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CHAPTER 5

GaN-BASED ELECTRONIC DEVICES

Michael S. Shur

INTRODUCTION

Glory, silicon carbide!
Schottky, switch, and polytype
Cree Research and A-T-T,
F-E-T and S-I-T!

Glory! Gallium nitride.
Nakamura and blue light.
Higher current, higher goal.
Thank you, Yoder, thank you all.

(A poem dedicated to the MRS Panel in the fall of 1998, which summarized SiC and GaN-based
research in Japan.)

Material properties of GaN-based and related semiconductors make them very attractive for high temperature
applications (see the summary of these properties in 1).  The material quality has been steadily improving
over the past few years, and this improvement opened up new opportunities for a rapid progress in GaN
related devices.  Of course, the cost of this emerging technology is an issue to be addressed.  The following
Table illustrates an overwhelming cost advantage of silicon:

However, one can be virtually certain that the cost of GaN-based technology will drop by orders of
magnitude as this technology matures.

This chapter will attempt to cover the state-of-the-art in GaN-related electronic devices with a special
emphasis on some of the recent work in Japan and Europe, since this book originated as a result of the
TTEC-sponsored panels that traveled from the US to Japan and Europe in order to assess the state-of-the-art

Table 5.1
Technology Cost

Technology Cost (US $/mm2)
CMOS wafer 10-4 (after 2)
GaN HEMT wafer  5
New York real estate  10-4

of this technology.
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MATERIAL PARAMETERS AND TRANSPORT PROPERTIES OF NITRIDES
RELEVANT TO DEVICE PERFORMANCE

The transport properties of GaN, AlN, and InN have been studied using analytical calculations 3 and Monte
Carlo simulations (see, for example, 4, 5, 6, 7, 8, 9, 10, 11).  These properties depend on materials quality, and the
values given in Table 1 represent typical or theoretically predicted values.

Table 5.2

Parameters of GaN, AlN, and InN.  Wurtzite crystal structure, crystal symmetry C6v

4 (P63mc).

Units GaN AlN InN

Symmetry - Wurtzite/
zinc blende

Wurtzite Wurtzite

Density g/cm 6.15 3.23 6.81

Static Dielectric Constant 8.9 8.5 15.3

High-Frequency Dielectric
Constant

5.35 4.77 8.4

Energy Gap (Γ Valley) eV 3.39 6.2 1.89

Effective Mass (Γ Valley) me 0.20 0.48 0.11

Polar Optical Phonon Energy meV 91.2 99.2 89.0

Lattice Constant, a (c) Å 3.189
(5.185)

3.11
(4.98)

3.54
(5.70)

Electron mobility cm2/Vs 1000 135 3200

Hole mobility cm2/Vs 30 14

Saturation velocity cm/s 2.5 x 107 1.4 x 107 2.5 x 107

Peak velocity cm/s 3.1 x 107 1.7 x 107 4.3 x 107

Peak velocity field kV/cm 150 450 67

Breakdown field V/cm >5 x 106

Light hole mass me 0.259 0.471

Thermal Conductivity W/cm-K 1.5 2

Melting Temperature oC 2530 3000 1100

More detailed information about parameters of GaN, AlN, InN and BN is given in 12, 13.  However, many of
these parameters are still to be determined more accurately.  Nevertheless, Table 5.2 illustrates some
important differences between GaN-based semiconductors and their more conventional counterparts, such as
Si, Ge, III-V or II-VI compounds.  This difference is, first of all and most of all, the crystal symmetry.  GaN-
based semiconductors more often have hexagonal (wurtzite) crystal structure and grow along the hexagonal
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(polar axis).  These have very pronounced piezoelectric and pyroelectric properties that play an important
role in the physics of GaN-based devices (see Fig. 5.1).
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Fig. 5.1.  Piezoelectric constant versus bond ionicity.

Another difference is a much larger polar optical phonon energy (91.2 meV for GaN compared to only 35
meV for GaAs, for example).  This leads to a big difference in polar optical scattering that in GaN and
related compounds can be approximated by a two-step elastic process – first absorption and immediate
emission of a high energy polar optical phonon.3  Fig. 5.2 shows the calculated Hall mobility in GaN versus
temperature.  As can be seen from the figure, the mobility is quite high (higher than for Si) and remains fairly
high even at elevated temperatures.
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Fig. 5.2.  Hall mobility in GaN versus temperature.  Top and bottom curves are for ns = 1013 cm-2 and 5x1012 cm-

2, respectively.

The electron velocity in GaN is also very high and remains very high even at elevated temperatures.  Fig. 5.3
compares the electron velocity for GaN computed using the Monte Carlo technique for different temperatures
with that for GaAs. 14
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Figure 5.3.  Velocity-field characteristics of GaN (a) and GaAs (b).

Fig. 5.3b was computed using the fit to the Monte Carlo calculations reported in 15 for the following values of
the low field mobility: 7,000 cm2/V-s at 300 K, 3,000 cm2/V-s at 500 K, and 1,100 cm2/V-s at 1,000 K.

Figure 5.4 shows the velocity versus electric field dependences for GaN at different temperatures and doping
levels computed by the Monte Carlo technique. 11 As can be seen from the figure, even at very high doping
densities and/or at elevated temperatures, the predicted electron saturation velocity in GaN exceeds that in
GaAs or in Si (which about 105 m/s) by a factor of two or so.
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Figure 4.  Velocity-field characteristics of GaN at different temperatures and doping levels. 11

Recent Monte Carlo calculations show that overshoot effects in very high electric fields may play an
important role in GaN and, as a result, the transit time in very small GaN devices may actually be shorter
than for GaAs. Foutz et al. 10 compared the computed velocity of electrons injected with low velocities into a
constant electric field region into GaN and GaAs (see Fig. 5.5).  This result is important for both short
channel GaN devices.
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Fig.  5.5.  Transient velocity in GaN and GaAs (after Foutz et al. 10)

InN is expected to have even better transport properties than GaN, including a much higher mobility (3,200
cm2/V-s at room temperature), a much higher peak velocity, and more pronounced overshoot and ballistic
effects, see Fig. 5.6 and 5.7. 16, 17, 18
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Fig. 5.6. Calculated steady state drift velocity of InN as a function of electric field at different doping
concentrations Nd.  T = 300 K. Nd (cm-3): 1 - 1017; 2 - 1018; 3 - 1018. After O’Leary et al. 19)
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Fig. 5.7.  Calculated steady state drift velocity of InN as a function of electric field at different temperatures.
Doping concentration Nd= 1017 cm-3.  T (K): 1 -150; 2 - 300; 3 - 500. O’Leary et al. 19

However, at the present time, no device quality InN is available and the growth of InGaN with a high molar
fraction of In presents a problem.

Even in InGaN alloys, the electron velocity is quite high, in spite of strong alloy scattering (see Fig. 5.8).
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Fig.  5.8.  Velocity versus electric field for InxGa1-xN computed by Monte Carlo technique. 17

Large energy gaps for GaN-based compounds result in large energy gap (and conduction band)
discontinuities at heterointerface between AlGaN and GaN.  Fig. 5.9 shows the dependence of the energies of
the first two subbands (Eo and E1) and of the Fermi level for the two-dimensional electron gas in GaN at the
AlGaN heterointerface on the density of the two-dimensional electron gas. 20 Also shown is the molar fraction
of Al needed in order to have the conduction band discontinuity that is equal to the energy shown on the left
axis.
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Fig. 5.9. Dependence of the energies of the first two subbands (Eo and E1) and of the Fermi level for the two-
dimensional electron gas in GaN at the AlGaN heterointerface on the density of the two-dimensional electron
gas. 20 Also shown is the molar fraction of Al needed in order to have the conduction band discontinuity that is
equal to the energy shown on the left axis.

As can be seen from the figure, the sheet densities of the 2D electron gas at the heterointerface can reach
values of 2 to 5x1013 cm-2.  This is more than an order of magnitude larger than for GaAs-based
heterostructures.

Recent studies revealed another important materials property of GaN-based compounds: an ability to
independently control the band offset and strain at heterointerfaces using an approach that we called Strain
Energy Band Engineering (SEBE).  In this approach, one uses quaternary AlInGaN compounds.  An Al atom
is slightly smaller than a Ga atom.  However an In atom is considerably larger. Hence, the addition of Al and
In causes compensating strains at AlInGaN/GaN heterointerface, and it takes roughly one In atom to
compensate the strain created by 6 Al atoms (see Fig. 5.10).
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Fig. 5.10.  Relative lattice mismatch as a function of Al molar fraction for different molar fractions of In.
Bullets show the band gap offsets for lattice-matched Al-In compositions. 21

As a consequence of the strain compensation, it should be possible to obtain higher sheet densities of the 2D
electron gas using the SEBE approach (see Fig. 5.11).
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Fig. 5.11.  Typical 2D sheet electron densities for different materials systems.

A high electron sheet density translates into high current carrying capabilities.  This property combined with
high breakdown voltages typical for wide band gap semiconductors (see Fig. 5.12), high electron velocities,
and high thermal conductivity (see Fig. 5.13) makes GaN-based semiconductors very promising for high-
power, high-frequency applications.
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Fig. 12.  Breakdown voltages for different semiconductors materials.  The breakdown field for GaN might be
even higher (depending on materials quality).
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Fig. 5.13.  Thermal conductivity for different semiconductors materials.

GaN and, especially AlN, have very strongly pronounced piezoelectric properties.  Moreover, the crystal
growth direction for these heterostructures (in the c-axis direction of the wurtzite crystal structure) is such
that these properties directly affect the electric field in the direction perpendicular to the heterointerface.

Bykhovski et al. 22- 28, Asbeck et al. 29, 30, Gaska et al. 31, 32, 33, Shur et al. 34and Ambacher et al. 35 reported on the
results of the studies of strain, piezoelectric effects, and piezoresistive effects in GaN/AlGaN
heterostructures.

The studies of the piezoresistance effect in GaN/AlGaN structure point out to the possibility of the "domain"
structure of the top surface, which might include domains of opposite atoms (Ga or N).

Fig. 5.14 shows a schematic charge distribution in an AlGaN/GaN heterostructure.
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Fig. 5.14.  Computed charge distribution in AlGaN/GaN heterostructure with top gallium and nitrogen surfaces.

As can be seen from Fig. 5.14, the density of the 2D electrons is enhanced in the heterostructures with the top
gallium surface and greatly diminished in the heterostructures with the top nitrogen surface.  As a result,
these structures can be used to obtain enhanced sheet concentrations of electrons and holes, respectively.
Fig. 5.15 and 5.16 show the results o the calculations predicting such enhancements.
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Fig. 5.15.  Electron sheet density versus Al molar fraction. Numbers show the thickness of AlGaN barrier.
Dashed lines neglect relaxation due to development of dislocation arrays. 36

0

1

2

3

4

5

6

7

0 0.2 0.4 0.6 0.8 1

Al  Molar  Fraction

30 nm

Ppz + Psp

Ppz

Psp

0

1

2

3

4

5

6

7

0 0.2 0.4 0.6 0.8 1

Al  Molar  Fraction

10 nm

Ppz + Psp

Ppz

Psp

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

Al  Molar  Fraction

3 nm

Ppz + Psp

Ppz

Psp
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lines neglect relaxation due to development of dislocation arrays. 37

MATERIALS GROWTH

GaN and AlGaN/GaN heterostructures have been grown epitaxially on different substrates - sapphire, spinel,
6H-SiC, 2H-SiC, Si, and, more recently on bulk AlN and GaN.  A typical technique of GaN growth is Metal-
Organic Vapor Phase Epitaxy.  Most GaN-based devices use the epitaxial layers deposited using low
pressure MOCVD over basal plane sapphire substrates. A typical MOCVD growth (see, for example, 38, 39, 40)
uses triethylgalium, triethylaluminum and ammonia as the precursors for ‘Ga’, ‘Al’ and ‘N’.  Typical growth
pressure and temperature reported by the APA Optics group are 76 torr and 1000 oC.  Typical flows for the
two metalorganics are in the range of 1 to 10 and 1.5 to 0.6 mmoles/min, respectively.  As deposited, the
GaN layers are highly resistive with a carrier density well below 1015 cm-3.  The insulating GaN layers can be
doped n-type using disilane (Si) as the dopant.

Studies of transport properties and of the 1/f noise have shown that the quality of the epitaxial GaN depends
on the quality of the substrates.  Therefore, there is a considerable interest in developing bulk GaN crystals
for homoepitaxy.  A pioneering effort in high-pressure bulk growth of GaN is underway at Interpress in
Warsaw, Poland under the direction of Professor Sylvester Porowski.  The typical crystal sizes now reach
over a square centimeter. The quality of epitaxial layers grown on these substrates is excellent, with no
interface detected and with the dislocation density below the detection limit.
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Recently, a lot of attention has been paid to Lateral Epitaxial Overgrowth (LEO), which allows production of
GaN films with the density of threading dislocations, which is up to 4 orders of magnitude smaller than for
GaN films grown on sapphire 41,42,43 and 6H-SiC 44 substrates.  UCSB group reported on studies of threading
dislocations in GaN films and investigated the LEO-grown GaN films. ,45,46,47 The reduction of the dislocation
density results in a dramatic drop in the leakage current in GaN-based p-n junctions 48 and GaN/AlGaN
heterojunction field-effect transistors 49 grown by LEO.

Other techniques of the epitaxial growth of GaN include Molecular Beam Epitaxy (MBE), see, for example,
50, 51 and Hydride Vapor Phase Epitaxy (HVPE). 52  GaN layers grown by MBE are similar in quality to the
layers grown by MOCVD.  HVPE can yield thick GaN layers, which is important for potential applications
of GaN-based materials in power devices.  Recently, this technique was used for the epitaxial growth of
AlN/AlGaN/GaN heterostructures on SiC substrates. 53

One interesting emerging direction in the epitaxial growth of GaN, AlN, and InN materials is the fabrication
of quantum dots. 54

N-type GaN can be obtained with electron density higher than 1019 cm-3.  However, p-doping remains a
serious problem, and the highest reported hole concentration in p-GaN was around low 1018 cm-3 (using Mg as
an acceptor). 55  This is because the ionization energy of this acceptor is quite high (160 meV) so that less
than 1% of Mg acceptor is activated at room temperature.

OHMIC CONTACTS

Low-resistance, thermally stable ohmic contacts to GaN are crucial for obtaining good device performance
and for fabricating devices operating in a wide temperature range.  At first, Al and Au ohmic contacts to GaN
were used.  These contacts yielded specific contact resistances of 10-4 and 10-3 Ωcm2, respectively. 56 The use
Ti in ohmic contacts to GaN resulted in much smaller contact resistance.  Lin et al. described an Al/Ti ohmic
contact to n-GaN with a specific contact resistance of 8x10-6 Ωcm2. 57 Later, Fan et al. reported on the
Al/Ni/Al/Ti contact to n-GaN, and obtained the specific ohmic resistance as low as 9x10-8 Ωcm2 using this
approach 58.  The mechanism of obtaining such low contact resistance was shown to be the formation of TiN,
which leads to a large concentration of N vacancies (that behave as donors in GaN) near the surface. 59  (The
dependence of the specific contact resistance on doping was studied by Khan et al. 60

Wolter et al. 61 studied ZrN/Zr ohmic contact to GaN that showed promise of a better thermal stability with a
reasonable specific contact resistance of 2x10-5 Ωcm2 for GaN with the electron concentration of 7x1017 cm-3

and sheet resistance of 44 Ω/square.  These contacts exhibited excellent thermal stability in evacuated quartz
tubes at 600 oC for 1000 hours.

Holloway et al. reviewed the results obtained for ohmic contacts to GaN. 62  A low contact metallization for
ohmic contacts was reported in 63.

Low-resistivity ohmic contacts to p-GaN layers are crucial building blocks for GaN based bipolar electronic
and optoelectronic devices, such HBTs, LEDs, and lasers.  Lunev et al. 64 compare a new Pd/Au and the
commonly used Ni/Au metallization schemes for such contacts and demonstrated contact resistances as low
as 10-4 Ωcm2 at room temperature and 1.5x10-6 Ωcm2 at 250 oC for Pd/Au contacts.  The p-GaN layers for this
study were grown on sapphire substrates using a standard low-pressure MOCVD process with Mg as the p-
dopant.  Prior to the 0.5-µm thick p-GaN layer, a 1-µm thick layer of insulating GaN was also grown.  Using
standard Van-der Pauw geometry, the carrier concentration in the p-GaN was measured to be 3 x 1017 cm-3 at
room temperature and 1018 cm-3 at 250 oC.  With annealing the Pd/Au contact resistance decreases to a value
of 1 x 10-4 Ωcm-2.  The contacts remain stable (and linear) up to 250° C and the contact resistivity for the
Pd/Au metallization decreases to a value of 1.5x10-6 Ωcm2 (at 250° C).

In order establish the viability of the Pd/Au contact for p-n-junction devices, Lunev et al. fabricated 200 x
200 mesa GaN-InGaN MQW LEDs over sapphire substrates.  The LED structure consisted of four GaN (3
nm)/In0.14Ga0.86N (3 nm) quantum wells deposited over 1 micron thick Si-doped n+ GaN layer (1x1018 cm-3) and
capped with a p-GaN layer with a carrier density of 3 x 1017 cm-3. The peak emission was at 430 µm and
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forward current as high as 100 mA at 7V bias have been achieved with a differential resistance as small as 25
Ω.

GaN-BASED TRANSISTORS

GaN and AlGaN/GaN FETs.

All basic processing and technological steps are available for fabrication of GaN and AlGaN/GaN field
effects transistors of different types.  Most of these devices use GaN or AlGaN/GaN layers grown by
MOCVD but some devices have been fabricated using ion-implantation of active layer and contact regions.
Different GaN-based FETs, including Metal Semiconductor Field Effect Transistors (MESFETs), GaN Metal
Insulator Field Effect Transistors (MISFETs), Doped Channel AlGaN/GaN HFETs, and Inverted Channel
AlGaN/GaN HFETs have all been developed.  Binari et al. 65, 66  reported on the microwave performance of
the AlGaN/GaN Inverted HFETs, GaN MESFETs, and Si3N4/GaN MISFETs with the gate length of 0.8 µm
at room temperature.  Binari presented the results of the dc and microwave measurements showing that these

devices can operate at least up to 360 oC (see also 67).

Typical FET epilayer structures are deposited over basal plane sapphire substrate using a low pressure
MOCVD system.  Devices on doped 6H-SiC and semi-insulating 4H-SiC 68 substrates have also been
developed.  An important technology for fabricating GaN-based FETs is ion-implantation.  HFET structures
with varying gate lengths and widths and source-to-drain spacing are usually fabricated on isolated mesas
formed using reactive ion etching in a CCl4 plasma and using photoresist as an etch mask.  Often, Ti/Al is
used as the source and drain metal and Ti is used as the Schottky barrier metal for the gate.

Fig. 5.17 shows the basic device structure of an AlGaN/GaN HFET along with proposed improvements in
the device design. 69  Eastman et al. already demonstrated an improvement from using a recessed gate for
AlGaN/GaN HFETs. 70  Binari 71 and Ren et al. 72 fabricated recessed gate GaN MESFETs.  Mishra et al.
demonstrated improvements resulting from increasing the Al molar fraction in the barrier layer. 73.

In most fabricated DC-HFETs, the AlGaN barrier layer thickness was on the order of 200 to 300 Å.
Simulations based on the charge control model show that the device characteristics can be substantially
improved if the barrier layer thickness is scaled down to 100 Å.  Transconductances close to 1000 mS/mm
and drain currents up to 25 A/mm might be possible.

At room temperature, GaN-based Doped Channel HFETs (DC-HFETs) demonstrated the highest cutoff
frequency and the highest maximum frequency of operation among all wide band gap devices.  The best
reported values of the cutoff frequency-gate length product for one micron AlGaN/GaN DC-HFETs (18.9

GHz.micron) are close to those for GaAs MESFETs. 74, 75

Undoped or doped GaN (0.1µm)

i-GaN (1µm)

Doped Al0.15Ga0.85N (300 Å)

Al0.15Ga0.85N spacer(30 Å)

Sapphire substrate

Gate Use recessed T- or Γ-shaped gate

Use a higher doped,
much thinner barrier layer

with a higher Al mole fraction

Use SiC substrate for
better thermal conductivity

Fig. 5.17.  Basic device structure of an AlGaN/GaN HFET along with proposed improvements in the device
design.

Fig. 5.18 shows the measured values of the cutoff frequency, fT, and the maximum frequency of oscillations,
fmax, as functions of temperature at a drain bias Vds = 20 V.
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The velocity saturation HFET model links the cutoff frequency, fT, to the low field mobility, saturation
velocity, gate length, and intrinsic gate voltage swing.  The analysis of this model showed that fT could be
significantly improved by increasing the sheet carrier density in the channel.  This gave an incentive to using
doped channel devices in order to increase ns.  This approach is similar to that for doped channel
AlGaAs/GaAs HFETs. 77  However, in AlGaN/GaN structures, the doped channel is even more advantageous
since the additional impurity scattering has less of an effect in GaN than in GaAs.  Two principal scattering
mechanisms determining the electron mobility in GaN are the polar optical scattering and ionized impurity
scattering.  Because of a higher electron effective mass, the impurity scattering plays a smaller role than in
GaAs at the same doping level.  The AlGaN/GaN DC-HFETs exhibited transconductances up to 270 mS/mm
and maximum saturation currents in access of 1.5 A/mm.

The channel doping also dramatically reduces the contact resistance.  In a doped channel structure, the sheet
electron concentration, ns, can be very high.  Gaska et al. reported on the values of ns higher than
approximately 4x1013 cm-2 with the sheet concentration-mobility products up to approximately 4x1016 1/Vs.
(This value of ns included both 2D-electrons and 3D-electrons in the doped channel.)  At high gate biases, the
current-voltage characteristics of these devices exhibit the negative differential resistance, which is usually
related to device self-heating (see, for example 78).  This means that with a better heat sinking, the device
characteristics should improve further.  The microwave measurements for 1 µm gate AlGaN/GaN DC-

HFETs yielded the cutoff frequency times gate length product of 18.9 GHz.micron, which is the highest
values achieved for a wide-band gap FET.

The importance of a large electron sheet concentration in the channel for the improved FET performance was
confirmed by a transconductance increase in an Al 0.15Ga0.85N/GaN HFET under UV illumination.  The
illumination acted as “optical” channel underdoping.  A relatively modest positive trapped charge in the
active channel (4x1011 cm-3) was sufficient for a considerable shift in the threshold voltage and, consequently,
for the enhancement of the ns value.  The maximum transconductance, gm, reached 64 mS/mm, nearly three
time higher than for similar devices with a comparable threshold voltage and many times larger than for the
same device in the dark.  This enhancement was explained by a large reduction in the source and drain series
resistances and by the enhancement of the ns value. Calculations (based on the HEMT model developed in 79)

confirm that the gm enhancement is caused by the reduction in Rs, and by a larger ns.

For deep sub-micron gate GaN/AlGaN DC-HFETs, record values of the cutoff frequency, fT, and the
maximum frequency of oscillations, fmax, are 46.9 GHz and 103 GHz, respectively. 80

The advantages of DC-HFETs compared to other GaN-based devices should be even more pronounced at
elevated temperatures.  The reason for the expected good performance of AlGaN-GaN DC-HFETs at
elevated temperatures is the decrease in ionized impurity scattering with an increase in temperature.  The
measured I-V characteristics of AlGaN-GaN DC-HFETs and the investigations of microwave characteristics
of these devices at elevated temperatures support this assumption.
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AlGaN/GaN HFETs reached record power levels at microwave frequencies as high as 9.2 W/mm.  These
results show that, in spite of a smaller thermal conductivity than for SiC, excellent transport properties of
GaN at elevated temperatures make these devices a viable alternative for high-temperature and high-power
microwave and digital applications.  A further improvement in high temperature performance can be
achieved if self-heating effects are reduced.  The replacement of sapphire substrates with SiC substrates
drastically decreases the thermal impedance of the Doped Channel AlGaN/GaN HFETs and self-heating
effects.

Tables 5.3 and 5.4 (from 81) summarize parameters of GaN-based HFETs.

Table 5.3

State-of-the-art parameters of GaN-based HFETs. 81

PARAMETER UNIT Lsd

(µm)
Lg

(µm)
REFERENCE

Saturated Current
Isat (25C)

mA/mm 2
5
2

0.25
2.0

0.25

1.7
1.35
1.2

Khan et al., Elec. Lett. 1997
Gaska et al., ICNS2 1997
Mishra et al. EDL 1996

Transconductance
gm

mS/mm 2
2
2
2

1.4

0.25
0.25
0.25
0.25
1.2

220
250
270
270
400*

Khan et al., Elec. Lett. 1997
Gaska et al. Elec. Lett. 1998
Mishra et al. Elec. Lett. 1997
Eastman et al. 1999
Mishra et.al 1999

ft/fmax GHz 2
2
2
2

0.25
0.12
0.15
0.4

38/81
47/103

67/140*
28/114

Khan et al., Elec. Lett. 1997
Burm/Khan  et. al, EDL 1997
Chu et al. WOCSEMMAD 1998
Shephard et al. EDL 1999

Table 5.4

Microwave performance. 81

Gate length
(µm)

fT

(GHz)
fmax

(GHz)
Ids

(A/mm)
Power
(W/mm)

gm

(mS/mm)
Reference

0.45 28 114 0.68 6.8 at 10 GHz 200 83

0.4 9.2 at 10 GHz 84

At the moment of writing, the maximum reported output power values are 9 W at 7.4 GHz and 9.8 W at 10
GHz reported by Cree, Inc. and Nitres, Inc., respectively. 82, 83, 84

In principle, the effective velocity of the order v ~ of 2x105 m/s and the sheet carrier concentration on the
order of ns ~ 5x1013 cm-2 can be reached in GaN/AlGaN heterostructures.  This corresponds to the maximum
drain current of Ids/W = qnsvs  ~ 16 A/mm.

Monte Carlo simulations predict the value of the breakdown electric field in wurtzite GaN to be on the order
of 3 MV/cm. 24, 85. This agrees with a recent estimate of the characteristic field of the impact ionization
extracted from the measurements of the Doped Channel GaN-AlGaN HFETs. 86  Assuming a 5-micron long
high field region (which can be realized using an offset gate design 87) we estimate the drain breakdown
voltage to be 1,000 V for the total power dissipation of 16 kW/mm (probably not realistic)! Even higher
values of the current may be obtained using a multi-channel HEMT design 88.

The highest measured currents are typically on the order of 1 A/mm to 1.5 A/mm, i.e. much lower than
predicted upper bounds for the drain-to-source current.  However, we expect that this gap will be bridged
with improved device designs and better materials quality.
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The measured breakdown fields are also lower than the theoretical values expected.  Fig. 5.19 shows the
breakdown voltage of GaN/AlGaN HEMTs as a function of the gate-to-drain distance
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Fig. 5.19.  Breakdown voltage of GaN/AlGaN HEMTs as a function of the gate-to-drain distance (after Gaska
et al. 89)

The breakdown field deduced from these data is on the order of 1.3 MV/cm.  It is limited by non-uniform
field distribution and will be improved when the device design is optimized.

As follows from the estimates and measurements of the maximum currents and voltages for GaN/AlGaN
HEMTs, these devices might dissipate a very large power.  Therefore, problems related to self-heating
become very severe, especially for the devices grown on sapphire substrates, which have a low thermal
conductivity.  Conventional heat-sinking designs, such as a flip-chip (see, for example, 90) can be used in
order to reduce self-heating. Thibeault et al. 7 obtained excellent results for AlGaN/GaN HFETs using this
approach.  Another approach involves using SiC substrates.  Recent studies of GaN/AlGaN on SiC substrates
showed that these substrates reduce the device thermal impedance by more than an order of magnitude (down
to approximately 2 oC mm/W, i.e. about 20 times smaller than for typical GaAs power FETs.)  The dissipated
values of the DC power were up to 0.8 MW/cm2.

The epitaxial GaN structures grown on SiC also have an advantage of a much smaller lattice mismatch (only
3-4%).  Our comparative studies of the Hall mobility, Quantum Hall Effect, and Shubnikov-de-Haas effect
on AlGaN/GaN heterostructures grown by MOCVD on sapphire and 6H-SiC substrates using an isolating
AlN buffer show that the material quality is much better for the heterostructures grown on 6H-SiC. 91

Doped p-type and n-type 6H-SiC and semi-insulating 4H-SiC substrates have been used for AlGaN/GaN
fabrication.  Semi-insulating SiC substrates are expected to yield a much better microwave performance
because of sharply reduced parasitics.

At the Third European Workshop on GaN (EGW-3) in Warsaw, I. Daumiller of University of Ulm,
Germany, reported on the operation of doped channel GaN-based HFETs at temperatures up to 750 oC (see
Fig. 5.20).
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Fig. 5.20. Operation of doped channel GaN-based HFETs at 750 oC HFET (after 92).

GaN Bipolar Transistors.

In the future, GaN bipolar devices might compete with GaN-based FETs for high-power applications.
Bandic et al. measured the hole lifetime in GaN to be approximately 7 ns. 93  They estimated that GaN/AlGaN
thyristors might support up to 5 kV operating voltages with current densities of 200 A/cm2 and operate at
frequencies exceeding 2 MHz.

Pankove et al. reported on a new Heterojunction Bipolar Transistor that used a heterojunction between GaN
and SiC. 94  The transistor exhibited an extremely high gain of ten million at room temperature, decreasing to
100 at 535°C.

Recently, the University of Florida and UCSB groups reported on the first demonstration of an AlGaN/GaN
HBT. 95, 96, 97.  There is also a proposal for a unipolar Induced Base Transistor that operates in a way similar
to that of a bipolar device. 98

GaN ELECTRONIC DEVICE RESEARCH IN JAPAN

At the present time, Japanese researchers are more interested in GaN-based light emitters.  The pioneering
work of Professor Akasaki at Meijo University in Nagoya and Dr. Nakamura and his team at Nichia in
Tokushima led to the room temperature CW operation of a blue GaN laser, and this success has inspired
many groups world wide to pursue GaN light emitters 99 and photodetectors. 100, 101

However, the effort in GaN-based electronic devices (or, at least planning for such research and
development) has started as well.  Examples include NEC, Nippon Steel, Hokkaido University 102, and
Tokushima University.  Professor Shiro is interested in developing GaN FETs for wireless communication
applications and for collision avoidance radars.  Low toxicity of GaN is seen as a major advantage compared
to GaAs-based FETs.  Furukawa group, which pursues epitaxial growth of GaN by gas source MBE is
planning to develop high voltage, GaN-based high power devices, in addition to pursuing GaN laser diodes.
They are also investigating high temperature GaN MESFET with Pt gate, oxide passivation on GaN, GaN
Schottky diodes, and AlN/GaN MISFETs.

ETL and Sony also have GaN research programs, even though in electronic device the emphasis at the
present time is on SiC and, to a lesser degree, diamond devices.

Prof. Egawa of Nagoya is doing research on GaN on Si.  His interests include geothermal applications of
GaN-based electronic devices.  He demonstrated GaN MESFET operation at 300 oC.

Professor Akasaki sees possible applications of GaN-based devices in radiation hard electronics and for
atmospheric pollution monitoring.  However, most of his research is still focused on optical GaN devices.
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Nippon Steel, which produces SiC substrates grown by modified Lely method, has interest in expanding their
SiC program to include epitaxial growth of SiC and, possibly, of GaN-based materials.  Plans are under way
to develop 2-inch SiC bulk technology and (in a more distant future) 3-inch bulk SiC technology.  This will
be important for GaN-based devices grown on SiC substrates.  Nippon Steel projects the development of
high-temperature GaN electronics after year 2,000.

Professor Shiro is interested in developing GaN FETs for wireless communication applications and for
collision avoidance radars.  Low toxicity of GaN is seen as a major advantage compared to GaAs-based
FETs.  Furukawa group, which pursues epitaxial growth of GaN by gas source MBE, is planning to develop
high voltage, GaN-based high power devices, in addition to pursuing GaN laser diodes.  They are also
investigating high temperature GaN MESFET with Pt gate, oxide passivation on GaN, GaN Schottky diodes,
and AlN/GaN MISFETs.

NEC at Tsukuba is planning to use GaN for microwave power at power levels above 100 W and at
frequencies above 10 GHz (up to 100 GHz).  Their target is to obtain 100 W at 20 GHz (for applications in
base stations).  They are also evaluating radar and collision avoidance applications.

ETL and Sony also have GaN research programs, even though in electronic device the emphasis at the
present time is on SiC and, to a lesser degree, diamond devices.

Prof. Egawa of Nagoya is doing research on GaN on Si.  His interests include geothermal applications of
GaN-based electronic devices.  He demonstrated GaN MESFET operation at 300 oC.

Professor Akasaki sees possible applications of GaN-based devices in radiation hard electronics and for
atmospheric pollution monitoring.  However, most of his research is still focused on optical GaN devices.

Nippon Steel, which produces SiC substrates grown by modified Lely method, has interest in expanding their
SiC program to include epitaxial growth of SiC and, possibly, of GaN-based materials.  Plans are under way
to develop 2-inch SiC bulk technology and (in a more distant future) 3-inch bulk SiC technology.  This will
be important for GaN-based devices grown on SiC substrates.

Many Japanese researchers predict that the “environmentally friendly” nature of GaN and SiC, as opposed to
GaAs, is a big incentive for commercial development.  Professor Sakai of Tokushima University used
cellular phones as an example.  These phones contain toxic GaAs chips, which may be replaced with GaN or
SiC chips.

NEC at Tsukuba is planning to use GaN for microwave power at power levels above 100 W and at
frequencies above 10 GHz (up to 100 GHz). NEC is interested in both the electronic and optoelectronic
applications of wide bandgap semiconductors.  Currently NEC is focusing on GaN, since they believe it to be
the least expensive wide bandgap material to commercialize.  The GaN electronic effort started in 1997. Dr.
Ohno of NEC who is involved in this effort believes that the main advantages of wide bandgap
semiconductors are the large breakdown voltage, the small Schottky gate leakage, and the small hole
generation rate.  The high breakdown field and high frequency performance of GaN make it attractive for
applications in microwave power devices.  The higher maximum operation temperature of GaN is also an
advantage, since it allows for higher heat removal due to the increase in the temperature gradient. NEC
envisions the applications of the microwave power GaN High Electron Mobility Transistors in 100 W CW
RF power modules for 50-100 GHz region as well as in 100 W parts and 500 W modules.

Dr. Ohno sees the GaN electronics market primarily in high frequency Satellite and communication base
station applications.  For cellular phone applications the competition will be fierce with Si LDMOS coming
to 5 GHz power region soon.  Other potential applications of wide bandgap electronics include anti-collision
automobile and boat radars, and microwave ovens.

A very interesting and promising work on bulk growth of GaN is performed at the Satellite Venture Business
Laboratories (SVBL) at Tokushima University.  This laboratory is 1 of 24 national labs created from the
Ministry of Education’s supplementary budget to stimulate the creation of new ideas and new businesses.
The SVBL at Tokushima University is a 4 story world-class facility.  The facility was opened in June 1997
with the research focused on “Nitride Photonic Semiconductor”.  The laboratory has excellent materials
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characterization, bulk GaN crystal growth, and thin film deposition facilities.  Four foreign post-doctoral
researchers, several Ph. D. candidates, and several master’s and bachelor students are working in the facility.

Professor Sakai’s group at Tokushima University is interested in applications of nitrides in electronics.  The
group is working on the bulk GaN crystal growth by sublimation technique.  They have already achieved
bulk GaN crystal a few mm in diameter and have deposited epitaxial layers on these crystals by MOCVD.
These films have a lower defect density than GaN films grown on sapphire. Professor Sakai and his
associates investigated the cathodoluminescence in their films and compared the results with those for the
GaN films grown on sapphire (see Table 5.4).

Table 5.4

Properties of Sapphire

Crystal symmetry R3c

Lattice constants a = 4.765 , c = 13.001 

Density 3.98 g/cm3

Young's modulus 380 GPA

Melting point 2053 oC

Specific heat 0.1 cal/g m

Thermal conductivity 0.11 cal/cm, C, sec @ 0 oC

0.06 cal/cm, C, sec @ 100 oC

0.03 cal/cm, C, sec @ 400 oC

Thermal expansion coefficient 5.3x10-6 K-1 (parallel to c-axis)

4.5x10-6 K-1 (perpendicular to c-axis)

They observed that, in the films grown on sapphire, defects lead to dark spot regions.  In contrast, they
observed almost no dark spots on the bulk like film.  The number of dark spots on the GaN on sapphire
appears to correlate with the defect density measured by TEM.  Hence, bulk GaN crystals may have
improved optical properties.103

Professor Sakai at Tokushima University is growing two-inch GaN wafers in his MOCVD system.  His
group has found that GaN low temperature buffers work better than AlN buffers for GaN films grown on
sapphire. Professor Sakai believes that GaN MOCVD films have a higher quality and will more suitable for
mass-production.

Matsushita Electronics Laboratory group, jointly with the Osaka University group, reported on a detailed
study of the growth of GaN thin films on sapphire substrate by MOCVD. 104 They studied the effects of
nitridation and buffer layer thickness on the quality of the overgrown GaN films (see Fig. 5.21).
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Fig.  5.21.  Flow and temperature patterns for GaN MOCVD growth reported by Matsushita/Osaka University
group.  Substrate temperature varies from 1000 oC to 600 oC. TMG flow rate 15.3 µmol/min to 30.7 µmol/min.
N flow rate 170 mmol/min. Pressure and H flow rate are constant at 50 Torr and 9 slm, respectively.  Thermal
cleaning takes 15 minutes; high temperature growth takes 60 min.  Nitridation and buffer growth times varied
from 5 to 30 minutes.

The nitridation time of 30 minutes and the buffer thickness of 60 nm yielded the best smoothness of the film
surface (determined by the atomic force microscopy (ATM)).  However, a thin buffer layer (10 nm) yielded
the lowest dislocation density (2x109 cm-2) and the best photoluminescence spectra.

The Matsushita/Osaka University group also reported on the growth of wurtzite and cubic GaN layers on the
3C-SiC/Si (001) substrates 105 and on the growth of InGaN films on GaN (0001)/Al2O3 (0001) substrates. 106

The InGaN films were grown at lower temperatures (~ 700 – 750 oC).  The bowing parameter determined
from the compositional dependence of the photoluminescence peak was 4.1 eV at room temperature for the
relaxed films (compared to the value of 3.3 eV reported for the strained InGaN films 107).

Dr. Usui of NEC has achieved the defect reduction in GaN with the lateral epitaxial overgrowth (LEO)
method.  He used the acronym Facet Initiated Epitaxial Lateral Overgrowth (FIELO) in order to describe the
NEC technique for defect reduction in GaN. Defect density is reduced from 109 cm-2 to less than 107 cm-2. He
has even made “bulk like” GaN substrates by lifting off thick GaN epitaxial films from the sapphire substrate
by an NEC proprietary technique.  These bulk like GaN films are 100 to 200 microns thick and 1cm by 1cm
wide.

All in all, Japanese scientists and engineers see short-term applications of GaN technology in optical devices,
mostly light emitters.  However, in year 2000 and beyond, a larger market is expected to develop for high
temperature, high power GaN electronics components.

GaN DEVICE RESEARCH IN EUROPE

Many universities, government and private research laboratories and electronics companies in France,
Germany, Sweden, Italy, Great Britain, Spain, and other European companies are now involved in GaN-
related research.  Most of their efforts involve studies of fundamental properties of GaN-based compounds
and materials growth.  However, the device research is being ramped up.

French effort is representative of the overall European effort. CRNS in Lille is involved in device processing
and electronic applications, CNRS and University in Caen are studying crystallography; CNRS group in
Strasbourg is doing research on nonlinear optics applications of GaN. The university group in Clermond
Ferran is involved with crystal growth and optical properties.  The optical properties are also studied by the
University of Lyon group, by CEA in Grenoble, and by CRNS in Valbolne.  CEA in Grenoble and the



Shur 79

University of Montpellier groups are working on MBE and MOCVD growth, respectively.  CRNS in
Valbolne is involved in growth and optical characterization studies.  This effort is funded by several
European and EEC projects such as ANISET (which is materials oriented research project), LAQUANI
(which is both material and device oriented), RAINBOW (which is concentrated on multicolor LEDs and
blue lasers), MIGHT (material and device oriented and targeted toward high power, high frequency
electronics, with the goal of getting 3 W at 10 GHz).  A typical budget for these projects is 3 to 4 million
Euro per year.

In Poland, High Pressure Research Center and Unipress (which is the research group within HPRC working
of GaN bulk crystal growth from a melt) developed the “defect free” semi-insulating (105 ohm-cm) and
doped bulk GaN wafers grown from melt under very high pressure. The bulk crystals have extremely smooth
cleaved facets with RMS roughness of 0.5 nm.  Both Ga-face and N-face polarity bulk substrates have been
demonstrated.  The size of the substrates has reached 1cm in 1999. 108 MOCVD and MBE growth has also
been performed on these bulk substrates.   The group at University of Ulm in collaboration with Unipress
demonstrated epitaxial films, which exhibited the narrowest reported photoluminescence line widths at low
temperature (0.1meV) 109.  The UNIPRESS group is also working high power HEMTs, Schottky diodes, and
UV detectors.

In Germany, Siemens has recently spun off Infineon Technologies, which will be responsible for
semiconductor components.  Infineon and Osram have a Joint Venture, which is developing GaN blue LEDs
and solid-state white lighting using GaN based LEDs.  In Munich, Siemens Munich Corporate research
laboratory has a GaN MBE facility, which is geared towards high microwave power electronic devices.  The
future work in the Siemens MBE lab will be on AlGaN/GaN electronic devices and GaAsN for long
wavelength lasers.

There is now a considerable and growing interest in GaN research in Russia.  Fig. 5.22 shows the number of
GaN-related papers at the All-Russian Conference on Nitrides of Gallium, Indium, and Aluminum: structures
and devices.
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Fig. 5.22. Number of GaN-related papers at the All-Russian Conference on Nitrides of Gallium, Indium, and
Aluminum: structures and devices.

The Russian universities and research organizations involved include A. F. Ioffe Institute of Physics and
Technology of the Russian Academy of Sciences, Lomonosov Moscow State University, Lebedev Institute of
Physics and Technology of the Russian Academy of Sciences, GIREDMET, NPVF "Svecha", Crystal
Growth Research Center in St. Petersburg, ELMA-MALAKHIT in Zelenograd, Moscow Institute of
Electronic Technology, Institute of Physics and Chemistry of the Russian Academy of Sciences, Moscow
State Institute of Steel and Alloys, St. Petersburg State Technical University, Institute of Physical Chemistry
of the Russian Academy of Sciences, Institute of Crystallography of the Russian Academy of Sciences,
Institute of Nuclear Physics, Sigma Plus in Moscow, Baikov Institute of Metallurgy of the Russian Academy
of Sciences, "Polyprovodnikovye Pribory" in St. Petersburg, "SAPHFIR" in Moscow, Institute of Chemistry
of Silicates in St. Petersburg, Vologda State Technical University, Udmurtsky State Technical University,
VNII of Optical and Physical Measurements in Moscow, OPTEL in Moscow, St. Petersburg Institute of
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Technology, Frumkin Institute of Electrochemistry, NITI "TEKHNOMSH" in Moscow, MAR State
Technical University in Iohskar-Ola.

Russian international collaborations include TDI, Inc., Howard University in Washington, DC, Rensselaer
Polytechnic Institute in Troy, NY, Naval Research Laboratory in Washington, DC, University of Ulm in
Germany, University of Karlsruhe in Germany, Technical University of Berlin in Germany.

The largest effort is at A. F. Ioffe Institute.  The areas of research and development include crystal growth
(with emphasis on HVPE, MOCVD, MBE, and sputtering), fabrication and characterization of ion-implanted
p-n junctions, the development of production equipment (at ELMA-MALKHIT), research on ternary and
quaternary AlGaInAs solid state solutions, investigations of basic materials properties, growth and
characterization of wurtzite and cubic BN, research on GaN and InGaN based LEDs and optically pumped
lasers, white LEDs, research on doping of GaN, the development of GaN/GaP and GaN/Si heterostructures,
studies of piezoelectric properties, the research on defects, studies of mechanical properties,
cathodoluminescence studies, Raman and lattice dynamics studies, applications of blue, green, orange, and
red LEDs for materials testing, and studies of acoustic surface waves.

The Russian company SVECHA has taken a lead in production of traffic signals using green GaN LEDs.
They had the first installation of such traffic signals in Moscow in 1997.  They are involved in the
development of LED-based lighting for airplanes, of LED-based navigation lights, and lighting sources for
other applications.  NII OPTEL is using imported green InGaN LEDs for river navigation lights.  One blue
LED is visible for two kilometers.

The research level on devices is relatively small compared to the US.  Only two teams demonstrated p-type
GaN (Alferov’s team by MOCVD and Dmitriev’s team by HVPE).  However, several excellent groups are
involved in basic GaN research.  Even at this level, there is a company pursuing practical applications (traffic
lights) using imported GaN LEDs
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