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Abstract

In the past decade with the advent of high speed electronic devices, the global market usage
for personal, cellular communication devices and services such as expansion to broadband
internet access third, fourth-generation (3G/4G) mobile systems coming closer to reality. In the
manufacturing industry, the Radio Frequency (RF) and Microwave power amplifiers are beginning
to be the focus of attention. There are numerous high power amplifiers available in the market,
giving the industry choices to range from price to performance factors. In this paper, we present
the materials properties of Gallium Nitride (GaN) with a comparative analysis to the competing
materials used for applications which require higher power and high frequency devices. The
reliability issues of Aluminum Gallium Nitride (AlGaN)/GaN based High Electron Mobility
Transistors (HEMTS) are the main hurdle for the commercialization of GaN based devices. Due
to remarkable potential in other fields, GaN can offer many solutions in the electronic devices.
Overall, with help of recent studies, we discuss competitive advantages of GaN based devices
and amplifiers for commercial products.
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INTRODUCTION

With recent development in wireless
communication, military applications, TV
broadcasting, communication satellite the
use of microwave transistor plays a very
critical role, all these applications require
wider bandwidth, high frequencies (X band
to Ka band), high power to reduce the
antenna size at the user end, wireless
internet broadband and its increasing speed
or data connections holds the same
requirement. To meet these requirements a
lot of investment has been done on
microwave transistor based Silicon (Si),
Silicon Carbide (SiC), Silicon Germanium
(SiGe), Gallium Arsenide (GaAs) and Gallium
Nitride (GaN). Table 1., shows different
parameters of these materials and four figure
of merits, Johnson figure of merit (JFOM)
(Johnson, 1965), Baliga figure of merit
(BFoM) (Baliga, 1982) for low frequencies,
Baliga Figure of merit for high frequencies
(BHFFoM) (Baliga, 1989) and Keyes figure
of merit (KFoM) (Keyes, 1972), all four of
these Figure of merits are used in the recent
electronics to compare properties of different

semiconductors for high power and high
frequency applications. The frequency and
power limit in figure of merits solely depends
on the properties of the material and can be
used for comparing the materials for high
frequency and power applications.

Table 1. Comparison of materials for High power/frequency
applications (Okumura, 2006; Macfarlane, 2014)

Property | Si | GaAs | 4H-SiC GaN Diamond
E; (V) 11 14 33 34 55
2 | 188 = 700 (Bulk)
us (cm’Vs) | 1350 | 8500 0 | 2000 oDEG)| 199
vie(10 cm's) | 10 | 10 20 25 27
Ec(MViem) | 03 | 04 30 33 56
E i 1 71 180 760 2540
(Ee V! T)
BFoM
E) 1 156 130 650 4110
BHFFSM | 4 | 108 | 229 78 470
(MES)
KFoM 1| o045 | 4é 16 321
%V /2)

In  contemporary microwave transistors,
applications with higher power, frequency
requirements, the semiconductors with wide
bandgap energy, high electron mobility and
high break down voltage are used.
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Considering these properties and figure of
merits, two semiconductors namely; SiC and
GaN are the preferred materials. The JFoM
considers two parameter i.e. breakdown
voltage of the material and drift velocity of the
material. For instance, in case of GaN it is
760 times higher than the Si, and BFoM is
actually the measure of permittivity, electron
mobility and electric field which is in case of
GaN is 650(BFoM) and 77.8(BHFFoM) times
higher than Si. KFoM is the measure of
thermal constraint to the switching ability of
the transistor and in case of GaN it is 1.6
times higher than Si. However diamond is still
at early stage of research and requires much
more time and investment to compete with
GaN devices. Table. 2., shows the GaN
material property with the advantage of using
GaN based devices which clearly elaborates
the application of GaN based devices can
meet the requirements of high power
applications.

Table 2: Material property & advantage of GaN (Yahaya et
al., 2009).

System Advantage to | GaN Material
design GaN Device property
outcome
High power High High thermal
capability, breakdown | conductivity,
reliability, voltage , High
High High current bandgap
efficiency, handling, energy,
Less cooling High High
requirement, operating breakdown
Reduced temperature, | electric field,
passive High High
components, switching saturated
Compact frequency, drift velocity,
system Low power High
losses radiation
tolerance

Table 3: shows the comparison between the
Group-lll materials with GaN elaborating
GaN the better choice for high power and
high frequency application devices.

Table 3: Comparison between Group Il materials vs GaN
(Yahaya et al., 2009)

Properties Si GaAs SicC GaN
Sutability
for high Medmum Low High High
power
Suitability
for hugh Low High Medium High
frequency

Physical Properties of GaN

GaN is a wide bandgap semiconductor with
small bond length between the atoms smaller
than Si-Si atom bond length, making strong
bond energies between the atoms which lead
to more stable and inert materials (Okumura,
2006). Figure 1, shows the relationship
between bond length and the bandgap
energy of various materials used for high
power and high frequency applications,
where it can be noted that GaN, SiC and
Diamond are in separate domain compared
to Si and GaAs.
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Figure 1: Relationship of bond length band and gap
Energy (Okumura, 2006; Macfarlane, 2014)

The crystalline nature of GaN able it to take
the form of wurtzite, rock salt or zinc-blende,
wurtzite is the most common and easier to
grow. The atoms are arranged in alternate
pattern (ABAB), two hexagonal layers are
closely spaced one of Ga-atom and the other
is of N-atom faces both the layers is
perpendicular c-axis (Bernardini et al., 1997)
as shown in the figure 2.
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Figure 2: Showing Schematic representation of stacking
sequence in wurtzite GaN (Edgar et al., 1999; Ambacher et
al., 2000)
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GaN Growth and substrate

Group-lll nitrides can be grown by metal
organic chemical vapour deposition
(MOCVD) or molecular beam epitaxy (MBE),
for development of GaN the commonly used
technique is MOCVD which is carried out at

the temperature of about 1000 °C, the
reactants for MOCVD are trimethylgallium
and ammonia (NH ) gas, the growth rate is
typically around 1 to 2um. MBE technique on
the other hand compared to MOCVD takes

place at lower temperatures (500-900 °C)
(Quay, 2008).

SiC

SiC is the most promising substrate it is best
lattice matched to GaN, it has the property of
high thermal conductivity (4.9W/cm K) which
is particularly useful for high power
applications, and low thermal expansion
coefficient (TEC) mismatch (25%), however
lattice mismatch is (3.5%) still it is significant
enough to create large defects in GaN layers
(108 - 1010 cm ), which affects the overall
performance of the device, of the three
substrate available SiC is the most expensive
still it is regarded as the best choice to grow
GaN, most of the GaN RF devices are
fabricated on SiC (Quay, 2008)

Sapphire

Sapphire is an insulating material having poor
thermal conductivity of (0.3 W/cm K)
compared to SiC (4.9W/cm K) and high TEC
(34%) compared to SIC (25%) lattice
mismatch in case of sapphire is (14%) high
compared to SiC (3.4%) causing high density
dislocations in .GaN layers (1010 cm ),
despite its drawbacks sapphire is less
expensive compared to SiC and s
extensively in use over the years for the
process and development works.

Silicon (Si)

Silicon has a moderate thermal conductivity
of 1.3 W/cm K, with high lattice mismatch
(17%) and high thermal expansion coefficient
(56%) compared to SiC and sapphire, despite
all these drawbacks it is very attractive due
low cost and larger diameter wafer available.
GaN is grown on Si with 6 inch wafer size is
commercially available and 8 inch wafer has
been demonstrated in the laboratory

(Arulkumaran, 2012), which indicates the
potential cost saving that could be incurred
using Si substrate. Table. 4., shows the
comparison of lattice mismatch, thermal
conductivity and thermal expansion
coefficient mismatch, wafer size and cost of
sapphire, SIiC and Si with GaN.

Table 4: Comparison of different substrate material (Edgar
et al., 1999; Macfarlane, 2014; Quay, 2008)

Lastice Thermal | Thermal
Matetial] Sv " el Conductivity| Expanson | Wafer Size
S THDeTY | miSmAtch| 20 300K | Coefficient | and Cout
to GaN . X
(WenK) | mismatch
GaN Wwzite 0% 13 L1 Very
Expen:rie
Upwt
Sapphare | Hexagosal 14% 03 4% Moderate
Cout
EHSC | Wumte | 35% 49 o | 2=
Sxpenine
$ Cubie 1% 18 $6% {(':’('O‘J

Table. 5., shows two studies on the test
circuit done on the switching frequency of
GaN based devices, the studies proved that
if the gate driver circuit is properly designed
it can turn on the GaN based switch
effectively at its optimum switching
frequency. In two different studies it is
observed that GaN can operate at 110V
blocking voltage and can handle 11A current
with the maximum operating frequency of 2
MHz, both the studies carried out at two
different temperature levels, the was work
done to study the switching behavior of GaN
based devices.

Table 5: Switching performance of GaN based devices
(Yahaya et al., 2009; Saito et al., 2004; Boutros et al., 2006)

Work done | Blocking Turn-off | Switching
Turn-on loss

hy: voltage loss frequency Remark

Temp. at 23 °C, resistive
10V 061205 | 0834w 1 MHz load

IF14A 7, 010-20V
Temp. at 200 °C, switching
| MHz loss was megsurcfl within
10% of loss 123 °C. V15

applied higher=-18V

Resistive load, Temp. at
100V 11w 11 1 MHz B°C
(28] L=11A
Inductive load, Temp. at
6ov 21w 470 ) MHz 23

h=8A

(27

10V Low Low

GaN based HEMTs
High Electron Mobility Transistors (HEMTS)
plays a very vital role in high switching
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applications, nowadays GaN is very
frequently utilized to fabricate HEMTs, GaN
based HEMTs have high carrier density and
high electron mobility that results in large
current density, which is an important
parameter for high power and high frequency
applications (Mishra et al., 2002).

The first demonstration about the
AlGaN/GaN HEMTs was given in 1993
(Khan, 1993). After intensive research and
development as a consequence the recent
development in AlGaN/GaN based HEMTs
demonstrated the results at very operating
frequency (181GHz) (Higashiwaki et. al
2006), and at 4GHz provided a high power
density of 30W/mm (Wu, 2004), with
10W/mm at 40GHz (Palacios, 2005). Figure
3 shows the layer structure of AlGaN/GaN
based HEMTs. High Electron mobility
Transistors  (HEMTs) are  basically
heterojunction devices of two
semiconductors with different band gap
energies, In Aluminium Gallium Nitride
(AlGaN)/ Gallium Nitride (GaN) based
HEMTSs a silicon doped AlGaN is grown over
GaN, where AlGaN has higher band gap
energy than GaN, The silicon donate the
electrons in the crystal that are accumulated
just below the AlGaN/GaN forming sheet of
electrons having 2-dimensional electron gas
(2DEG).The electron separated from silicon
donor resides in AlIGaN where they gain high
mobility. For transistor action, the Ohmic
contacts for source, gate and drain are
produced through photolithography and
2DEG is contacted with source and drain
metals whereas the depletion region is
controlled with gate contact (Kraus, 2008).
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Figure 3: Layer structure for AlIGaN/GaN HEMT
Advancement in Breakdown performance
of HEMTs

Over a decade or so an extensive research
have been done to improve high power
AlGaN/GaN based devices, still a lot
research needs to be done to find complete
engineering solutions, recently the research
is being carried out on improving the
breakdown fields and breakdown voltages.
The large electric field at the drain edge of
the gate is considered to be the limitation in
high breakdown voltage of AlGaN/GaN
based HEMTs. Somerville and Alamo
(Somerville et al., 1996) proposed a solution
to this problem, i.e. to employ the vertical
structure where drain sits at the bottom of the
substrate which will eliminate the problem of
large electric field at the drain edge.
Employing vertical structure require much
more investment in order to compete with the
current processing and designing of lateral
AlGaN/GaN devices (Chowdhury, 2012)
Reliability issues in AlIGaN/GaN HEMTs
Extensive research is going on identifying the
device failure modes, mechanisms, the well-
known is gate drain degradation issue,
percolative conductive path formation, time
dependent trap formation and inverse
piezoelectric effect are the physical effects
occurs at the origin of device degradation
(Zanoni et al., 2013), output current drop, and
permanent gate leakage current increase are
considered to be the failure modes for
AlGaN/GaN HEMTs (Meneghesso et al.,
2010), another critical issue concerned to the
reliability of GaN based HEMTs is trapping
of charge and the identification of traps
(Karumuri et al., 2013).

GaN Dbased
Amplifiers(LNA)
GaN based HEMTs devices are usually
intended as high switching devices, it has a
significant potential

In other fields for example in integrated
circuits including the transmitter and receiver
end, GaN based LNA provide high linearity
and robustness at the input power of 40dBm
without affecting gain too much (Colangeli et
al., 2013), the capacitor less gate driver
circuit has also been proposed for GaN
based high power application devices to
improve the efficiency, results demonstrated
high efficiency of capacitor less driver circuit

HEMTSs Low Noise
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compared to the capacitor type gate driver
circuit (Umegami et al., 2013).

GaN the technology for the Future

The reliability consistency of GaN with the
system requirement is the only obstacle in
the commercialization of GaN, extensive
research is in progress to sort out reliability
issues, device failure modes of GaN based
high power and high frequency devices. GaN
based RF applications has made a significant
progress in technology process, growth of
material and at Monolithic Microwave
Integrated Circuits (MMIC) in past decade or
So.

Power Amplifiers and Monolithic Microwave
Integrated Circuits (MMICSs) in the near future
will be based on GaN technology,
AlGaN/GaN based HEMTs with high power
density and high power added efficiency
(PAE) for wide band frequencies is under
research.

Moreover, AlGaN/GaN based HEMTs are
considered to be the better choice for
designing Low Noise Amplifiers (LNAS)
(Colangeli et al., 2013) because it can offer
low noise performance with high breakdown
voltages, AlGaN/GaN is considered to
provide optimized solutions to the high power
and high frequency applications.
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