental and harmonic modes.

The Monte Carlo particle simulation technique described in Chapter 2 is used
throughout. The simulation model incorporates an ensemble of 80 000 super particles.
The simulated time is 260 ps, ensuring a number of full RF cycles at mm-wave

frequencies.

4.2 Simulation and optimisation of benchmark GaAs Gunn diode at 94 GHz

The design and structure of the diode have been described in Chapter 2 (see
Figure 2.11). The reference two-domain device of Van Zyl (2006), with a doping notch,
hot electron injection and a graded active region doping profile, has an output power of
160 mW and efficiency of 1.9% at 94 GHz (the second harmonic). The objective here is
to enhance the output performance of the referenced diode by further optimising the
relevant design parameters, namely, the dimensions and doping profile of the transit

regions, and the width of the doping notches and buffer region.

4.2.1 Benchmark two-domain Gunn device

Table 4.1 lists the design and simulation parameters and predicted microwave

performance of the two-domain reference diode (Van Zyl, 2006).
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Table 4.1 Design and simulation parameters and RF performance of reference GaAs Gunn
diode

Design parameters

Region Length Doping concentration
(10°m) (m?)
Cathode contact 0.5 1.5x10%
AlGa,As layer 0.05 undoped
x=0.3
Doping spike ‘n* 0.01 1x10%
Doping notches 0.2 undoped
Transit regions 1.4 1.2x10%
G_f
Gr=0.25"
gr=167%@
Buffer region 0.5 2x10%
Anode contact 1 1.5x10%
Diameter 100 -
Simulation parameters
Bias voltage (Vpc) 6V
Fundamental voltage (V) 475V
Second harmonic voltage (V) 1.3V

Simulated RF performance

Frequency 94 GHz
Output power 160 mW
RF efficiency 1.9 %
Diode admittance -0.21 +j0.27 S
Cathode contact temperature 465 K

Note 1:  Gg is defined as the portion of the active region length adjacent to the anode
contact over which the doping profile is exponentially increased.
Note 2: gris defined as the factor by which the nominal doping in the active region is

increased towards the anode.
The reference diode design has been adopted for the benchmark two-domain design,

with the exception of a marginally higher nominal doping concentration of the transit

regions (1.5x10% m™ for the benchmark diode, as opposed to 1.2x10%2 m™ for the
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reference diode). This had the effect of a marginal increase in the RF conversion

efficiency of the diode, but not the output power.

The transit region length and its nominal doping concentration are determined through
the application of Equation 2.1 and the graph in Figure 2.2. It should be noted that
decreasing the nominal doping concentration leads to a degradation of the diode
efficiency. On the other hand, increasing the doping level will increase the bias current,
which enhances heating of the diode and leads to a subsequent reduction in the

efficiency of the diode.

4.2.2 Optimisation of benchmark two-domain device

The RF performance of the benchmark diode of the previous section is now further
optimised at the second harmonic of 94 GHz through tuning of the following design
parameters:

* width of the buffer region;

* width of the doping notches;

* Al ‘X’ moll fraction of the hot electron injector; and

* Dbias voltage.

Buffer region width

As stated previously, the width of the buffer region between successive transit regions
should be wide enough to quench the Gunn domains, but should also be as narrow as
possible to prevent the introduction of unnecessary ohmic losses (Tsay et al.,, 1990:54-
60). Initially, a buffer width of 0.5 ym is implemented, based on the reference diode
(Van Zyl, 2006). The width of the buffer region is then decreased to 0.2 ym and 0.15 pym,

respectively, and the output power determined.

Figure 4.1 shows the simulated output power at 94 GHz as a function of buffer region
width. The Gunn diode with a buffer width of 0.2 um yields the optimum output power of
168 mW, as compared to 160 mW of the reference diode with a buffer width of 0.5 pm.
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Figure 4.1 Simulated output power at 94 GHz as a function of buffer width for two-domain
Gunn diode

It is informative to study the Gunn domain formation in the diode with varying the width of
the buffer region. Figures 4.2, 4.3 and 4.4 illustrate the simulated time-averaged electric

field distributions in the diode for the cases presented in Figure 4.1.
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Figure 4.2 Time-averaged electric field distribution in Gunn diode with a 0.5 ym buffer
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Figure 4.3 Time-averaged electric field distribution in Gunn diode with a 0.2 ym buffer
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Figure 4.4 Time-averaged electric field distribution in Gunn diode with a 0.15 ym buffer

From these figures it is noted that
* quenching of the Gunn domains deteriorates with the narrower buffer region of
0.15 um;
* a 0.2 ym buffer quenches the Gunn domains satisfactorily, and yield well-formed

Gunn domains in the two regions;

57



* a 0.5 ym buffer does not improve the quenching of the Gunn domains, as
compared to the shorter 0.2 um buffer, but is expected to add additional parasitic
resistance; and

* a buffer width of 0.5 um results in more dissimilar domain formation in the two
domains, which can be attributed to the marginally higher cathode temperature of

465 K for a wider buffer, compared to 458 K for a narrow buffer.

Further to the last bullet above, the marginally lower average operating temperature of

the diode with a 0.2 pm buffer enhances the output power as shown in Figure 4.1.

Doping notch width

As described in Chapter 2, doping notches reduce the dead zone. An optimum doping
notch width is investigated here by simulating three case; an initial width of 0.2 ym as

for the reference diode, and shorter widths of 0.15 pym and 0.1 pm, respectively.

The simulated output power at 94 GHz as a function of varying doping notch width is

presented in Figure 4.5.
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Figure 4.5 Simulated output power as a function of doping notch width for two-domain
Gunn diode

The simulations yield an optimum output power of 172 mW with a doping notch of
0.15 uym. It is also evident that the simulated output power drops sharply when reducing
the width of the doping notch further. However, the output power drops only marginally

for a doping notch width of more than 0.15 pm.
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The cathode temperature of the 0.15 ym notch diode was found to be 402 K, compared
to 394 K of the 0.2 ym notch diode. Considering the marginal increase in output power
of the diode with a 0.15 ym doping notch width, but to limit any further heating of the

diode, it was decided to retain the doping notch width at 0.2 uym.

The corresponding time-averaged electric field distributions for the three instances of

doping notch width are presented in Figures 4.6, 4.7 and 4.8.

From these figures it is noted that
e Gunn domains are well-formed and more similar in the two domains of the
diode with a 0.15 ym doping notch width than in the other two cases; and
* the dead zone increases with the narrower 0.1 pm doping notches, which is
also associated with excessive electric fields towards the anode and will lead to

increased heating and a degradation of the efficiency of the diode.
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Figure 4.6 Time-averaged electric field distribution in Gunn diode with a 0.2 ym doping
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Figure 4.7 Time-averaged electric field distribution in Gunn diode with a 0.15 ym doping
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Heterostructure hot electron injector

The Al mole fraction X’ of the AlGaiAs heterostructure determines the gain in
potential energy of the electrons being injected. Hence, the optimisation of its value

will impact the RF performance of the diode.

The hot electron launcher has a linearly graded Al composition over the width of the
launcher from zero to a maximum value. Initially, a maximum value of x = 0.3 is

assumed as with the reference diode (see Table 4.1).

Figure 4.9 illustrates the simulated output power at the 47 GHz fundamental and
94 GHz second harmonic for x = 0.2, 0.25, 0.3, and 0.35. Itis evident that x = 0.25 is
the optimum value for both fundamental and second harmonic output power. Output
power of 399 mW at 47 GHz and 182 mW at 94 GHz is achieved.

It is further noted that with x > 0.3 the performance of the diode degrades. This is in
agreement with Greenwald et al. (1986) that a high value of ‘X’ reduces the device

current and lowers the harmonic efficiency of the device.
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Figure 4.9 Simulated output power as a function of Al mole fraction ‘x’ of Al,Ga1As
heterostructure for two-domain Gunn diode
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Bias voltage

In conclusion, the effect of bias voltage on the output power of the optimised
benchmark diode is simulated. Figure 4.10 illustrates the simulated output power at

94 GHz for bias voltages of 5V, 6 V and 7 V, respectively.
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Figure 4.10 Simulated output power at 94 GHz as a function of bias voltage for two-domain
Gunn diode

It is evident that the output power is sensitive to bias voltage (as reported in Chapter 2)

and that 6 V yields the maximum output power of 182 mW.

4.2.3 RF performance comparison of the benchmark and optimised Gunn
diode

Table 4.2 summarises and compares the RF performance of the optimised and
benchmark diodes, indicating the relevant design and simulation parameters that have

been optimised.

The simulated output power of the optimised diode is 182 mW at the second harmonic
of 94 GHz. This is an improvement of 14% over the performance of the benchmark
diode. The admittance and RF conversion efficiency of the optimised diode are similar

to that of the benchmark diode.
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Table 4.2 RF performance comparison of benchmark and optimised two-domain diode

Parameter Benchmark Optimised
diode diode
Buffer region width 0.5 um 0.2 um
Doping notch width 0.2 ym 0.2 ym
Al mole fraction of Al,Ga.As layer x=0.3 x=0.25
Bias voltage 6V 6V
Bias current 1.37 A 1.5A
Output power at 94 GHz 160 mW 182 mW
Admittance at 94 GHz -0.21+j0.27S |-0.2+j0.2S
RF conversion efficiency 1.9 % 21 %

4.3 Investigation of the operational frequency limit of two-domain diodes

In this section, the operational frequency limit of a two-domain diode is investigated.

Note: For simulations at fundamental frequencies exceeding 47 GHz as for the
optimised diode, the length and nominal doping concentration of the transit regions of

the optimised diode are adjusted to still satisfy the conditions of Equation 2.1.

The output power of the two-domain diode is simulated at fundamental operating
frequencies between 47 GHz and 150 GHz. The results are shown in Figure 4.11.
The associated output power at the second and third harmonics is presented in
Figure 4.12. For these simulations, the lengths of the transit regions have been
decreased to 1.2 ym and 0.8 ym for 100 GHz and 150 GHz, respectively, and the

doping concentration increased to 1.75x10%? m™ and 2.2x10% m™* for these two cases.

As expected, the output power decreases with an increase in frequency, with an
apparent limit approaching 100 GHz as the highest fundamental frequency that the
diode still operates at. No appreciable power was simulated at fundamental operating
frequencies above 100 GHz.
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The actual fundamental frequency limit can be expected to be lower than 100 GHz for
practical devices, as the simulations here do not model the effects of the external

circuitry.

From Figure 4.12 it is apparent that the highest harmonic frequencies that the diode
operates at are 124 GHz and 186 GHz for the second and third harmonics,

respectively, corresponding to a fundamental frequency of 62 GHz.
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Figure 4.11 Simulated output power at fundamental frequencies between 47 GHz and
100 GHz for two-domain Gunn diode
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Figure 4.12 Simulated output power at the fundamental, second and third harmonic
frequencies for two-domain Gunn diode
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Table 4.3 tabulates the simulation results presented in Figure 4.12. The decrease in
output power at the higher frequencies is accompanied by an increase in the cathode
contact temperature due to the lower efficiency of the diode at higher frequencies. The
increased temperature in itself further degrades the RF conversion efficiency of the

diode (Levinstein, Rumyantsev and Shur, 2001).

Table 4.3 Simulated RF performance of two-domain GaAs Gunn diode

Parameter Unit #1 #2 #3 #4
Fundamental frequency GHz 47 52 57 62
Second harmonic frequency GHz 94 104 114 124
Third harmonic frequency GHz 141 156 171 186
DC current A 1.5 1.5 1.7 2.0
DC input power W 9.1 9.0 10.2 12.1
RF efficiency % 21 1.4 0.5 0.1
Fundamental output power mwW 399 301 232 218
Second harmonic output power | mW 182 101 52 42
Third harmonic output power mW 33 26 5 0.9
Cathode temperature K 458 484 498 515

4.4 Performance comparison of single- and two-domain diodes

The optimised two-domain diode is further evaluated by comparing its RF performance

with state-of-the-art single-domain diodes.

From Figure 2.12 and Table 2.2 the measured output power of state-of-the-art devices
ranges from around 50 mW to 120 mW at 77 GHz, to 100 mW at 94 GHz and 40 mW
at 122 GHz.

Comparing this trend in measured output power to the simulated output power of the
optimised two-domain diode presented in Figure 4.12, it is evident that the two-domain
diode is capable of significantly higher output power at frequencies below 94 GHz than
single-domain diodes. At 94 GHz, for instance, the output power of the two-domain

diode is 1.8 times more than that of the single-domain diode. However, the two-
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domain diode exhibits the same apparent second harmonic frequency limit of around
130 GHz.

These observations are consistent with the findings presented in Chapter 3. The broad
comparison in output power of the single- and two-domain diodes is illustrated in
Figure 4.13.
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Figure 4.13 Performance comparison of single- and two-domain GaAs Gunn diodes

4.5 Conclusion

An optimised two-domain GaAs Gunn diode is presented. The optimised diode
outperforms the reference benchmark diode of Van Zyl (2006) in terms of RF output

power, with an increase of 14 % from 160 mW to 182 mW at 94 GHz.

The simulated output power of the optimised diode reaches 218 mW at a fundamental
frequency of 62 GHz, and 42 mW and 890 uW at the second and third harmonics of
124 GHz and 186 GHz, respectively. Beyond this fundamental frequency, the
performance of the two-domain diode degrades significantly in terms of efficiency and
with no appreciable power at the associated harmonics. Output power at fundamental
frequencies as high as 90 GHz is observed, but these are not accompanied by

measurable second and third harmonic output power.
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The simulation results presented in this chapter are in agreement with the measured
performance of actual state-of-the-art single-domain diodes reported in the literature
(Priestley et al., 2010) and presented in Figure 2.12, except for an increase in the output
power levels of the two-domain diode. It was shown that for frequencies below
100 GHz the two-domain diode generates around twice the output power of the single-
domain diodes. However, it suffers from the same operational frequency limit as for the

single-domain diodes, which is to be expected.

The simulated performance of the two-domain diode furthermore agrees with the
findings of the empirical investigation presented in Chapter 3, where a fundamental

frequency limit of between 80 GHz and 100 GHz was simulated.

It is the author’s opinion that excessive thermal heating will render diodes with more
than two domains impractical. Simulations of such devices (Teoh et al., 2002:830-831)
are deemed unrealistic, unless proper thermal management is applied through, for

example, operating the diodes in a pulsed mode.

Chapter 5 deals with the optimisation of single- and two-domain GaN Gunn diodes.
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5 GAN GUNN DIODE OPTIMISATION
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5.1 Introduction

From the literature review in Chapter 2 it is evident that GaN supports Gunn operation
at much higher frequencies than GaAs. The objective of this chapter is to investigate
the operational feasibility and RF performance at mm-wave frequencies of single- and

two-domain GaN (Wz) Gunn devices.

First, a single-domain diode with a doping notch, based on the reference model
presented by Joshi et al. (2003:4836-4842), is simulated as a benchmark diode at a
fundamental frequency of 100 GHz. This benchmark single-domain diode is then
further optimised and investigated for its RF performance at fundamental frequencies

of up to 200 GHz and the associated second and third harmonics.

The optimised single-domain diode is subsequently used as a basis for a two-domain
diode, which is simulated to determine its RF performance at a fundamental frequency

of 175 GHz and the second and third harmonics.

The chapter concludes with a comparison of the RF performance of the single- and

two-domain diodes (with appropriately scaled design and simulation parameters).

5.2 Simulation and optimisation of single-domain diode

Figure 5.1 presents the doping profile of the reference diode by Joshi et al. (2003). The
reference diode has a transit region length of 1 ym with nominal doping in the range of
5x10% m3to 2x10® m=in order to satisfy Equation 2.1 for the required n,L product.
The cross-sectional area of the reference diode is 10° m% The doping notch is placed
at the cathode side of the active region (Sevik et al., 2004:188-190). Its nominal doping

concentration is 20% of that for the transit region.
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Figure 5.1 Doping profile of reference single-domain GaN Gunn diode

(From Joshi et al., 2003:4836-4842)

The benchmark diode is based on the reference diode above. Figure 5.2 illustrates the
doping profile of the benchmark diode (Francis and Van Zyl, 2013: 177-182):
* Regions 1 and 4 are the highly doped contact regions;
+ Region 2 is the doping notch with a doping concentration of 0.5x10** m™ and
width of 0.25 ym; and
* Region 3 is the transit region of length 1.0 ym and with a nominal doping

concentration of 1.0x102 m™,
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Figure 5.2 Doping profile of the benchmark single-domain GaN Gunn diode

(From Francis et al., 2013:177-182)
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The much higher nominal doping concentration of the transit region compared to that of
GaAs diodes is noticeable. This is due to the much higher effective mass of electrons
in the central valley of GaN than for similar electrons in GaAs. The heavier effective
mass translates into lower electron mobility, leading to slower Gunn domain formation.
This reduced mobility is countered by increasing the nominal doping concentration of
the transit region (Lee and Ravaioli, 1990:425-427; Joshi et al., 2003:4836-4842).
However, increasing the doping concentration increases thermal losses, thereby
reducing the efficiency of the diode. (This is further exacerbated by the higher biasing
conditions than for GaAs diodes.) Hence, optimising the ftransit region doping

concentration is imperative.

Thermal dissipation and reduced efficiency are of primary concern in the optimisation
of GaN Gunn devices (Hao et al., 2008:51-68; Sevik et al., 2004:5S188-S190). The
simulations incorporate a diamond integral heat sink at the anode contact, similar to

which was implemented for the GaAs diodes.

Table 5.1 summarises the benchmark design and simulation parameters of the single-

domain diode.

Table 5.1 Design and simulation parameters of benchmark single-domain GaN diode

Design parameters

Region Length Doping concentration
(10°m) (m")
Cathode contact 0.5 8x10%°
Doping notch 0.25 0.5x10%
Transit region 1.0 1x10%
Anode contact 0.5 8x10%
Diameter 55 -

Simulation parameters

Bias voltage (Vpc) 35V-85V
Fundamental voltage (V/) 9V
Fundamental frequency range 100 GHz - 240 GHz
Number of electrons simulated 80 000

Total simulation time 230 ps
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5.21 Optimisation of the benchmark diode

The benchmark diode presented in the previous section is optimised here at a
fundamental frequency of 100 GHz. The device and simulation parameters that are
optimised, are the

* bias voltage;

* length and nominal doping concentration of the transit region; and

* width of the doping notch.

Bias voltage

The detrimental effect of heat dissipation on the output power of GaN Gunn diodes is
pronounced because of the higher biasing conditions compared to, for example, GaAs
diodes (Alekseev et al., 2000:941-947; Joshi et al., 2003:4836-4842; Macpherson et al,,
2008:55005-55012; Sevik et al., 2004:369-377; Lau et al., 2007:245-248; Levinstein et
al., 2001). Consequently, thermal management of GaN diodes is critical. An effective way
of countering the increased thermal losses is to apply a pulsed bias voltage with very low
duty cycles (Francis et al., 2013:177-182). The effect of a lower duty cycle is to decrease
the DC input power. The effective (reduced) DC power is used to determine the
temperature distribution within the device (refer to Equation 2.8). A bias voltage with an

on-time of less than 2 ns is assumed (Macpherson et al., 2008).

Note: The bias voltage and the harmonic output power listed in the simulations in this
chapter are the values during the on-time of the device, and not the effective values.
The simulated harmonic power is therefore the peak output level of the pulsed output

power.

Both the magnitude and duty cycle of the pulsed bias voltage are optimised. The duty
cycle should be as high as possible from a practical and operational perspective, whilst

still limiting the device temperature within acceptable levels (chosen here to be 500 K).

The benchmark diode is simulated with bias voltage duty cycles of 1%, 1.5% and 2%.
The simulations show that a duty cycle of 1.5% lowers the cathode contact temperature

from 508 K for a 2% duty cycle to 500 K. This will also yield an increase in the
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conversion efficiency of the device. Hence, a 1.5% duty cycle is selected for all

subsequent simulations.

Next, the effect of the bias voltage magnitude on the output power of the device is
investigated at a fundamental frequency of 100 GHz and its second harmonic. The bias

voltage is varied in steps of 5V, from an initial value of 35V to 85 V.

Figure 5.3 illustrates the simulated output power of the benchmark single-domain diode
as a function of the applied bias voltage. As expected, the output power initially
increases with an increase in bias voltage and reaches a maximum at the optimum
bias voltage before decreasing with a further increase in bias voltage. This is typical of
Gunn oscillators, as described in Section 2.4.3. For the benchmark device and 1.5%
bias voltage duty cycle, the optimum bias voltage is between 40 V and 50 V, with only
a marginal relative increase in output power at 50 V. However, the cathode contact
temperature is reduced to 503 K at 40 V from 515 K at 50 V. Therefore, a 40 V pulsed
bias voltage with a 1.5% duty cycle is applied to the device in subsequent simulations

to optimise the device parameters mentioned earlier.

2.5

Output power [W]
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Figure 5.3 Simulated output power of the single-domain benchmark GaN diode as a
function of bias voltage at a fundamental frequency 100 GHz

73



Length and nominal doping concentration of the transit region

The effect of the transit region length on the RF performance of the diode is simulated
at a fundamental frequency of 100 GHz and its second harmonic. The transit region

length is varied between 0.8 ym and 1.2 ym in 0.2 ym steps.

Figure 5.4 presents the simulated output power for each transit region length. A similar
trend is observed in the output power at the fundamental frequency of 100 GHz and
second harmonic of 200 GHz. For the given nominal transit region doping
concentration, it is evident that the optimum length of the transit region is 1 ym and will

be implemented in subsequent simulations.
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Figure 5.4 Simulated output power of the single-domain benchmark GaN diode as a
function of transit region length

Next, the doping concentration of the transit region is varied by a factor of 10 from the

nominal value of 1x10% m™.

Figure 5.5 presents the simulated RF output power for
each doping level. The simulations confirm that the transit region doping concentration

of the benchmark diode is an optimum and will be retained henceforth.
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Figure 5.5 Simulated RF output power of the single-domain benchmark GaN diode as a
function of nominal transit region doping concentration

Doping notch width

The doping notch width is reduced from the initial 0.25 pm to 0.2 ym and 0.15 pm.
Figure 5.6 presents the simulated RF output power at the fundamental and second

harmonic frequencies of 100 GHz and 200 GHz, respectively, with varying notch width.

From Figure 5.6 it is apparent that the optimum width of the doping notch is 0.2 ym.
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Figure 5.6 Simulated RF output power of the single-domain benchmark GaN diode as a
function of doping notch width

The design parameters and microwave performance of the optimised benchmark

single-domain diode are summarised in Table 5.2.

The simulated RF admittance of the Gunn diode at 100 GHz and 200 GHz is of the
order Y =-0.2 +j0.6 S, which can be modelled as a parallel combination of a capacitor
and a negative resistance. This presents a favourable impedance value of ~5 Q to the

external matching network of the Gunn diode oscillator.
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Table 5.2 Design parameters and RF performance of optimised single-domain GaN diode

Design parameters

Region Length Doping concentration
(10°m) (m*)
Cathode contact 0.5 8x10%°
Doping notch 0.2 0.5x10*
Transit region 1.0 1x10%
Anode contact 0.5 8x10%
Diameter 55 -

Simulated RF performance

Bias voltage (V) 40V
Bias voltage duty cycle 1.5%
Fundamental frequency 100 GHz
Fundamental output power 343 W
Second harmonic output power 350 mW
Third harmonic output power 223 mW
RF efficiency at fundamental 7%
Admittance at fundamental -02+j0.6S
Admittance at second harmonic -02+j0.6S
Admittance at third harmonic -0.3+j0.8S
Cathode contact temperature 500 K

5.2.2 Simulated RF performance of the optimised single-domain diode at higher
mm-wave frequencies

In this section, the RF performance of the optimised single-domain diode is further
investigated at higher mm-wave frequencies. The fundamental, second and third
harmonics are considered. The fundamental frequency is increased in steps of 25 GHz

from an initial value of 100 GHz.
At fundamental frequencies above 175 GHz, the length and nominal doping

concentration of the transit region are adjusted appropriately to maintain the ‘nyl’

product above the critical value as given by Equation 2.1.
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Figure 5.7 presents the simulated output power at the fundamental, second and third

harmonic frequencies. The simulation results are summarised in Table 5.3.

No appreciable output power was evident at a fundamental frequency above 225 GHz.
This is ascribed to excessive heating; the cathode contact temperature increases to

530 K due to the deterioration of Gunn domain formation and decreased efficiency.

From Figure 5.7, the fundamental frequency limit of operations extrapolates to
250 GHz - 300 GHz, which is in agreement with the empirical estimation of
Chapter 3. As explained there, the operational frequency limit of actual NDR devices
will be less than that of the NDR mechanism itself, due to the dynamics of domain
formation in the diode. It should be noted that external circuit losses have not been
incorporated in the simulations; hence, the simulated output power at the second and

third harmonics above 450 GHz could be negligible.

The diode admittances present practical matching impedances to the external circuitry.
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Figure 5.7 Simulated RFoutput power of the optimised single-domain GaN Gunn
diode as a function of frequency
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Table 5.3 RF performance of the optimised single-domain GaN Gunn diode at higher

operational frequencies

Parameter Unit #1 #2 #3 #4 #5
Fundamental frequency | GHz 100 125 150 175 200
‘nol.” product 10" m™ 1 1 1 1 0.8
Bias voltage (Vpc) \Y 40 40 40 40 40
Fundamental output W 3.43 1.8 0.5 0.43 0.26
power
Second harmonic output

w 0.350 0.278 0.230 0.086 0.041
power
Third harmonic output

w 0.223 0.180 0.090 0.030 -
power
RF efficiency at

% 7 5.6 4 1 0.1
fundamental
Admittance at

S -0.2+j0.6 | -0.2+j0.6 [-0.2+j0.5|-0.01+j0.3 | -0.2+j0.1
fundamental
Admittance at second _ _ _

_ S -0.2+j0.6 | -0.2+j0.6 [-0.2+j0.6| -0.1+j0.5 |-0.1+j0.2
harmonic
Admittance at third _ _ _
_ S -0.3+j0.8 | -0.4+j0.6 | -0.7+0.4 | -0.7+j0.2 -

harmonic
Cathode contact

K 500 500 500 502 518
temperature

In the next section, the RF performance of the optimised single-domain diode is
compared to the reference diode design by Joshi et al. (2003:4836-4842) to establish

the validity of the Monte Carlo device simulations in this chapter.

5.2.3 RF performance comparison of optimised single-domain benchmark and

reference diodes

The RF performance of the optimised diode at fundamental frequencies varying from

150 GHz to 200 GHz is presented in Table 5.4, together with the reported simulation
results of the reference diode by Joshi et al. (2003:4836-4842). The output power of

the reference diode is adjusted to compensate for the smaller device cross-section of

the reference diode, compared to the optimised diode.
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Table 5.4 RF performance comparison of optimised single-domain benchmark and
reference GaN diodes

Frequency Output power at fundamental frequency
Optimised Reference Reference
diode diode diode adjusted
150 GHz 500 mW 265 mW 629 mW
175 GHz 430 mwW 100 mW 238 mW
200 GHz 260 mW 20 mW 48 mW

The expected roll-off in output power with increased frequency is evident in both the
reference and optimised diode simulation results. The far more rapid decline in output
power of the reference diode can be attributed to the fixed external LCR resonator
circuit model employed by Joshi et al. (2003), whereas the Monte Carlo simulations
assume an optimum matching condition at each simulated frequency through tuning
the harmonic voltages. This does not lead to an external circuit-driven roll-off in output

power.

The discrepancy in output power at 150 GHz of the optimised and reference diodes
can further be attributed to different bias conditions; 50 V for the reference diode

compared to 40 V implemented in this research (to prevent excessive heating).

It can be concluded that the simulated RF performance of the optimised diode
compares favourably with the reference diode and that the simulation model used, is

satisfactory.
To conclude the optimisation of the single-domain diode, the effect of an exponentially
graded doping profile of the transit region on the RF performance of the diode is

investigated.

The author has not found any published literature on the effect of a graded transit

region doping profile on the performance of GaN Gunn diodes.
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5.2.4 Effect of exponentially graded transit region doping profile on RF
performance of optimised single domain diode

For the further optimisation of the single-domain diode, the effect of an exponentially
graded doping profile of the transit region is investigated at a fundamental frequency of
175 GHz and its second and third harmonics. This is the highest fundamental
frequency at which appreciable power was simulated at both higher harmonics,

according to Table 5.3.

Three instances of an exponentially graded transit region doping profile are
investigated; over-doped with g = 1.5, flat-doped with g = 1, and under-doped with
gr = 0.5. The exponential grading of the doping profile is limited to the 25% of the
transit region length adjacent to the anode (Gr = 0.25), as illustrated in Figure 5.8
(Francis et al., 2013:177-182).
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Figure 5.8 Transit region graded doping profile of single-domain GaN Gunn diode

(From Francis et al., 2013:177-182)

Table 5.5 tabulates the simulated RF performance results at 175 GHz for the three
instances of graded profiles. It is evident that an exponentially over-doped transit
region doping profile yields higher output power, improved efficiency and a reduced
cathode contact temperature as compared to diodes with flat and under-doped doping

profiles.
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Table 5.5 RF performance of single domain GaN diode with different transit region
doping profiles

Parameter Unit #1 #2 #3
Fundamental frequency GHz 175 175 175
gr - 1.5 1.0 0.5
Bias voltage (Vpc) \Y 40 40 40
RF efficiency at fundamental % 2 1 0.8
Fundamental output power mW 728 430 355
Second harmonic output power mWw 110 86 44
Third harmonic output power mW 36 30 5

Cathode contact temperature K 495 502 505

To explain the enhanced output power of the diode with an over-doped transit region,
the associated time-averaged electric field distributions for the three instances of transit

region doping profiles are simulated. The results are presented in Figure 5.9.

It is evident that the doping profile that increases exponentially towards the anode
(gr = 1.5) reduces the electric field in that region. This reduces heat dissipation within
the device and translates to a lower operating temperature, as shown in Figure 5.10.

This will increase the efficiency and output power of the device.

It is also observed that the curvature of the electric field suggests more mature Gunn

domain formation than for the other two cases.
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Figure 5.9 Time-averaged electric field distribution of single domain GaN diode with
varying transit region doping profiles

505
& 500 TSR
L R
E Sy
2 495 g
5] '\ \‘\
S \
% 490 AN
ho)
E
5 g =0.5
E 485 g~ 1.0
g~ 1.5
480 r
0 0.37 0.73 1.1 1.46 1.83 2.2

Distance from cathode contact region [10'6 m]

Figure 5.10 Internal temperature distribution of single domain GaN diode with
varying transit region doping profiles
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5.2.5 RF performance at higher mm-wave frequencies of optimised single-
domain diode with exponentially graded transit region doping profile

Having established that the transit region with an exponentially increasing doping
profile (gr = 1.5) improves the RF performance of the single domain diode at 175 GHz,
its performance is now studied at higher frequencies and compared to the optimised
diode with a uniform doping profile presented in Section 5.2.2. The fundamental,
second and third harmonics are considered. The fundamental frequency is increased

in steps of 25 GHz from an initial value of 175 GHz.
The length and nominal doping concentration of the transit region are adjusted
appropriately to maintain a sufficient ‘nyL’ product above the critical value as given by

Equation 2.1.

The simulation results are summarised in Table 5.6.

Table 5.6 RF performance at higher mm-wave frequencies of the optimised single-
domain diode with exponentially graded transit region doping profile

Parameter Unit #1 #2 #3 #4
Fundamental frequency GHz 175 | 200 | 225 | 250
‘nol.” product 10" m?| 1 1 1 1
Bias voltage (Vpc) \Y 40 40 40 40
Fundamental output power mwW 728 | 590 | 482 | 126
Second harmonic output power mW 110 67 60 4
Third harmonic output power mW 36 0 0 0
RF efficiency at fundamental % 2 1.4 1.1 0.5
Cathode contact temperature K 495 | 510 | 513 | 515

The output power at higher operational frequencies degrades sharply towards the
fundamental frequency of 250 GHz, and its associated harmonics. This is consistent
with the simulated upper frequency limit of the transferred electron mechanism
presented in Chapter 3. As explained previously, external circuit losses, parasitic
inductances and capacitances are not modelled in this work; hence, the output power

can be expected to be less than the simulated values.
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The RF performance of the single-domain diode with a uniformly doped transit region

can now be compared to the diode with a graded transit region doping profile. The

harmonic output power of each diode is summarised in Table 5.7.

Table 5.7 Comparison of RF performance of the optimised single-domain diode with

uniform and graded transit region doping profiles

Parameter Uniformly doped Graded doping profile
Fundamental frequency (GHz) 175 200 250 175 200 250
Fundamental output power (mW) 430 260 0 728 590 126
[relative increase (%)] [69%] [127%] [n/a]
Second harmonic output power (mW) 86 41 0 110 67 4
[relative increase (%)] [28%] [63%] [n/a]
Third harmonic output power (mW) 30 0 0 36 0 0
[relative increase (%)] [20%] [n/a] [n/a]

The following observations can be made:

* an exponentially increasing transit region doping profile

increases the

fundamental output power by between 69% and 127% over the frequency

range of 175 GHz to 200 GHz, compared to that of the diode with a uniformly

doped transit region;

* a similar trend is observed at the second and third harmonics, increasing the

harmonic output power by between 20% and 63% over the frequency range of

350 GHz to 525 GHz; and

* appropriate engineering of the transit region doping profile (by exponentially

increasing the doping concentration towards the anode) extends the operational

frequency limit of the diode to 500 GHz in second harmonic mode, compared to

400 GHz of the corresponding diode with a uniformly doped transit region.

5.3 Simulation and optimisation of two-domain diode

In this section, the RF performance of a two-domain diode is simulated at a

fundamental frequency of 175 GHz and its second and third harmonics.

The

performance of the two-domain diode is compared to that of the single-domain diode.
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5.3.1 Simulation model of two-domain diode

The two-domain diode is effectively the series connection of two single-domain diodes
and is broadly based on the optimised single-domain diode that was established in the
previous section. The simulation model of the two-domain diode is discussed in the

following sections.

Transit region length and doping concentration

In the previous section, where an optimised single-domain diode design was
established for fundamental frequencies upward of 100 GHz, a transit region length of

1 um was used for simulations up to 175 GHz.

During the optimisation of the two-domain diode at 175 GHz, specifically, it was found
that reducing the transit region to 0.8 pm increases the output power at the
fundamental and harmonics substantially. The nominal doping concentration is
maintained at 1x10*® m™, yielding an nL-factor of 0.8 x10"" m™, which still meets the
condition as set by Equation 2.1. A transit region length of 0.8 pm is therefore defined

for all simulations henceforth.

Graded (gr = 0.5 and 1.5) and uniformly doped (gr = 1) transit regions are investigated,

as has been done for the single-domain diode.

Doping notch width and doping concentration

The width of the doping notches is the same as that of the single-domain diode, namely
0.2 pym. The doping concentration of the notch has been reduced to 0.25x10% m™ but

with no noticeable effect on the performance of the two-domain diode.

Buffer region width and doping concentration

A buffer region with a width of 0.25 um and doping concentration of 1x10**m™ are
chosen in agreement with Sevik et al. (2004:S188-S190). Preliminary simulations with
different buffer region widths have been performed, which further confirmed that the
0.25 ym buffer width is in fact an optimum. These simulations yielded output power at
the fundamental frequency of 3.7 W, 3.8 W and 3.1 W for buffer widths of 0.2 um,
0.25 pm and 0.3 um, respectively.
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Figure 5.11 illustrates the doping profile of the two-domain diode (Francis et al.,
2015:25-34) that will serve as the benchmark two-domain design:

* Regions 1 and 7 are heavily doped contact regions;

* Regions 2 and 5 are lightly doped notches;

* Region 4 is the heavily doped buffer region;

* Regions 3 and 6 are the two transit regions (with uniform doping profiles

illustrated).
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Figure 5.11 Doping profile of the benchmark two-domain GaN Gunn diode
(Francis et al., 2015:25-34)

Bias voltage

To compensate for the increase in the length of the two-domain diode and to maintain
its internal electric fields, the applied bias voltage is increased to 80 V, from 40 V for
the single-domain diode. Also, to maintain the impedance level of the single-domain
diode, the cross-sectional area of the two-domain diode is increased to twice that of the

single-domain diode.

This increase in bias voltage and diode diameter is bound to increase the thermal
dissipation in the two-domain diode significantly. The increase in the temperature of
the two-domain GaN Gunn diode is countered by again incorporating a diamond
integral heat sink on the anode side of the diode and by applying a pulsed bias voltage

with even shorter duty cycles than what was applied to the single-domain diode.
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Preliminary simulations have shown that a reduced duty cycle of 0.8% limits the

operating temperature to satisfactory levels.

5.3.2 Simulated RF performance of the optimised two-domain diode at mm-
wave frequencies

The RF performance of the two-domain diode established in the previous section is
simulated at a fundamental frequency of 175 GHz and its second and third harmonics.
The transit region doping profiles considered, are again exponentially graded (g = 0.5

and 1.5) and uniformly doped (gr= 1).

Table 5.8 tabulates the simulated harmonic output power and conductance (real value
of diode admittance) of the two-domain diode. The corresponding values for the

single-domain diode are also tabulated for comparison.

The simulated cathode contact temperatures of the one and two domain diode were
480K and 500K, respectively.

Before summarising the simulation results presented in Table 5.8, the substantial
increase in output power of the single-domain diode compared to the results presented
for the optimised single-domain diode in the previous section needs to be explained.
The output power at the fundamental has increased from 728 mW to 3.4 W. As
mentioned earlier, the shorter transit region of 0.8 um, instead of 1 pm, can attribute
to the increase of the output power. However, the author is of the opinion that the
decreased average operational temperature by 20 K (from 500 K to 480 K) through the
shorter bias voltage duty cycle has a significant positive impact on the output
performance of the diode. There is an obvious trade off between output power and

duty cycle of the diode.
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Table 5.8 RF performance of single- and two-domain diodes with graded transit region
doping profiles g;=0.5,1.0, 1.5

Doping Frequency Output power / Factor increase
profile Conductance in output power
Single-domain | Two-domain
diode diode
175 GHz 3.4 W 5W 15
020 S -0.10 S '
gi=15 350 GHz 259 mW 514 mW 5
-0.20 S -0.20 S
525 GHz 42 mW 87 mW 2 1
-0.20 S 048 '
175 GHz 3w 3.8 W 13
-0.17 S -0.15'S '
gr=10 350 GHz 229 mW 460 mW )
-0.18 S -0.20 S
525 GHz 14 mW 60 mW 43
-0.05 S 0.6S '
175 GHz 26 W 3.1 W 19
-0.16 S -0.10 S
350 GHz 160 mW 420 mW
9r=0.5 2.6
-0.13 8 -0.12 S
525 GHz 8 mW 30 mW
3.75
-0.03 S -058S

From Table 5.8 it is evident that the conductances of the single- and two-domain
diodes are similar (except at the third harmonic). This indicates that the doubling of the
cross-sectional area of the two-domain diode has had the desired effect of retaining the

conductance of the single-domain diode.

As is the case with the single-domain diode, the exponentially increasing transit region
doping profile (gr = 1.5) enhances the output power consistently over the full frequency

range.
However, the expected four-fold (N?) increase in output power of the two-domain diode

compared to the single-domain diode is generally not achieved. This may be attributed

to the higher operating temperature of the two-domain diode. A secondary factor is the

89



observation that the Gunn domains in each of the two transit regions of the two-domain
diode are dissimilar. This suggests that further optimisation of the transit region doping

profiles is possible.

It is, therefore, instructive to further investigate the behaviour of the two-domain diode

based on the internal electric field, temperature and valley occupation distributions.

Electric field distribution

The time-averaged internal electric field distribution is illustrated in Figure 5.12 (Francis
et al., 2015: 25-34).
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Figure 5.12 Time-averaged electric field distribution of two-domain GaN diode with
varying transit region doping profiles

(From Francis et al., 2015: 25-34)

The electric fields exhibit an improved curvature of the Gunn domains for the
exponentially increasing transit region doping profile (gr = 1.5). The higher electric field
peaks associated with the under-doped transit region doping profile (gr = 0.5) implies
that Gunn domains are formed further away from the cathode side than for the over-
doped case. This degrades the power efficiency. It is observed that the domain
formation in the two transit regions is not identical as is ideally assumed. This can be

attributed to the difference in nominal temperature of the two regions, as is illustrated
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next in Figure 5.13. This impacts the nominal electron mobility in each region
(Levinstein et al., 2001). The dissimilar nature of the Gunn domains in the two-domain

diode results in a decrease in output power and efficiency of the diode.

It is clear that the buffer region width of 0.25 uym is adequate for quenching the Gunn

domains in-between the transit regions.

Temperature distribution

The steady state internal temperature distribution is illustrated in Figure 5.13 (Francis
et al., 2015: 25-34). It is noted that the over-doped transit region (gr = 1.5) exhibits a
marginally lower operating temperature. This can be attributed to the improved
curvature of the electric fields in the transit regions, which translates into improved

efficiency and lower thermal loss.
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Figure 5.13 Internal temperature distribution of two-domain GaN diode with varying
transit region doping profiles

(From Francis et al., 2015: 25-34)
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Energy band valley occupation by electrons

The mm-wave behaviour of Gunn diodes is intrinsically linked to the transferred
electron effect. Figure 5.14 and Figure 5.15 (Francis et al., 2015: 25-34) illustrate the
steady state electron occupation of the central (C) and satellite (L, X) valleys of the
energy band throughout the single- and two-domain diodes, respectively. It is evident
that the single-domain diode exhibits improved electron transfer from the central to
satellite valleys close to the doping notch (40% L-valley occupation for the single-domain
diode compared to 35% for the two-domain diode). A further observation is that the
transfer of electrons from the central to satellite valleys increases towards the anode,
but is incomplete due to the short transit regions. The buffer region serves as a low
resistance connector between the two transit regions. The transferred electrons revert
to the C-valley upon entry into the buffer region. This is a necessity for two-domain
operation. The valley occupation in the first transit region is marginally higher than in
the second transit region. This also manifests as the slightly dissimilar Gunn domains
evident in Figure 5.12.

Importantly, from a modelling perspective, the negligible occupation of the X-valleys
suggests that a two-valley (C, L) energy band model can be implemented to reduce the

computational load associated with the simulation.
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Figure 5.14 Steady state electron occupation of the central (C) and satellite (L and X)
valleys for the single-domain diode with g;= 1.5

(From Francis et al., 2015: 25-34)
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Figure 5.15 Steady state electron occupation of the central (C) and satellite (L and X)
valleys for the two-domain diode with g;= 1.5

(From Francis et al., 2015: 25-34)

5.4 Conclusion

The chapter deals with the optimisation of single- and two-domain GaN Gunn diodes.

Following a similar approach to the optimisation of GaAs diodes, it has been shown
that appropriate profiling of the transit region doping concentration improves the output
power of the single- and two-domain diodes significantly. A doping notch has been

incorporated throughout to improve the efficiency of Gunn domain nucleation.

In the case of the single-domain diode, an exponentially increasing transit region
doping profile (‘over-doped’) increases the fundamental output power by between 69%
and 127% over the frequency range of 175 GHz to 200 GHz, compared to that of the
diode with a uniformly doped transit region. Similar increases in harmonic output
power were also simulated. Furthermore, the over-doped transit region extends the
operational frequency limit of the diode to 500 GHz in second harmonic mode,
compared to 400 GHz of the corresponding diode with a uniformly doped transit

region.
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The operational frequency Ilimit of the optimised single-domain diode in the
fundamental mode is simulated to be of the order 250 GHz to 300 GHz, which is in
agreement with the simulated upper frequency limit of the transferred electron
mechanism presented in Chapter 3. This is, however, a more conservative estimate
than reported in literature, which can be attributed to the appropriate incorporation of

thermal effects in the Monte Carlo simulation model used in this work.

Heating of GaN Gunn diodes is a major concern, which can be overcome by proper
heat sinking of the device and by decreasing the average bias current. This is achieved
through applying a pulsed bias voltage to the diode. A bias voltage with a 1.5% duty
cycle for the single-domain diode limits the highest internal diode temperature to about
500 K.

The simulated output power of the optimised single-domain diode has been shown to

be consistent with a state-of-the-art diode reported in literature.

The research further shows that it is indeed feasible to increase the output power of
GaN Gunn diodes by incorporating two transit regions, but that proper thermal
management of the diode becomes even more important. The internal heating of the
diode was limited to acceptable levels by further reducing the duty cycle of the pulsed

bias voltage from 1.5% for the single-domain diode, to 0.8%.

The author is of the opinion that increasing the number of domains to more than two will
render the performance of the Gunn diode ineffective as the duty cycle will have to be
reduced dramatically to counter thermal losses; thus, rendering the microwave output

power of the diode impractical.

The simulation of a two-domain diode with an over-doped transit region yields an
output power of 5 W, 514 mW and 87 mW at a fundamental frequency of 175 GHz, and
its second and third harmonics, respectively. This is significantly higher than for the
single-domain diode, with corresponding output power of 3.4 W, 259 mW and 42 mW,

respectively.
The expected four-fold increase in output power of the two-domain diode compared to

the single-domain diode is generally not achieved. As discussed in this chapter, it may

be attributed to the higher operating temperatures of the two-domain diode. It has also
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been shown that the Gunn domain formation in each of the two transit regions is
dissimilar. This suggests that further optimisation of the transit region doping profiles is

possible, with an expected increase in output power and efficiency.

The work reported in this chapter on graded doping profiles of the transit regions has

not been found elsewhere in literature.
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6 RESULTS AND CONCLUSION
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6.1 Introduction

The demand for mm-wave and terahertz devices due to the growing prospective
market has sparked research in this field. Gunn diodes can serve as mm-wave
sources with appreciable output power, coupled with their superior phase noise
characteristics. They currently find application in various emerging fields, such as
automotive Autonomous Cruise Control (ACC), imaging systems, missile guidance,

smart munitions and mm-wave radar systems.

The research presented here investigates the performance of two-domain GaAs
diodes, as well as single- and two-domain GaN diodes. All simulations are based on
the ensemble Monte Carlo particle simulation technique. The simulation model
incorporates thermal heating consistently with the evolution of electrons through the
device, which is generally ignored or modeled overly simplistic in the reported
literature. The simulated RF performance of the GaAs and GaN diodes presented here

are therefore more conservative than that found in the literature.

The salient achievements of this research that address the objectives stated in

Chapter 1 can be summarised as follows:

. A novel empirical method to estimate the operational frequency limit of Gunn
devices, based on the dynamic velocity-field characteristic of the bulk material, is
developed and verified. This method predicts operational frequency limits of
between 80 GHz and 100 GHz for GaAs Gunn diodes, and between 250 GHz
and 300 GHz for GaN devices operating in the fundamental mode.

. The research shows that it is feasible to enhance the mm-wave performance of
single-domain Gunn diodes by incorporating two transit regions, and also through
appropriate engineering and profiling of the transit region doping concentration. It
has been argued that incorporating more than two transit regions is counter-
productive, mainly due to increased thermal dissipation.

. The two-domain GaAs diode reported by Van Zyl (2006) has been optimised
further to increase the output power from 160 mW to 182 mW at the 94 GHz
harmonic. The optimised diode has been shown to operate at fundamental
frequencies up to 90 GHz, with harmonic output power available up to 186 GHz.
These observations are consistent with the simulated upper frequency limit of the

transferred electron mechanism presented in Chapter 3.
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. A single-domain GaN Gunn diode has been optimised and shown to benefit from
the optimisation approach for GaAs devices. The optimised diode yielded 3.4 W
at a fundamental frequency of 175 GHz, and third harmonic output power of
42 mW at 525 GHz. The operational frequency limit of the diode was simulated
to be of the order 250 GHz, which is again in agreement with the expected upper
frequency limit of the transferred electron mechanism presented in Chapter 3.

. The single-domain GaN diode served as a basis for a novel two-domain diode,
which was subsequently further optimised. Output power of 5 W, 514 mW and
87 mW at a fundamental frequency of 175 GHz and its second and third
harmonics, respectively, have been simulated. This is significantly higher than for
the single-domain diode, although the expected four-fold increase in output
power of the two-domain diode, compared to the single-domain diode, has not

been achieved.

Each of these is described briefly below.

6.2 Overview of results

6.2.1 Empirical determination of upper operational frequency limits of the
transferred electron mechanism in bulk GaAs and GaN

A novel approach was presented whereby the hysteresis in the dynamic, high frequency
velocity-field characteristics of bulk GaAs and GaN are exploited to determine the upper
frequency limit at which these materials still exhibit NDR. These predictions, which
inherently consider the non-stationary dynamics of electrons at frequencies approaching
the NDR relaxation frequency and at different temperatures and doping conditions, do

not suffer from the theoretical time-constant based assumptions.

The empirical method presented in this research can be applied to any material that
exhibits NDR and provides a reliable estimation of the frequency limits of operation of
NDR-based oscillators, such as Gunn diodes. Furthermore, the predicted operational
frequency limit of the NDR mechanism does not depend on the structure of the devices

that exploit this mechanism, but is an intrinsic characteristic of the material.

The simulation results predict a fundamental mode frequency limit of between 80 GHz
and 100 GHz for GaAs and between 250 GHz and 300 GHz for GaN. These values of
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the upper frequency limits are consistent with the simulation of the actual devices

presented in Chapters 4 and 5.

Specific findings reported in this work include:

. The average negative slope of the dynamic velocity-field curve increases
monotonically from negative values at low frequencies to positive values at higher
frequencies, indicating a progressive deterioration of the NDR with increased
frequency.

. Higher operational temperatures degrade NDR significantly.

. The nominal doping concentration of bulk GaAs has an insignificant effect on the
frequency dependence of NDR. The designer of GaAs Gunn devices can
therefore adjust the nominal concentration of the transit regions for practical
impedance levels and output power, without having to be concerned about its
effect on the frequency behaviour of the device. However, the frequency
behaviour of GaN has been shown to be more sensitive to the nominal doping
conditions and, accordingly, needs to be considered.

. The upper frequency limit for bulk GaAs to support NDR is between 80 GHz at
450 K and 97 GHz at 300 K.

. The upper frequency limit for bulk GaN to support NDR is between 255 GHz and
300 GHz, depending on the operating conditions.

6.2.2 Gunn diode optimisation

Gunn diode optimisation in this work relates to the RF output power and frequency
behaviour of the devices. The relevant design parameters that have been optimised, are
the dimensions and doping profile of the transit regions, the width of the doping notches
and buffer region (for two-domain devices), and the bias voltage. In the case of GaAs
diodes, hot electron injection has also been implemented to improve the efficiency and

output power of the device.

Multi-domain operation has been explored for both GaAs and GaN devices and found to
be an effective way of increasing the output power. It has also been found that
increasing the doping profile of the transit region exponentially over the last 25% towards
the anode by a factor of 1.5 above the nominal doping concentration enhances the

output power of the diodes.
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GaAs Gunn diodes

A two-domain GaAs Gunn diode, based on the benchmark design by Van Zyl (2006),
has been optimised. As mentioned earlier, the optimised diode outperforms the
benchmark diode with an enhancement of 14% in its output power; 182 mW,
compared to 160 mW at 94 GHz.

The simulated output power of the optimised diode is 218 mW at a fundamental
frequency of 62 GHz, and 42 mW and 890 uW at the second and third harmonics of
124 GHz and 186 GHz, respectively. Beyond a fundamental frequency of 62 GHz, the
performance of the two-domain diode degrades sharply in terms of efficiency to below
0.1 %. However, appreciable output power is still simulated at a fundamental frequency
approaching 90 GHz. This is in agreement with the expected frequency limit as
estimated empirically for the transferred electron mechanism. It is, however,
guestionable whether the fundamental mode of operation for frequencies above 62 GHz
is practical, due to the low RF efficiency and negligible output power at its associated

second and third harmonics (refer to Figure 4.12).

The simulated output power of the optimised diode was shown to be comparable to

state-of-the-art diode performance as reported by Priestley et al. (2010).

It is the author’s opinion that due to the sensitivity of Gunn diodes to thermal heating,
three, four and eight domain Gunn diodes as reported by Teoh et al. (2002:830-831)
will be rendered impractical and unfeasible. As with GaN diodes, the bias voltage will
have to be pulsed with exceedingly short duty cycles to limit the thermal dissipation
associated with such devices. The practicality of generating such short pulses in terms

of the high current required and the impedance of the diode itself is also questionable.

In conclusion, a comparison between single-domain and two-domain devices has
indeed shown that the incorporation of more domains increase the output power. This
is, however, only observed for frequencies well below the operational frequency limit of

the devices (see Figure 4.13).

GaN Gunn diodes

Compared to GaAs, relatively little is published on GaN diodes and their optimisation.

As discussed in this work, GaN supports Gunn operation at much higher frequencies
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than GaAs. The extensive body of simulations presented here on both bulk and device
levels, confirm the superior RF performance of GaN devices. Furthermore, the
operational feasibility and performance at mm-wave frequencies of single- and two-

domain GaN (Wz) Gunn devices have been investigated.

A single-domain diode was first optimised, which also served as the benchmark for the
two-domain design. Both the single- and two-domain devices have been simulated for
RF performance at frequencies approaching their operational limits. The work
concluded with a comparison between the single- and two-domain diodes in terms of

output power.

The simulation results for the GaN diodes have already been discussed in Chapter 5,

but a summary of the main findings is repeated here for ease of reference.

. Single-domain diode:

o Exponentially increasing the transit region doping profile (‘over-doping’)
increases the fundamental output power by between 69% and 127% over the
frequency range of 175 GHz to 200 GHz, compared to that of the diode with
a uniformly doped transit region.

o A similar trend is observed at the second and third harmonics, increasing the
harmonic output power by between 20% and 63% over the frequency range
of 350 GHz to 525 GHz.

o The over-doped transit region extends the operational frequency limit of the
diode to 500 GHz in second harmonic mode, compared to 400 GHz of the
corresponding diode with a uniformly doped transit region.

o The operational frequency limit of the optimised diode in the fundamental
mode is between 250 GHz and 300 GHz, which agrees with the simulated
upper frequency limit of the transferred electron mechanism presented in
Chapter 3.

o Heating of GaN Gunn diodes is a major concern and can be countered
effectively by applying a pulsed bias voltage to the diode. A bias voltage with
a 1.5% duty cycle limited the highest internal diode temperature to 500 K.

o The simulated output power of the optimised single-domain diode is

consistent with a state-of-the-art diode reported in literature.
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J Two-domain diode:

o The optimised device yields output power of 5 W, 514 mW and 87 mW at a
fundamental frequency of 175 GHz and its second and third harmonics,
respectively.

o This is significantly higher than for the single-domain diode, with
corresponding output power of 3.4 W, 259 mW and 42 mW, respectively.

o The theoretically expected four-fold increase in output power of the two-
domain diode compared to the single-domain diode is generally not
achieved. This can be attributed to the higher operating temperatures of the
two-domain diode, as well as dissimilar formation of the Gunn domains in
each of the two domains.

o It should be possible to improve the symmetry of the domain formation in the
two transit regions through further optimisation of the doping profiles in each
domain.

o Heating of the devices is much more pronounced than for the single-domain
devices, mainly due to the increased biasing levels. Hence, the duty cycle of
the pulsed bias voltage has been reduced further to 0.8 %. As stated earlier,
the practicality of such short duty cycles could be questioned.

o The author is of the opinion that increasing the number of domains to more
than two will render the performance of the Gunn diode ineffective and
impractical as the duty cycle will have to be reduced dramatically to counter

thermal losses.

6.2.3 Performance comparison of two-domain GaAs and GaN Gunn devices

It is informative to conclude the discussion by comparing the RF performance of the
optimised two-domain GaAs and GaN devices. This is illustrated in Figure 6.1. The
GaAs diode is simulated at a fundamental frequency of 62 GHz and its second and
third harmonics. The GaN diode is simulated at a fundamental frequency of 175 GHz

and its associated second and third harmonics.

GaN Gunn diodes clearly present significant advantages to their GaAs counterparts in
terms of output power capability and operational frequency. The significant increase in
the operational frequency of GaN diodes is accompanied by two orders of magnitude

enhancement of the output power at comparable frequencies. This is in agreement with
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the much higher Johnson'’s figure of merit, reported to be about 100 times higher than for
GaAs (refer to Table 2.1).
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Figure 6.1 Comparison of harmonic output power for two-domain GaAs and GaN Gunn
diodes

6.3 Proposed future work

Items for future research include:

. The Gunn domain formation in the two-domain diodes has been found to be
slightly dissimilar in each of the transit regions. Further optimisation of the transit
region doping profiles should be done to ensure that the domains form identically
in each region. This may improve the diode efficiency further.

. Transit regions of unequal lengths should be investigated. This will improve the
tuning bandwidth of actual devices (refer to Section 2.3.6).

. Incorporate hot electron launchers in the optimisation of GaN diodes.

. Augment the conduction energy band model of GaN to enable the simulation of
GaN (Zb) and the investigation of inflection-based NDR.

. The possible electric field breakdown of the air external to the diode has not been

assessed. SF6 gas has been used in the test chamber as an inhibitor of
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breakdown in ‘mesa’ diodes, but this may not be feasible or practical using any
current packaging technology. A further study of the breakdown of the external

air should be conducted’.

! From conversations with Dr Novak Farrington.
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ANNEXURE A: BULK MATERIAL PARAMETERS FOR GAAS AND GAN AT

300 K

Table 1: Valley dependent material parameters for bulk GaAs and GaN

Parameter GaAs GaN
Effective mass mc 0.067 mg 0.2 mg
mg 0.290 Mo 0.7 Mo
My 0.450 mg 0.471 mg
Band non-parabolicity dc 0.67 0.187
GV aL 0.4 0.065
Ox 0.55 0.029
Valley separation (eV) AL 0.284 5.5
Ax 0.447 5.6
Number of equivalent Z; 1 1
valleys Z 4 4
Zx 3 3
Polar optic phonon Wop 537 x 10" 1.54 x 10™
frequency (r/s)
Inter-valley phonon weL 4.60x 10" 9.88x 10"
frequency (r/s) wex 460x10% 9.88x 10"
oLx 460x 10" 9.88x 10"
oLL 4.41x10" 76x 10
Oxx 4.60x 10" 76x 10
Inter-valley deformation Sl 1.0x 10" 1.1x 10"
potential (eV/m) Eox 1.1 x 10" 1x10"
Zix 1.1x 10" 1x 10"
e 1.0x 10" 0.5x 10"
Syx 1.1x 10" 0.5x 10"
Acoustic deformation = 7 8.3

potential (eV)

QO
o
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Table 2: Material parameters for GaAs

Sound velocity (m/s) Vs 5240
Density (kg/m°) p 5360
Low-frequency dielectric €s 12.53
constant

High frequency dielectric e 10.82
constant ”
Breakdown field (MVm™) = n.a.
Thermal conductivity C 55
(Wem™'K™)

Table 3: Selected material parameters for GaN (Wz) and GaN (Zb)

Parameter GaN (Wz) GaN (Zb)
Sound velocity (m/s) Vs 4750 4330
Density (kg/m°) p 6100 6087-6150
Low—frequency £ 9.5 9.5-9.7
dielectric constant

High frequency P 5.35 5.28 - 5.35
dielectric constant *

Thermal conductivity

(Wem™K™) C 1.3 1.3
Bandgap (meV) Eq 3.2-3.3 3.39-3.5
Non-parabolicity (eV") a 0.213 0.189
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