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"The grand aim of all science is to cover the greatest number of empirical facts by logical deduc-

tion from the smallest number of hypotheses or axioms."

- Albert Einstein

"When you know a thing, to hold that you know it; and when you do not know a thing, to allow

that you do not know it - this is knowledge."

- Confucius

"Never fear big long words. Big long words mean little things. All big things have little names,
such as life and death, peace and war, or dawn, day, night, hope, love, home. Learn to use little
words in a big way. It is hard to do, but they say what you mean. When you don’t know what

you mean, use big words. That often fools little people."

- Arthur Kudner (... to his son)
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Chapter 1

Introduction

HE High Electron Mobility Transistor (HEMT) or Modulation Doped Field Effect Transis-
T tor (MODFET) principle has been published in 1980 by Mimura [1] and Delagebeaudeuf
[2] independently as a result of research efforts to improve the microwave behavior of Field
Effect Transistors (FET). Since that time researchers all over the world have been working to
improve these transistors to achieve higher and higher performance in monolithic microwave
integrated circuits (MMIC). Today the HEMT is, besides the Heterojunction Bipolar Transistor
(HBT), the state-of-the-art device for microwave (1...30GHz) and millimeter wave (> 30 GHz)
MMIC applications. To reach such high frequency regimes a device with improved carrier mo-
bility and an adequate noise level is needed. Therefore the formerly used Metal Semiconductor
Field Effect Transistor (MESFET) was modified such that heterostructures were introduced to
separate mobile charge carriers from fixed ionized impurities to increase their mobility.
HEMTs are meanwhile available in every commercial III-V material system. Although today
Silicon-Germanium (SiGe) HBT circuits achieve operation frequencies in the high millimeter
wave regime [3] up to 79GHz [4], for higher frequencies, lower noise level or higher power,
compound semiconductors such as Gallium Arsenide (GaAs) and Indium Phosphide (InP) are
the dominant materials for HEMT devices in the microwave and millimeter wave regime.
Under current research and development for high power microwave applications, however, Gal-
lium Nitride (GaN) has become the predominant material system among all III-V technologies
since it combines the capabilities to operate at high power and high frequency. A comparison
with other material systems is shown in Fig. 1.1. GaN-based devices handle very high signal
level and bias points due to three terminal breakdown voltages of several hundreds of volts, al-
lowing power densities even twenty times higher compared to GaAs-based devices [27]. Very

high power densities then result in power added efficiencies (PAE) close to the theoretical maxi-
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Figure 1.1: Comparison of power vs. frequency capability of Si- and SiC-based [5—13], GaAs-
and InP-based [14-22] and GaN-based [23-27] technologies.

mum for each amplifier class. Especially in base station [28] and radar applications high power
added efficiency over a very large bandwidth is desired. Since there are applications requiring
a bandwidth of more than 100 % of the center frequency [29,30] an intrinsic power added effi-
ciency as high as possible must be provided by the power devices in order to guarantee a high
PAE over the whole bandwidth for those wide-band applications.

However, the microwave characteristics of such devices are limited due to non-idealities. Very
often the non-ideal behavior is related to trapping effects, but also leakage currents and thermal
management play an important role. To reduce or even avoid these non-idealities in order to
overcome the limitation in microwave capability of those devices, it is essential to understand
the nature and the origin of these effects. To assess non-ideal behavior of devices by electri-
cal and thermal characterization requires various characterization techniques like DC, pulsed IV,
small-signal RF, large-signal RF as well as LF and RF noise characterization for the electrical
part and micro-Raman thermography as a thermal characterization technique. To investigate
the origin of phenomena seen in those kinds of electrical and thermal characterization, phys-
ical device simulation is necessary to obtain an insight into the device physics. This kind of
investigation of non-idealities in AlIGaN/GaN devices for high-power microwave applications is
the core intention of this work. It covers all aspects which are of importance to understand the

non-ideal behavior of AIGaN/GaN HEMTSs in microwave applications. The thesis starts with a
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brief overview of important material properties of group-Ill-nitrides in chapter 2. In comparison
to other semiconductors it will become clear why GaN is promising for high-power microwave
applications. An introduction of the basic operation principle of GaN-based high electron mo-
bility transistor and the physical modelling follows in chapter 3. In chapter 4 then the non-ideal
behavior of AlIGaN/GaN HEMTs under DC and microwave operation is investigated and dis-
cussed in detail. Here, several different characterization techniques are utilized to assess the
non-idealities in the devices and device simulations are performed to understand their physical
origin. More general aspects for the improvement of the microwave performance of AlGaN/GaN
HEMTs will be covered in chapter 5, where the impact of the layout and epitaxial layer sequence
on the microwave performance is discussed. In this chapter it will be pointed out that the layout
of the devices and the design of the epitaxial layers are as important as the processing in the
design and development process of a GaN technology. Finally the thesis will be summarized and

conclusions will be drawn in chapter 6.






Chapter 2

Group-III-Nitrides and their

Heterostructures

ROUP-III-NITRIDES have been under investigation for approximately 20 years and are
G therefore relatively young. Many properties are not fully understood, so that research into
these materials remains a hot topic. In this chapter the general properties of group-IIl-nitrides
will be discussed. Starting with a detailed overview of the basic material properties of GaN, the
advantages of group-Ill-nitrides in microwave applications will become clear by comparison of
GaN with well established materials like Si or GaAs. In the end the properties of AIGaN/GaN

heterostructures will be discussed for a fundamental understanding of GaN-based HEMTs.

2.1 Gallium Nitride

To investigate material parameters of GaN was far beyond the scope of this work. However,
knowing about the material properties is essential to understand device behavior. Therefore,
the data presented in this section is a summary of state-of-the-art material parameters compiled

various research groups working on the basic material properties of group-IlI-nitride materials.

2.1.1 Lattice Properties

Basically, GaN is available in the three different lattice configurations Wurtzite, Zinc Blende and
Rock Salt, but the Rock Salt configuration is not important for electronic devices [31,32]. The
Zinc Blende configuration on the other hand could be in principle used for electronic applications

but suffers from two major drawbacks with respect to electronic devices.
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(a) Face centered cubic unity cell of GaN in Zinc (b) Simple hexagonal unity cell of GaN in Wurtzite
Blende phase. phase.

Figure 2.1: Unity cells of GaN related to different lattice configurations.

The first important drawback is due to the fact that the Zinc Blende structure is not thermodynam-
ically stable at room temperature. Thus, it is very hard to grow epitaxial layers with reasonably
good lattice quality because this instability add additional effort to force the molecules into crys-
talline order by a proper substrate and adequate growth conditions which are not easy to handle.
As the substrate is of importance for the Zinc Blende configuration since the unity cell of the
Zinc Blende lattice is face centered cubic (FCC), as depicted in Fig. 2.1(a). This means that also
a substrate with an FCC unity cell is needed to force GaN to grow in Zinc Blende configuration.
One option for this is GaAs [33], but due to its poor thermal characteristics GaAs is not suitable
as a substrate for high power devices like AIGaN/GaN HEMTs. The second major drawback of
GaN in Zinc Blende phase is again related to its FCC unity cell. GaN in Zinc Blende phase is
totally free of polarization. Ga-atoms and N-atoms form a dipole due to the high electronegativ-
ity of Nitrogen resulting in a larger ion radius as depicted in Fig. 2.2. Due to the symmetry of
the FCC unity cell of the Zinc Blende phase the vectors of the polarization field E‘pol cancel out.
This results in a GaN material that is free of any polarization field so that the big advantage for
GaN-based heterostructures, providing high sheet charge densities just due to the polarization
without any applied doping is gone. This will be discussed in more detail in section 2.3.

Due to the exclusion of the Rock Salt and Zinc Blende configurations the only phase of GaN re-
maining reasonable for electronic devices is the Wurtzite phase which is the thermodynamically
stable phase of GaN at room temperature and therefore the easiest to growth among all available
phase configurations. Its unity cell is simple hexagonal, as shown in Fig. 2.1(b), and therefore

provides a high spontaneous and piezoelectric polarization at the same time along the c-axis due
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Figure 2.2: GaN dipole as a result of high electronegativity of Nitrogen.

to its low symmetry. The most common substrates for GaN to be grown on are Sapphire (Al,03),
Silicon (Si) and Silicon Carbide (SiC). Other advanced materials like diamond [34,35] or native
GaN substrates [36] are currently the object of research. They may further reduce the defect
density of epitaxial layers grown on but offering a thermal management of GaN-based power
devices comparable to those fabricated on Si substrates. Native GaN substrates are currently of
most interest for optoelectronics applications like solid-state lasers. The most important lattice

and band structure parameters of GaN are summarized in table 2.1.

2.1.2 Electrical and Thermal Material Properties

Electrical and thermal properties are most important for electronic devices. Hence, a short sum-
mary of all relevant electrical and thermal properties of GaN shall be given in this subsection.
The big advantage of GaN among all semiconductors used for RF and microwave technologies
is the high electric breakdown field strength due to the large band gap in combination with a rea-
sonably high electron mobility. This makes GaN suitable for operation at high power densities
and high frequencies at the same time. A detailed comparison to other semiconductors will be
given in section 2.2. On the other hand, high power operation gives rise to the need for enhanced
thermal management. The thermal conductivity of GaN is very comparable to Si, however, since
GaN is grown on hybrid substrates, mostly SiC is used to enhance the thermal management since
its thermal conductivity is approximately three times higher than Si and even eight times higher
than GaAs. Because GaN is grown on 4H-SiC the latter’s thermal properties are very important
and therefore also considered in this summary. All relevant electrical and thermal parameters are

summarized in table 2.2.
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Parameter Value

Band gap Eg 3.39eV
Electron affinity ) 4.1eV
Number of atoms in 1cm? 8.9-10%
Density 6.15g/cm’
Effective electron mass 0.2 my
Effective hole mass (heavy) 1.4- myg
Effective hole mass (light) 0.3-my
Effective hole mass (split-off band) 0.6- mg
Lattice constant a 3.189A
Lattice constant ¢ 5.186 A
Effective conduction band density of states N¢ 2.3.108cm™3
Effective valence band density of states Ny 4.6-10%cm™3

Table 2.1: Lattice and band structure parameters of GaN in Wurtzite phase at 7 = 300K [31].

Parameter Value

Electric breakdown field Eg 5-10°V/cm
Electron drift saturation velocity v n 2.6-10°m /s
Hole drift saturation velocity vga p 9.4-10*m /s
Electron low-field mobility u, 1000cm? /Vs
Hole low-field mobility 200cm?/Vs
Permittivity € (static) 8.9
Permittivity € (high frequency) 5.35
Thermal conductivity oy, 1.3W/cmK
Permittivity (4H-SiC) € (static) 9.66
Permittivity (4H-SiC) € (high frequency) 6.52
Thermal conductivity (4H-SiC) oy, 4.2W /cmK

Table 2.2: Electrical and thermal parameters of GaN in Wurtzite phase at 7 = 300K [31].
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2.2 Gallium Nitride for Microwave Applications

Several figures of merit assess the suitability of semiconductor materials for RF and microwave
applications. Johnson’s Figure of Merit (JFOM) judges the suitability of a semiconductor mate-
rial using its electric breakdown field strength Eg and drift saturation velocity vg, of the minority

carriers as parameters as shown in equation (2.1) [37].

JFOM — ERB - Vsat

2.1)

JFOM provides an upper limit to the product of breakdown voltage and transit frequency, but
does not take thermal aspects into account. Therefore, very often in addition to the JFOM Keyes’s
Figure of Merit (KFOM) is given which is a measure for the thermal limitation of the switching
behavior of transistors used in integrated circuits. It is given by equation (2.2) [38]. Here, oy, is
the thermal conductivity, vy, the drift saturation velocity of the majority carriers, c¢ is the speed

of light and € the dielectric constant of the used material.

C - Vsat

KFOM = o1y |

(2.2)

The third commonly used figure of merit is Baliga’s Figure of Merit (BFOM) which judges the
material by its conduction losses in a field effect transistor. The BFOM is given by equation (2.3)
and uses the dielectric constant €, the low-field mobility y and the band gap Eg as parameters
[39].

BFOM =¢- - E}, (2.3)

To better assess high power high frequency semiconductor devices, according to [40] this figure
of merit was further elaborated and Baliga’s High Frequency Figure of Merit (BHFFOM) was
derived as shown in equation (2.4). Here Ep is the electric breakdown field strength, u the

low-field mobility, Vi the applied gate voltage and Vg the breakdown voltage of the device.

Nz

BHFFOM = u -E3- Y2
u-L£y 2'VB{'5

(2.4)
However, the BHFFOM is just mentioned for completeness and not used for the comparison of
different semiconductor materials since it takes the operational condition of the device into ac-
count which leads to an unfair comparison. A comparison of the well established semiconductors

by means of the three discussed figures of merit is summarized in table 2.3. It can be seen that



20 CHAPTER 2. GROUP-III-NITRIDES AND THEIR HETEROSTRUCTURES

Figure of Merit Si  Sip7Geys; GaAs 4H-SiC GaN

JFOM 1.0 1.0 1.5 12.1 9.5
KFOM 1.0 0.5 0.6 3.2 1.2
BFOM 1.0 0.1 14.5 13.9 16.5

Table 2.3: Comparison of different bulk semiconductor materials by figures of merit normalized
to Silicon.

GaN is by a factor of 9.5 better suited for high power high frequency application compared to Si
according to JFOM. Furthermore, KFOM says that from a thermal point of view GaN is by a fac-
tor of 1.2 slightly better than Si. But one has to notice that this is just true for homogeneous GaN
material. In real applications GaN is mostly grown on 4H-SiC, as already mentioned, which fur-
ther enhances the thermal management as one would also expect from KFOM of 4H-SiC which
is higher by a factor of 3.2 compared to Si. In terms of conduction losses BFOM indicates that
GaN is by a factor of 16.5 better suited compared to Si. Overall, it can be seen that GaN is
strongly dominating all well established semiconductors in RF and microwave applications. The
only semiconductor which seems to be better suited than GaN for high power operation seems to
be 4H-SiC with a JFOM = 12.1. However, this is only because of the higher electric breakdown
field strength Eg of SiC compared to GaN. Thus, the better high power operation capability of
SiC compared to GaN is only true for moderate operation frequencies due to the lower carrier

mobility and drift saturation velocity.

2.3 Properties of AlGaN/GaN Heterostructures

The origin of high polarization in GaN was already introduced in section 2.1. This property of
all group-III-nitrides is the most important one which is exploited in the utilization of GaN-based
heterostructures. The basis for the realization of heterostructures, however, is the ability of band
gap engineering which is provided in GaN by the formation of GaN alloys with Aluminum or
Indium. Although ternary alloys with In, like AIInN and InGaN are currently under research and
partly already in the industrialization phase, in this work we will only focus on the AIN/GaN
material system and its ternary alloys. Figure 2.3 shows a map of band gap versus the respective
lattice constant of all group-IIl-nitrides. For the AIN/GaN material system the band gap can be
varied over almost 3eV. However, it turns out that AlGaN alloys are never lattice matched to
GaN resulting in a pseudomorphic strain in AlGaN layers grown on GaN. This strain induces a

piezoelectric polarization on top of the spontaneous polarization in the layer. The dependence of
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Figure 2.3: Relation between band gap and lattice constant of group-IIl-nitrides and their ternary
alloys.

the polarization charge in an AlGaN layer on the Aluminum fraction x4 is depicted in Fig. 2.4.
In heterostructures formed by AlGaN and GaN this high polarization is exploited to form HEMT
structures with remarkably high sheet carrier densities without utilizing any kind of doping. This
sheet charge is a result of the polarization charge distribution in AlIGaN/GaN heterostructures
which is schematically depicted in Fig. 2.5. According to Dingle et al. [42] the electron mobility
enhancement in GaAs-based HEMTs is due to the separation of free electrons from their parent
donors, however, since AlGaN/GaN heterostructures also work without any applied doping but
show still mobility improvement compared to the bulk semiconductor, today it is known that
also the separation from unintentionally incorporated dopants and defects yield a mobility en-
hancement. Furthermore, according to Mimura et al. [1] as well as Delagebeaudeuf et al. [2] the
operation principle of a HEMT device is mainly based on the control of confined electrons at the
heterostructure interface. The net charge at the AlGaN/GaN hetero-interface leads to a confine-
ment of free electrons provided by states at the surface of the epitaxy [43] in the formed quantum
well. These confined electrons act as a 2-dimensional electron gas (2DEG). Since all charac-
teristics of a HEMT structure are fulfilled for AlIGaN/GaN heterostructures, devices based on
such epitaxial structures will be called AIGaN/GaN HEMTs as it is also commonly accepted. A
schematic viewgraph of the band diagram of a Schottky diode using an AlGaN/GaN heterostruc-
ture is depicted in Fig. 2.6. Since the polarization of AIGaN depends on the Aluminum fraction,

the net polarization charge and therefore the sheet carrier density ng can be varied by varying
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Figure 2.4: Polarization charge in an AlGaN layers [41].
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Figure 2.5: Polarization charge distribution in an AlGaN/GaN heterostructure.
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Ni/Au En,
AlGaN (strained)

GaN (unstrained)

Figure 2.6: Cross section and band diagram of an AlIGaN/GaN Schottky contact.

the Aluminum fraction in the AlGaN layer of a AIGaN/GaN heterostructure. On the other hand,
the ng is also dependent on the layer thickness of the AlGaN layers. However, in layers with a
thickness > 15nm the sheet carrier density becomes almost independent of the layer thickness.
The effect of Aluminum fraction and layer thickness on ng was studied by Ambacher et al. [41]

and is depicted for an AlGaN layer thickness above 15nm in Fig. 2.7.
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Figure 2.7: Dependence of ng on the Aluminum fraction for an AlGaN layer thickness > 15nm
[41].



Chapter 3

Basic Physics and Modelling of
AlGaN/GaN HEMT:s

N this chapter, the operation principle of AlIGaN/GaN HEMTs shall be explained. First, some

basic current-voltage calculations on the ideal device operation will assist in understanding
how non-ideal effects impact device behavior. Based on this, a physical modelling approach will
be elaborated using the commercial TCAD tool Silvaco ATLAS [44]. For this, it is necessary to
have a physical model which combines electrical and thermal models linked to each other. In the
end, three different models will be developed capable to determine the on-state DC and thermal
characteristics (electro-thermal model), the sub-threshold behavior (sub-threshold model) and

the small-signal RF characteristics (small-signal RF model).

3.1 Fundamental Current-Voltage Characteristics

At first glance, an Al1GaN/GaN HEMT is nothing but a classical HEMT using a pseudomor-
phic HEMT structure formed by AlGaN and GaN. This HEMT structure forms a channel at
the AIGaN/GaN hetero-interface in a triangular-shaped quantum well in which the electrons are
confined acting as a 2DEG. This confinement of the electrons leads to an improvement of the
carrier mobility from 4, = 1000 <2 in bulk GaN (cf. table 2.2) up to ft, = 1500... 1700 <2 for
state-of-the-art AlIGaN/GaN heterostructures due to a reduction of scattering. This is achieved

by the separation of mobile charge carriers from defects or traps.

25
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3.1.1 Pinch-off Voltage

The first parameter to be calculated is the pinch-off voltage V}, and its dependence on the epitaxy

configuration. The pinch-off voltage V,, of an ideal classical HEMT is given by equation (3.1)

_ ¢p — AEC (xa1) _CI'ND'dg

Vi
P q 2¢e

(3.1)

with the Schottky barrier hight ¢y, the conduction band discontinuity AE¢c, the doping concen-
tration Np in the barrier layer and its doped layer thickness dy [45]. However, in GaN-based
devices the main part of the free electrons is induced by the polarization rather than any ap-
plied doping. Therefore, the expression for the pinch-off voltage V, must be extended by the
polarization induced sheet charge density [46]. The full expression for V,, is given in equation
(3.2).

classical HEMT expression

%—AEc<xA1) _q-ND~d§ B A~G(XA1) .
q 2¢e £

Vp= (da +di) (3.2)

J/

TV
polarization induced sheet charge

Here o is the polarization induced sheet charge density, d; is the thickness of the intrinsic part
of the barrier layer and A is an empirical scaling factor which will be explained later on in this
section. In this expression, there are three parameters which depend on the epitaxy. These are the
total Schottky barrier layer thickness (dgq + d;), the conduction band discontinuity AEc and the
polarization induced sheet charge density 6. AEc and ¢ are both dependent on the Aluminum
concentration x4 in the AlGaN layer. The empirical expressions for AEc and o for AlIGaN/GaN

heterostructures are derived from [41] and given in equations (3.3) and (3.4).

AEc (xp1) = 0.63 x5+ 1.0773-xo1  [eV] (3.3)
5 C
o (xa1) = 0.0492 - x3; +0.0593 - xa; -~ (3.4)

The dependence of the pinch-off voltage on the Aluminum fraction is plotted in Fig. 3.1(a) for
a barrier layer thickness of 25nm. In Fig. 3.1(b) V}, is plotted versus the barrier layer thickness
for an Aluminum fraction of x4; = 0.22. Both plots show the ideal calculation directly from the
derived equations. However, when comparing the calculated with experimental values of 'V}, from
fully processed devices with a gate length of Lg = 500nm it turns out that the ideal calculation
overestimates the value for V,. If then the empirical scaling factor A for the polarization induced

sheet charge density is used to fit the calculation in both cases to experimental data, we get
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Figure 3.1: Pinch-off voltage dependence on epitaxy configuration.

consistently the same value of A = 0.68. This shows that there is a systematic discrepancy
between measurement and calculation. This discrepancy can be explained by the presence of
Iron (Fe) doping in the buffer for improvement of the buffer isolation which leads to a reduction
of ng impacting the pinch-off voltage of a device. Another reason which might contribute to
part of the deviation is the fact that for practical reasons the pinch-off voltage in a real device
was defined as the gate voltage at a drain current density of Ip = I mA/mm. Bringing now
both dependencies together with the scaling factor determined to be A = 0.68 results is a 3D
plot for the pinch-off voltage V,, as depicted in Fig. 3.2. The basis of all calculation was the
assumption of a Nickel (Ni) based Schottky contact with a workfunction of 5.1eV as also used
in real devices. In combination with an AlGaN barrier layer this results in a Schottky barrier
height of ¢, = 1.1eV. Another observation which can be made from plot 3.1 is that for both, the
Aluminum fraction and the AlGaN layer thickness, there is a value where the device turns from a
normally-on to a normally-off device. For the ideal calculation, these values are x5; = 0.053 for
the Aluminum fraction with a barrier layer thickness of 25nm (cf. Fig. 3.1(a)) or di = 4.25nm
for the barrier layer thickness with an Aluminum fraction of 0.22 (cf. Fig. 3.1(b)). However,
in real devices both values cannot be realized since on the one hand, it turns out that there
is no channel formed for Aluminum fractions xa; < 0.1 and on the other hand, AlGaN layer
thicknesses below d; < 15nm are very hard to realize in reasonably good quality. This is one big

reason why, especially for normally-off devices, InAIN/GaN heterostructures are currently under



CHAPTER 3. BASIC PHYSICS AND MODELLING OF ALGAN/GAN HEMTS

28

=3
S
\n
—_

1.000
0.5000

-0.5000

-1.000

-1.500

-2.000

-2.500

-3.000

-3.500
-4.000
-4.500

-5.000

-5.500

-6.000

fraction for

minum

layer thickness and Alu

T1Cr

h-off voltage dependence on bar

inc

p

Figure 3.2

an undoped epitaxy with experimental correction.
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research and development in which very thin barrier layers of few nanometer thickness can be
easily realized [47—49].

3.1.2 Drain Channel Current

For the calculation of the I-V characteristics of an AlIGaN/GaN HEMT we apply a two-region
model. In the linear region of the output characteristic of a HEMT the condition for constant
carrier mobility is fulfilled. In this region the device operates as a voltage-controlled resistor. For
the condition of constant carrier velocity we need to operate the device in the saturation region of
the output characteristics where the device acts as a voltage-controlled current source. The two
regions are indicated in Fig. 3.3(a) and its relation to the carrier mobility in Fig. 3.3(b). For the
condition of constant mobility, drain current can be expressed as shown in equation (3.5) [45].

This equation describes for Vpg << 2- (VGS — Vp) a voltage-controlled resistor.

Vs
2

£l.unWG
dq+di+Ad)L

Ip = | (Vas — V) Vos — (3.5)
( G
In this equation & is the dielectric constant of the AIGaN barrier layer below the Schottky contact

and Ad is the virtual increase of the Schottky barrier layer thickness given by equation (3.6)

A = B4

(3.6)
with the dielectric constant & of the buffer layer and its material parameter a. This parame-
ter is well known for GaAs with agaas = 0.125-10712Vem?. However, to calculate the drain
current for a GaN-based HEMT, we need to know this material parameter a for GaN. To deter-
mine ag,N We measure the on-state transfer characteristic of an AlIGaN/GaN HEMT at Vpg <<
2- (VGS — Vp) an use equation (3.5) to calculate Ad in the linear region of the transfer character-
istic. From this we can then derive agyn using equation (3.6). It is very important that for the
determination of ag,n the measurements are taken from a so called FATFET structure with very
large gate length to make sure that the field below the gate is small enough to keep the charge
carriers in the constant mobility region. Therefore, a FATFET structure with a gate length of
Lg =75 um and a gate width of Wg = 130 um was used. The layout of the device is depicted
in Fig. 3.4(a). The transfer characteristics for several drain voltages Vpg << 2- (VGS — Vp) was
measured on this device. The measurement results are shown in Fig. 3.4(b). For the calculation
the drain current must linearly follow the gate voltage. This condition is fulfilled in the measure-

ment result in the range Vg = —2V ... —1V. In this range we extract the virtual increase of the
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Figure 3.4: Experimental results of measurements on a FATFET structure.
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AlGaN barrier layer thickness Ad and we find the values plotted in Fig. 3.4(c). Interestingly, we
find the parameter ag,N to be dependent on the drain bias voltage. This is not unusual since the
extraction of ag,n itself is based on a model which relies on constant parameters and a perfect
linear dependence of Ips on Vgs. This assumption in reality is not necessarily true and is a sim-
plification of the model as the transfer characteristics in Fig. 3.4 show. However, the best fit in
the region around Vgs = —1V where the transfer characteristics show a good linear dependence
of Ipg on Vgs we determine agyn = 0.1- 10712 Vem?2. How the bias dependence of the parameter
agan 1s treated for further drain current calculations will be described in the following paragraph.
Now, we want to calculate the drain current in the region of constant velocity. In this region Ip

is given by equation (3.7). This equation describes a voltage-controlled current source [45] with

Vo = eritLG-
2
€] ,unWG 2 (VGS — Vp)
Ip = A I+ —- —1 3.7
D (dg+di+Ad)Lg 0 \/ Vo @-7)

Under the assumption that the carrier velocity is a continuous function of the electric field, &

is the electric field strength were the transition from constant mobility to drift saturation of the
charge carriers occurs. This relation is schematically depicted in Fig. 3.3(b). With this defini-
tion of &, a mobility of u, = 1500 % and a drift saturation velocity of vg = 1.5 107 % we
end up with & = 10kVem™!. Knowing all these parameters, we now use equation (3.7) to fit
experimental data measured on a 1x 100 um device with Lg = 500nm. Due to this short gate
length and the very high electric field below the gate associated with that, the charge carriers
are also for low Vpg always in drift saturation. Measured transfer characteristics and calculated
drain current are plotted on top of each other in Fig. 3.5 for different Vps. When we compare
experimental data with calculation we find for three different drain voltages a significant devia-
tion. Using the range of parameter ag,n Which was determined experimentally in the paragraph
before and the pinch-off voltage V, as fitting parameters, we find agan and V;, to be drain voltage
dependent where agan decreases and V,, increases with increasing Vpg in the constant velocity
region as also shown in Fig. 3.5. The deviation between measurement and fitting for high Vg
is due to saturation effects, e.g. self-heating or limited control of the channel current due to too
low Vps, which are not taken into account in this theoretical calculation. The fitting parameters
are summarized in table 3.1.

The most interesting goal of all these calculations in the end is to be able to calculate the de-
pendence of the drain saturation current /pss on the Aluminum fraction and AlGaN barrier layer
thickness. To do so, we take the parameters determined for Vpg = 7V, insert equation (3.2) into
equation (3.7) and calculate the drain current at Vgg = OV. This leads to the results plotted in
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Figure 3.5: Experimental results and drain current calculation of a 1x 100 um AlGaN/GaN de-
vice.

Fitting Parameter Vps=1V Vps=5V Vps=7V
AGaN 1.30-10~12vVem? | 0.49-10712Vem? | 0.45-10~12vVem?
v, 3.16V 3.22V 3.24V

Table 3.1: Fitting parameter for calculation of drain current.
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Figure 3.6: Drain saturation current dependence on barrier layer thickness and Aluminum frac-
tion for an undoped epitaxy with experimental correction for a gate length of Lg = 500 nm.

Fig. 3.6 for all V, <0V which means normally-on mode.

3.2 Physical Device Modelling

3.2.1 Electro-Thermal DC Model

This electro-thermal model is based on the drift-diffusion transport equations for free charge

carriers given in equations (3.8) and (3.9).
Jo = qnpinEy +gDnVn (3.8)

Jp = qpipEp —qDpVp (3.9)

The mobility model used is a concentration and temperature dependent low-field mobility model
based on the work of Farahmand et al. [SO] in combination with a Silicon-like high-field mobility

which does not consider the velocity overshoot commonly encountered in III-V materials. The
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low field mobility in GaN was adjusted to u, = 1500% according to literature [31] and mea-
surement data. The saturation velocity of electrons in GaN was set to vgy = 2.0 - 107 % simply
as a compromise between the theoretical value of vgy = 2.5- 107 % [31] and data from Monte-
Carlo simulations [50,51] which claim a value of ve = 1.5 107 % in real state-of-the-art matter.
The chosen value also leads to the best fit of the drain current to experiment as will be shown
further down. Finally, for the recombination behavior of the carriers a concentration dependent
model following the work of Shockley, Read and Hall [52,53] was applied. For more detailed
information about these models, the author would like to refer to [54]. The crucial parts of the

whole modeling approach, however, will be discussed in detail as follows.

Polarization

There are build-in models available within ATLAS to model the polarization in the device for a
high number of materials, including GaN. However, using these models, which are mainly based
on [41], leads to high computational effort and inflexibility and therefore bears the risk of con-
vergence problems and bad fitting of the simulation to experimental data as we have already seen
in subsection 3.1.1. To add an additional degree of freedom in modelling, the total polarization
charge of each layer in the epitaxial layer sequence was calculated manually by the empirical
formulas (3.10), (3.11) and (3.12) according to [41]. Associated with this methodology also the
computational effort is reduced leading to a better convergence of the simulation. These formulas

are given for the AIN/GaN material system.

C
PRF N (A1) = —0.090x4; — 0.034 (1 — x1) +0.021x41 (1 — xa1) {El (3.10)
PE C
PaGa (xa1) = PRiGax (¥a1) + Piigan ca (X41) (3.12)

Using the resulting polarization charge, we calculate the corresponding sheet charge density Q

at the interfaces of the layer resulting from equation (3.13).

PaigaN (Xal 1
OAIGaN (xa1) = A - Paigax (xa1) [—2 (3.13)
q m
Here g is the elementary charge and A an empirical scaling factor. Due to the orientation of

the polarization the corresponding sheet charge at the top interface of the layer is considered to
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Figure 3.7: Fixed charges at the interfaces of all epitaxial layers are used to model the polariza-
tion.

be positive and at the bottom interface to be negative. When the corresponding interface sheet
charge has been calculated, the difference in interface sheet charge of both layers is then placed
at their interface using fixed charges as schematically depicted in Fig. 3.7. The calculation of the
polarization induced sheet charge at the AIGaN/GaN hetero-interface at this point is equivalent
to equation (3.4). Thus, the empirical scaling factor A in equation (3.13) is identical to that
discussed before in subsection 3.1.1 and it turned out that the best fit to measurement data was
achieved with A = 0.75 which was used in all performed simulations. Fixed charge means charge

with a fixed polarity that cannot be changed in any case.

Surface States

The previous subsection already indicated that the interfaces between different layers in the de-
vice are the most critical locations and therefore need to be modeled very carefully.

All semiconductor surfaces have a high density of active surface states acting as donor-like traps
with various energy levels and time constants originating from non-ideal atomic layers or dan-
gling bonds at the surface. To control these active surface states, the devices are passivated with a
dielectric layer like SiN in this case. The interface between this SiN layer and the semiconductor,
however, is still not ideal and offers a certain amount of active donor-like states. The location of
these donor-like surface states is indicated in Fig. 3.8. For clarity, a simplified structure was used

in this drawing. The active surface states are modeled using donor-like interface traps with an
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Figure 3.8: Interface traps are placed at the semiconductor/passivation interface to model the
surface states.

energetic trap level of Ec — ET = 0.6eV which is in agreement with [55,56]. The time constant 7,
of these traps varies in a wide range from 10~ s to 10~%s strongly dependent on the processing.
However, these time constants are only of interest when performing transient DC simulations,
which is beyond the scope of this quasi-static electro-thermal model and therefore not discussed
here. The density of active surface traps ng has a strong impact on ng and the electric field dis-
tribution. DLTS measurements [57] for example on passivated epitaxial structures but also the
work from various other groups [58,59] indicate that the density of the active surface trap density

is in the order of magnitude of 10'2¢m—2, which is used as a starting value.

Self-Heating

To model the self-heating effect in the device, two models are used. One models the heating of
the lattice and the other one takes heating and cooling effects by generation and recombination
processes into account. The main material parameter one needs to know is the thermal conduc-
tivity oy, for all materials in the epitaxial layer sequence. Especially, an accurate value of oy,
for the 4H-SiC substrate is important, as this layer forms the major part of the whole layer struc-
ture. The thermal dependence of oy, for GaN, AlGaN, AIN and 4H-SiC was modeled according
to [60]. Their temperature dependence is based on equation (3.14). As can be seen, the thermal
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Figure 3.9: Temperature dependence of the thermal conductivity oy, for all materials used.

conductivity of bulk GaN and AIN is nearly identical and so it is for their AlIGaN alloys.

-n
o (TL) = O (3()T3K> (3.14)
To model the non-ideal thermal behavior of the interface between AIN and GaN, which can lead
to a contribution of 30% to the thermal resistance of an AlGaN/GaN device [60,61] due to a
reflection of phonons back into the GaN buffer layer, we decreased the thermal conductivity
of the whole AIN nucleation layer by a factor of 100. This is reasonable because the layer
thickness is of the order of nanometers. In Fig. 3.9 the thermal conductivity oy, is plotted
versus lattice temperature for all used materials. To get a reasonable temperature profile in the
device, the boundary conditions need to be set properly. In order to simulate the operation
under on-wafer conditions, a heat sink is placed over the whole substrate area of the structure.
According to [60,62], under on-wafer operation only 10 um of the 4H-SiC substrate below the
AIN nucleation layer are affected by a significant temperature rise. Therefore, the heat sink in

the simulation is placed in a way that this condition is fulfilled.
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(a) Layout of a 1 x 100 um device.

(b) Layout of a 2x43 um device.

Figure 3.10: Structures used for model verification.

Material Parameter

Eg Mn Vsat Oth,0 n &
Alg26Gap 74N || 3.89eV | 285em?/Vs | 1.12-107m/s | 1.52W/cmK | 1.4 | 8.8
GaN 3.43eV | 1500cm?/Vs | 2.0-10"m/s 1.5W/cmK | 1.4 | 8.9
AIN 6.14eV | 680cm?/Vs | 2.17-10"m/s | 0.015W/cmK | 1.4 | 8.5
4H-SiC 3.26eV | 460cm?/Vs | 2.2-10"m/s 42W/cmK | 1.3 | 9.7

Table 3.2: Material parameters used for simulation to verify the electro-thermal model.

Electro-Thermal DC Model Verification

For the verification of the developed electro-thermal model a 1 x 100 um device was characterized
by DC measurements and a 2x43 um device was characterized by micro-Raman thermography.
The layout of the structures is depicted in fig 3.10. The characterized AlIGaN/GaN HEMTs were
fabricated by MOCVD on SiC substrate. The simulation structure was designed using the layout
and epitaxial layer parameters from the fabricated devices. In this case the epitaxy utilized a
AlGaN Schottky layer with an Aluminum mole fraction of x = 0.26. All electrical and thermal
material parameters used for this model verification are summarized in table 3.2. The layout

parameter of the characterized devices will be described in the respective section as they vary

depending on the characterization technique.
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DC Characterization was performed using a Hewlett-Packard HP 4145B semiconductor pa-
rameter analyzer and tungsten needles for probing. The output characteristics and the transfer
characteristics for several drain voltages Vpg were measured and compared to the simulation
results. After adjusting the polarization interface charges mainly with respect to the thresh-
old voltage Vi, and adjusting ng with respect to Ipss and the transconductance g, we ended
up with a donor-like ng = 3.25-10'2cm™2 and a sheet charge density in the channel of ng =
6.15-10'?>cm~2 which is in good agreement with Hall measurements. Fig. 3.11 shows the good
agreement between simulation and measurement of the transfer characteristics at Vpg = 10V and
Vps = 20V reached with the given parameters. Also the simulated linear region and the knee-
voltage of the output characteristics are in good agreement with experimental data as depicted in
Fig. 3.11(c). It can be seen in the graphs especially at higher drain voltages that the impact of

temperature on the current density is slightly overestimated by the model.

Micro-Raman Thermography measurements have been performed on AlGaN/GaN devices
with Lg = 500nm using a Renishaw InVia micro-Raman system with the 488-nm-line of an Ar
laser as excitation source. The laser was focused to a spot size of 0.5 — 0.7 um on the device
surface. Since the area of the spot size corresponds to the integration area of the Raman signal,
the spot size gives also the spacial resolution of the measurements. The device temperatures were
extracted from the difference between the GaN E,(high) and A;(Longitudinal optical) phonon
frequency for various dissipated power densities of the device by varying the drain current den-
sity at a given drain voltage. For a more detailed description of the micro-Raman thermography
method the author would like to refer to [63—65]. The overall measurement accuracy of the setup
has been determined to be better than +5°C. As already mentioned, the Raman signal is inte-
grated over the whole area of the laser spot and the whole depth the laser is penetrating into the
device under test. Therefore, the measured temperature typically corresponds to the temperature
in the center point of the GaN layer. For better comparison of the experimental results with
simulations in addition the SiC substrate temperatures were also determined by shifting the focal
plane of the laser spot from the surface down into the SiC substrate exploiting the transparency
of the material for this wave length of the laser. A simulated 2-dimensional temperature profile
under operation at a dissipated power density of Pgis = 11.8 W/mm at Vpg = 50V is depicted in
Fig. 3.12(a) using the parameters from table 3.2. The measurements were taken at Vpg = 50V
and the dissipated power density was varied along the respective transfer characteristic by vary-
ing the gate voltage. A comparison between measured and simulated GaN and SiC temperatures

versus dissipated power density is plotted in Fig. 3.12(b). The prediction of the SiC temper-
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Figure 3.11: Comparison of simulated and measured DC characteristics of a 1 x 100 um device.
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Figure 3.12: Electro-thermal simulation results.
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ature is very good whereas the deviation between measured and simulated GaN temperature is
larger but still within reasonable values. The deviation is a results of the point of data extrac-
tion in the device. As already mentioned the Raman temperature is averaged through the GaN
layer thickness and corresponds therefore nearly to the temperature in the middle of the GaN
buffer layer. However, since this assumption is not very accurate, the discrepancy obtained when
comparing the simulated temperature in the middle of the GaN layer with measured Raman tem-
peratures is acceptable since the local temperature resolution of the simulation is far higher than

the measurement. Thus, the calibration of the electro-thermal model is very good.

3.2.2 Sub-Threshold DC Model

The sub-threshold DC model describes the device operation at gate voltages Vgs < V. It is the
operation regime where leakage currents become dominating. In this subsection, it is assumed
that the physical mechanism of these leakage currents is thermionic Schottky tunneling. It is
a combination of a simple Schottky tunneling mechanism and thermionic emission. The as-
sumption was made as it best reproduces experimental effects discussed further down in section
4.2. The electro-thermal model, already introduced, provides the foundation for this model. It
is modified in the way that models for self-heating are switched off to increase convergence of
the simulation and the model for thermionic Schottky tunneling based on [66,67] is added. It is
described mathematically by equation (3.15) [54].

/w “:ﬁ((?)} dE (3.15)
E

Here Jr is the tunneling current density, A* the effective Richardson’s coefficient, 71 the lattice
temperature, I (E) is the tunneling probability, f; and f;, are the Maxwell-Boltzmann distribution
functions in the semiconductor and metal of the Schottky contact and E is the carrier energy.
Associated with the tunneling current density we get the localized tunneling rate Gt in equation
(3.16).

Gt = ! -VJr (3.16)

q

The thermionic tunneling model is schematically depicted in Fig. 3.13. What we get is a tunnel-
ing current density which depends on the local electric field, the lattice temperature and finally
the shape of the band diagram of the Schottky contact. In Fig. 3.14 some simulation results are

shown. A detailed comparison to measurement data will not be done since it turns out that each
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Figure 3.13: Schematic concept of the thermionic tunneling model [54].

single process variation needs its own fitting due to different dominating effects as will become
clear in section 4.2. Here the leakage was realized by introducing a donor-like trap density of
Npt = 1-10" cm ™3 below the Schottky contact.

3.2.3 Small-Signal RF Model

The RF model was also derived from the already developed electro-thermal model. The basic
modelling philosophy is based upon the assumption that a good fit in the DC parameters results
directly a good fit in RF parameters. This is not a trivial assumption since it hold just for ideal
non-dispersive devices, but although GaN-based HEMTs are highly dispersive in this particular
case it turns out to be valid. This is due to the fact that traps located in the bulk semiconductor
material or at the surface are deep enough in their energy level, e.g. Fe with an trap energy level
of Ec — Et = 1.7¢V or surface states with an Ec — ET = 0.6eV, to have no impact on the small-
signal performance due to very long time constants related to the deep energy levels. This can
also be seen in the load-pull data of a highly dispersive device shown later on in chapter 4 where
the linear gain equivalent to the small-signal gain is not dependent on the dispersion.

In this small-signal model the self-heating is neglected since it is not expected to impact the
RF parameters because of comparably long thermal time constants and furthermore leads an

improved convergency of the simulations. However, this leads to a slight overestimation of the



3.2. PHYSICAL DEVICE MODELLING 45

T T T T T 10

T
Gate-Source current

Drain current
Gate current

R B B R R A

/ A/mm

IG

ddddgdddddddig_dd
Current / A/mm

2 0 8 6 -4 2 0 2
V. /V \AY

(a) Simulated 2-terminal leakage current of the gate- (b) Simulated 3-terminal leakage current at Vps =
source diode. 50V.

Figure 3.14: Simulation results using a thermionic tunneling model with an AlIGaN/GaN device
with Lg = 500 nm.

DC drain current and therefore the RF gain. It is not useful to compare measured and simulated
S-parameters in order to verify the RF model since the simulation tool allows only to simulate
single-finger devices in a 2-dimensional manner. Real RF devices are multi-finger device in
either coplanar or microstrip configuration. This leads to a strong dependence of the small-
signal parameters shown in Fig. 3.15 on the device layout. Therefore, the current gain |Ha;| is
used as a parameter for the model verification. This is useful since the current gain considers an

ideal current source at the input and is defined at a short circuit at the output of the SSEC.

Hy = i._?|v2:O (3.17)
This eliminates some of the layout and gate width dependent small-signal parameters, e.g. par-
asitic output pad capacitances, as depicted in Fig. 3.16. Since inductances and resistances from
the embedding network are very small in III-V technologies due to the utilization of Gold for the
metallization, the remaining output branch in Fig. 3.16 drastically reduces the effect of Cys and
Rgs. This leads in total to a better comparison of small devices with different layout in terms of
current gain |H|. In Fig. 3.17 a comparison between the simulated and measured current gain
up to S0GHz is shown. One has to notice that the simulation considers just the intrinsic part plus
part of the drain and source resistances Rq and Ry of the device since the ohmic contact resis-
tance is taken into account. The measurement taken from a 2x50 um device with Lg = 250nm,

however, shows the embedded data including additional series inductances and resistances from
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Figure 3.16: Small-signal equivalent circuit of a FET under current gain |Hp;| condition with
short-circuited output.



3.2. PHYSICAL DEVICE MODELLING 47

60 e ——ttt
—&— Simulation
50 —e— Embedded Measurement Data |
0
N D*\
m 30 S
Z RN
— 20 S
EN 10 @i\g&sf
0 e
-10
0.1 1 10 100
Frequency / GHz

Figure 3.17: Comparison of the simulated and measured current gain for bias conditions at max-
imum g, at Vps = 30V.

the surrounding network which contribute according to Fig. 3.16. For more details about the

extraction of the small-signal parameters the author would like to refer to [69].






Chapter 4

Impact of Non-Idealities on Device

Performance

ON-IDEAL effects in AlGaN/GaN HEMTs are very striking since they are responsible for
N the limitation of the device performance in microwave applications. This chapter is dedi-
cated to the discussion of three major effects in AIGaN/GaN HEMT and their root cause which
will be investigated mainly by means of physical device simulations using the models discussed

in the previous chapter.

4.1 Trapping Effects and Dispersion

In this section the so called current collapse will be discussed, which is a dispersion effect studied
by various research groups using different techniques depending on the application. However,
all electrical techniques such as transient DC measurements, pulsed I-V measurements or even
advanced RF techniques using RF waveform engineering [70] just allow the investigation of
the effect of dispersion rather than its root cause. In this work, we want to study dispersion
and its effect on the performance of AIGaN/GaN devices using simple standard characterization
techniques like low-frequency S-parameter measurements as well as two-tone measurements to
study the effect of dispersion on linearity represented by the third-order intermodulation distance
(IMD3). Using these results, the main root cause of dispersion in AlIGaN/GaN devices will be

discussed supported by device simulations.

49
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Figure 4.1: Schematic plot of the load-lines for operation classes A, AB and B.

4.1.1 Influence of Dispersion on RF Power Performance

To understand the influence of dispersion on the RF power performance it is necessary to discuss
the large-signal operation of a HEMT device under RF operation. Therefore, we need to consider
the applied load-line which is defined by the quiescent bias point and the output characteristics
of the operating device. A schematic example for the construction to the load-line in the output
characteristics is depicted in Fig. 4.1. It can be seen from this figure that the output power and,
thus, the efficiency of a device is determined by the maximum voltage swing indicated by the
respective load line limited by the supply voltage Vpp, the knee-voltage Vy, the maximum drain
current Ip and the breakdown voltage Vgr. For class A operation, the maximum output power
under linear operation can be calculated using these parameters as shown in equation (4.1) and
the drain efficiency np and power added efficiency npag is given in equations (4.2) and (4.3)
which are related to each other via the RF gain G of the device.

1

PmaxJin - g : (VBR - Vk) : (ID,max - ID7min) 4.1)
b = PRPFD*Z“t (42)

PRE,out — PRF,in 1
R 1 _— . 4,
MPAE Poc ( G) Np (4.3)
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Bias Reference Cold Pinch-Off Hot Pinch-Off

ov -7V =7V
ov ov S0V

VGsq
VDSq

Table 4.1: Quiescent bias points of pulsed-IV measurements for the determination of current
collapse.

To discuss the impact of dispersion on the RF power performance, we clearly need to define
a parameter which quantifies the current collapse from pulsed-IV measurements. It should be
noticed that a very common expression for that in the literature is lagging. However, using this
expression for current collapse determined by pulsed-IV measurements is misleading since the
early definition of drain and gate lagging was derived from transient current measurements and
is therefore reserved for that. To avoid confusion, in this work we call the phenomena drain-
related current collapse and gate-related current collapse and use the symbols CCp and CCg.
The definition of CC is given in equation (4.4) at Vgs = +1V and Vps = 10V, which defines the
power loss relative to the optimum operation due to the loss in drain current.

ID,ref - ID,dyn

cC= -100 % (4.4)

ID,ref

The distinction between drain-related and gate related current collapse is given by the quiescent
bias point for the pulsed measurement of /Ip gy,. These bias points for the three measured pulsed
IV characteristics are summarized in Table 4.1. The quiescent bias point for the reference is
called Reference, for the gate-related current collapse it is called Cold Pinch-Off and for the
drain-related current collapse it is called Hot Pinch-Off. These quiescent bias points are the start-
ing bias condition of each pulse applied during the measurement to drive the device in on-state.
In the cold pinch-off bias condition, the gate is biased with a gate-source voltage far below the
pinch-off voltage (here Vgs = —7V) of the device under test and the drain as well as the source
are at ground potential. This bias condition leads to charging effects close to the gate region of
the device so that all effect associated with a current collapse during this measurement condition
can be attributed to the gate area of the device.

The hot pinch-off bias condition extends the area affected by charging to the gate-drain region
of the device. This is due to the high drain-source voltage applied (here Vps = 50V) in addi-
tion to the gate-source voltage below pinch-off voltage as in the cold pinch-off condition. This
fact allows to relate the current collapse obtained in this quiescent bias condition to effects in

the gate-drain region taking the results from the cold pinch-off measurement into account. For
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Figure 4.2: Pulsed IV measurements on devices with different passivation using a pulse width of
T, = 1 s and a duty cycle of d,, = 0.001 %.

the judgement of the RF power performance, CCp is the main parameter of interest since it rep-
resents the real 3-terminal operation of the device and contains also the effect of gate-related
current collapse. The main information gained from the gate-related current collapse is the esti-
mation of the quantity of current collapse coming from the gate area. However, this is a valuable
information for the technology development rather than for the RF circuit design in which the
overall RF power performance is of interest.

If we now compare a device with very high drain-related current collapse depicted in Fig. 4.2(a)
to a device with reasonably low drain-related current collapse, depicted in Fig. 4.2(b) we find
the reduction in drain current and the strong increase of the knee-voltage causing the loss in RF
power seen in Fig. 4.3 where the related load-pull data at f =2 GHz is shown. The reduced out-
put power furthermore has direct impact on the efficiency of the device which is also drastically

reduced.

4.1.2 Traps as the Root Cause of Dispersion

It is well known that traps are the root cause of current collapse [58,59]. The real challenge,
however, is the localization of the region where dominant traps with respect to dispersion are
located. For the localization of these traps, physical device simulations will be used in order to

reproduce the current collapse. To this end, the electro-thermal model is used and acceptor-like
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(b) Load-pull characteristics of a device with reason-
ably weak current-collapse of CCp = 23.9 %.

Figure 4.3: Load-pull measurements at f = 2 GHz and a bias of Vps =50V and Ip = 50mA /mm
on devices with different passivation.

traps are placed at the semiconductor-passivation interface. Finally, the static IV characteristics
are calculated. As traps need to be charged to have an influence on the DC characteristics, it
is very likely that traps located near the drain-side edge of the gate foot are responsible for the
current collapse since we obtain the highest electric field in that region. Other driving effects for
charging like externally applied or internally generated temperature or incident light are much
lower level effects because of the deep trap energy level of these assumed acceptor-like traps of
Er — Ey = 0.6eV. These traps act as a virtual gate and cause a depletion of the 2DEG in the
gate-drain region. This results in an increase of the series resistance resulting in a reduction of the
drain current. A simulated example of the virtual gate effect is depicted in Fig. 4.4. To quantify
the density of traps nar and the gate length of the virtual gate Lg yix, a simulation study has
been performed and one branch of the output characteristics has been simulated using different
trap densities and different extensions of the affected region. The results of these simulations
are plotted in Fig. 4.5. One can see that both parameters have a strong influence on the current
collapse. It is quite hard especially for devices with high current collapse, cf. Fig. 4.2(a), to
identify a single set of parameters in order to quantify the trap density and the related extension.
However, for good current collapse behavior it turns out from the simulation study that for an
epitaxy with an Aluminum fraction of x; = 0.18 with a ng ~ 3 - 10!2cm~2, the density of traps
is in the range of the sheet charge density in the channel and the virtual gate length is in the

range of Lg i & 300nm. This combination leads to a current collapse behavior depicted in Fig.
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Figure 4.4: Simulated virtual gate effect at the drain-side edge of the gate with an acceptor-like
trap density of nar = 5-10'2cm~2 and a gate length of the virtual gate of LG viry = 200nm.
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Figure 4.5: Simulation study to quantify the trapping effect as root cause of current collapse.
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Figure 4.6: Reproduction of reasonably low current collapse assuming a nat = 3-10'>cm~2 and

LG,Virt = 300nm.

4.6. It can be seen that the increase in the knee-voltage Vi and the reduction in drain current
is nicely reproduced confirming the assumption of traps near the gate being the root cause of

current collapse.

4.1.3 Transconductance Dispersion and its Impact on Linearity

It can be seen from Fig. 4.2 that with the output characteristics also the transfer characteristics
and with that the related transconductance gy, is affected by the current collapse.

Small-Signal Transconductance

To characterize the gp,-dispersion, in this work we used low-frequency S-parameters measure-
ments using a vector network analyzer described in [71]. This VNA is capable to measure
S-parameters down to 1kHz and it was used to characterized the dispersive behavior of the
transconductance and the related time constant 7. The measurement setup is depicted in Fig.
4.7. The S-parameter have been measured at drain voltages of Vps =4.5V and Vpg = 8.5V with
a drain current density of Ip = 100mA/mm and Ip = 120mA/mm. These quite small drain
voltages were chosen to be high enough to drive the device in the saturation region of its output

characteristics and to be small enough to prevent the measurement results from being affected by
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Figure 4.7: Measurement setup for low-frequency S-parameter measurements.

impact ionization which typically occurs at higher drain voltage [72,73]. The S-parameters were
measured in a frequency range of f = 100kHz...100MHz. The lower limit in frequency is a
consequence of the highpass characteristics of the utilized ohmic bias tee in which a high value
ohmic resistor is used as DC feed. The transmission characteristics of the ohmic bias tee plotted
in Fig. 4.8 show a 3dB-cut-off frequency of f3gg = 23kHz. The small-signal transconduc-
tance was extracted from the measured S-parameters using the small-signal parameter extraction
procedure described in [69] and plotted versus frequency. In Fig. 4.9 the small-signal transcon-
ductance is plotted for several measurement conditions versus frequency. A clear frequency
dependence of g, is observed comparable to what has been published by Ladbrooke et al. for
GaAs MESFET’s [74]. From this plot, we find that the transconductance dispersion is indepen-
dent of the drain current density and it makes no difference if the measurements are taken with
illumination or in the dark. This means that the trap energy level is deeper in energy than the
energy of visible light. On the other hand, a strong dependence on the drain voltage is observed
which supports again the theory from subsection 4.1.2 that traps causing dispersion are charged
by the externally applied electric field. If we take the 3 dB-cut-off frequency fpisp = 2MHz as a
criterion for the determination of the dispersion time constant Tp;s, indicated by the dashed line

in Fig. 4.9(a) we get the time constant calculated in equation (4.5).

1

o= —8.10°8 4.
Wisp = e = 8107 4.5)
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Figure 4.8: Measured transmission characteristics of the ohmic bias tee.

Due to the good agreement between theory and experiment we conclude that low-frequency S-

parameter measurements are a powerful technique to characterize dispersive devices.

Linearity

Another characteristic which is closely linked to the transfer characteristics is the two-tone lin-
earity measured by the third-order intermodulation distance IMD3. The output of a linear system
under two-tone operation with two input tones fj = A -cos(mt) and f, = A; - cos (wyt) is given
by B (f1 + f») with the transfer function B of the system (e.g. gain or attenuation). However,
a non-linear system like a HEMT shows typically an output spectrum under two-tone operation
with a tone-spacing Af as depicted in Fig. 4.10. The third-order intermodulation distance IMD3
is given by the difference in amplitude of the fundamental tone and one of the third-order inter-
modulation products 2] — f> or 2f, — fi. For the mathematical description of IMD3 we start
with a Taylor series expansion of the transconductance g, in equation (4.6) as it is known to
be the dominant parameter for the IMD3 linearity and we neglect terms higher than third order.
Here, we assume AVgs << Vgs and for all expressions in this subsection Vg is used for visibility
but is meant to be the reduced gate-sourse voltage Vgs — V5.

1 . d%gm (Vgs)

dgm (Vi
9gm(Vas) oo\ L Z8mUGS) 2 ... (4.6)

Vi AVgs) = Vi
gm( GSs 1 GS) gm( GS>+ Vs 2! 8V§S
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Figure 4.9: Small-signal transconductance extracted from measured S-parameters.
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With the relations in equations (4.7) and (4.8) we get the expression for the output parameter of

the transistor Ip in equation (4.9).

Vgs = Ay -cos(m1t) + Ay - cos (mnt) 4.7)
Ip = gm-VGs (4.8)
dgm (Vgs, A 1 9%gm (Vgs, A
Ip (Vgs,Af) = gm (Vgs,Af) - Vgs + W Vs + 5 gma( (2}5 /) Vis (4.9
GS Vés

Here we introduced the beat frequency dependence of the transconductance gn, (Vgs,Af) and we
see that the frequency dependence is directly transferred to the IMD3 behavior of a transistor.
The schematic spectrum of the non-linear output of a device under two-tone operation in Fig.
4.10 shows a spectral component equal to the tone-spacing Af which has a comparable large
amplitude. This frequency is responsible for the modulation of the dispersive transconductance.
To measure the dispersive characteristics of the two-tone linearity IMD3 we used the setup
schematically depicted in Fig. 4.11. It has to be noticed that the device is measured in a 50
environment which is not the ideal operation in terms of linearity because the device is not
matched for optimum linearity to this impedance. In order to suppress the generation of higher
harmonics in the spectrum which occur under operation in compression, we chose the input
power to P, = 0dBm to ensure linear operation of the device. Since the beat frequency Af is
believed to be the driver for the dispersion in linearity, we measured the IMD3 at f; = 2GHz and

J» =2GHz+Af versus the applied tone-spacing. An example of a measured frequency spectrum
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Figure 4.11: Measurement setup for two-tone IMD3 measurements.

is shown in Fig. 4.12. From the measured spectra the IMD3 distances have been extracted and
plotted versus the applied tone-spacing. The results are plotted in Fig. 4.13. The measurement
results show a decrease of the third-order intermodulation product with increasing tone-spacing.
The 3 dB-cut-off frequency was determined to fpisp = 5 MHz which is slightly higher compared
to the value obtained from the transconductance dispersion but still close enough to conclude that
the link between transconductance and linearity dispersion is proven. The simplest description
of this behavior for compact modeling purposes like in [75] is to fit the data with an empirical

exponential function such as equation (4.10).

Af

IMD3 (Af) =IMD3¢+C-¢ /o (4.10)

The fitting is shown by the gray dashed line in Fig. 4.13. In the end, we can conclude that
transconductance dispersion is directly affecting the linearity of a device. This fact is important
especially in the design of wide-band RF amplifiers since the tone-spacing can vary within the

frequency bandwidth of the respective application.

4.2 Leakage Currents

It has been always a challenge to investigate the root cause of leakage currents in semiconductor

devices regardless whether they are active or passive since there is a high number of physical
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mechanisms depending on device type and material system that may cause or at least contribute
to the leakage currents measured externally at the ports of the respective device. Semiconductor
physics offers effects like thermionic emission, classical tunneling or even trap assisted tunneling
which is a tunneling mechanism assisted by an hopping mechanism among traps in the respective
energy barrier. These effects are the most important ones in III-V devices.

Avoiding excessive leakage currents in RF and microwave devices is important for two major
reasons. According to [76] the gate leakage current strongly affects the minimum noise figure of
a device. This is due to the increase in shot noise which is caused by the transition of free charge
carriers over an energy barrier which must be due to thermionic emission. The Schottky energy
barrier with more than 1eV, however, is too high that the leakage current at room temperature
can be caused by thermionic emission only. Thus, we assume that gate leakage in AIGaN/GaN
devices is caused by a combination of tunneling and thermionic emission. The second effect
of excessive leakage is seen very often in experiments but still not proven. It is believed that
a high level of leakage current strongly affects the device reliability since it drastically reduces
its lifetime. The investigation of the impact of leakage current on device reliability, however,
is beyond the scope of this work. In this section we want to focus on the origin of leakage

encountered right from the beginning of the device lifetime.

4.2.1 Schottky Diode Leakage

This subsection focuses on the pure Schottky diode leakage of a device. It is the leakage mea-
sured in the so called two-terminal configuration where either the source or the drain potential is
floating. For simplicity, we just characterize and analyze the gate-source diode which means in
this case a floating drain potential.

All the devices used for characterization had a gate length of Lg = 500nm and were processed
utilizing a dielectric assisted gate process. During processing the semiconductor surface on
which the Schottky interface is formed is exposed to a fluorine-based plasma for the etching
of the gate foot trench into the passivation. A high number of devices either processed differ-
ently or on different epitaxial layers were characterized and the leakage of the Gate-Source diode
at Vgs = —6V is plotted versus the sheet resistance of the respective epitaxial HEMT structure
in Fig. 4.14. There are two major facts to be noticed from this plot. The first fact is the general
observation that the device processing is capable to vary the level of leakage current over several
orders of magnitude. The second observation indicates that a higher sheet resistance reduces the

upper limit of the level of leakage and is therefore beneficial.
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Figure 4.14: Gate-Source leakage current of several devices on epitaxial structures with two
different sheet resistances at Vgs = —6V with floating Drain potential.

Due to the process sequence which is described in appendix B we assume that the Schottky
diode leakage current is a consequence of plasma damage of the semiconductor. According
to [77], plasma damage induces Nitrogen vacancies which act as donor-like traps. These traps
are distributed in energy level over the whole band gap, however, we just want to account for the
active fraction of those traps and we therefore assume the energy level to be Ec — ET = 0.2eV
which is the lowest level calculated by [78,79]. To check the feasibility of this assumption, we
perform a simulation study using the model discussed in subsection 3.2.2. For the modelling of
plasma damage donor-like traps were placed in a thin layer of 2nm below the Schottky interface.
The density of these traps was varied and the I-V characteristic of the Gate-Source diode was
simulated. Fig. 4.15 shows schematically the location of traps along with simulation results..
For this simulation study the epitaxial structure contained an Aluminum fraction of xp; = 0.25
in the AlGaN barrier layer. It can be seen from the simulation results in Fig. 4.15(b) that a trap
density of Npt =1 109cm=3...1-102cm3 is needed to reach the level of leakage where
we find the most experimental values. This trap density corresponds to a sheet charge density
of npr =2-102cm=2...2- 103 cm~2 which is in the order of magnitude of the channel sheet
charge density ng. Another effect which needs to be reproduced by the simulation study in order
to prove the assumed model is the beneficial effect of a higher sheet resistance of the epitaxial

structure on the leakage current level. To this end, the same simulation study was performed
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Figure 4.15: Simulation of the Gate-Source leakage current induced by traps.
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Figure 4.16: Simulated Gate-Source leakage current of epitaxial structures with two different
Aluminum fractions in the Schottky barrier layer at Vgs = —10V.

utilizing a HEMT structure with an Aluminum faction of xp; = 0.14 in order to reduce ng. The
simulation results at Vgg = —10V versus the assumed trap density for both HEMT structures are
compared in Fig. 4.16. The simulation study shows a systematic reduction of the Schottky diode
leakage due to the decrease in Aluminum fraction for trap densities Npt < 1-10?°cm ™3 which is
indicated in the plot as region I. We saw before that this is the region of leakage in which we sta-
tistically get the most experimental data. Thus, the study confirms the tendency of lower leakage
at higher sheet resistance seen experimentally. However, when looking at region II in the plot
we find for excessive trap densities the leakage for x5; = 0.14 to be higher. Both observations
indicate that we encounter two competing physical effects where each is dominating one of the

two observed regions.

Region I is dominated by the lower Aluminum fraction in the AlGaN barrier. The effect of a
reduced Aluminum fraction is an increased sheet resistance due to a lower polarization induced
sheet charge according to equation (3.4). Under pinch-off condition, however, the dominating
series resistance in the leakage path is not the source resistance, as depicted in Fig. 4.17, but
the resistance induced by the depletion region below the Schottky contact rpr >> Rs. This
means that the higher sheet resistance of the epitaxy as a results of the reduced Aluminum frac-
tion can not be the reason for a reduced level of leakage. Looking at equation (3.15), we find

another parameter strongly affecting the leakage current which is also strongly modified by the
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Figure 4.18: Simulated electric field in the AlGaN barrier for different Aluminum fractions.

Aluminum fraction. This parameter is the electric field E. Fig. 4.18 shows the electric field
within the device with applied bias. These simulations have been performed using a trap density
of Npr = 1-10'7ecm™3. It can be seen that the vertical electric field is higher for the higher Alu-
minum fraction whereas the maximum horizontal field is nearly independent of it. This is due to
the higher polarization field in the AlGaN layer which adds as an offset to the applied external
field leading to a higher level of leakage.

Region II shows for excessive trap densities a higher leakage for lower Aluminum fraction.
In this region the higher vertical electric field at higher Aluminum fraction is no longer the

dominating effect. The reason for the higher level of leakage at lower xa; and trap densities
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Figure 4.19: Simulated conduction band diagram for different Aluminum fractions and trap den-
sities.

Npt > 1-10?°cm™3 becomes clear when looking at the respective conduction band diagrams of
the Schottky diode for a low and high trap density. The simulated conduction band diagrams are
depicted in Fig. 4.19. For excessive trap densities the conduction band in the AlGaN barrier is
bended reducing the effective Schottky barrier thickness drastically whereas for moderate trap
densities the bending is not pronounced. Now, comparing the band diagrams at high trap density
in Fig. 4.19(b) it turns out that the remaining energy barrier between quantum well and Schottky
barrier is higher for x4; = 0.25 which leads to a lower level of leakage compared to xa; = 0.14.
There are two reasons for this higher energy barrier. First of all, the conduction band disconti-
nuity AEc is larger due to the higher Aluminum fraction which can be seen in Fig. 4.19(b) and
also from equation (3.3). Secondly, the Schottky barrier hight is higher for larger x4; because of
the larger band gap of AlGaN. In both cases a Nickel-based Gate contact was assumed with the
workfunction of Nickel ynj = 5.1eV. In the end, we can conclude that the energy configuration
of the respective Schottky diode is dominating over the higher vertical electric field for very high

trap densities as in region II.

4.2.2 Transistor Leakage

After the detailed discussion of the Schottky diode leakage, the investigation is now extended
to the real transistor or 3-terminal operation. According to the conclusions from the previ-

ous section it is necessary to assume a trap density at the Schottky interface of at least Npt =
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Figure 4.20: Measured and simulated 3-terminal leakage current at Vps = 10V on epitaxy with
XAl = 0.18.

Process Sample I Sample 11 Sample 111 Sample IV
SiN (n) PECVD (2.3) | ICPECVD (2.0) | PECVD (2.3) | ICPECVD (2.0)
Relative overetch 30% 51.6% 51.6% 89.6 %
Chemistry CF, SF¢ SF¢ SF¢

Table 4.2: Design of experiment to assess 3-terminal leakage current.

5-10"cm™3 to reach experimental values for 2-terminal leakage. In the following 3-terminal

3 is assumed and the simulations have

simulations a constant trap density of Npp = 1-10%cm™
been performed at a drain bias of Vpg = 10V. The simulated and measured transfer characteris-
tics are plotted in Fig. 4.20. It is becomes obvious that the pure assumption of traps below the
Gate contact is not sufficient to reproduce the experimental leakage current.

To investigate the missing contribution to the leakage current an experiment has been carried out
in which the over etch time and the chemistry of the dry etch process was varied as well as the
passivation deposition technique which is believed to change the dielectric properties of the SiN
passivation. These dielectric properties are represented by the optical refractive index n. The
design of experiment is summarized in Table 4.2. After complete processing of the samples, the
transfer characteristics have been measured and compared to each other. The comparison of the
experimental results is depicted in Fig. 4.21. It turns out that the overetch has no impact in the

leakage level. Moreover, the measurement results show a clear dependence of the leakage cur-
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Figure 4.21: Comparison of the experimental results obtained from the leakage assessment ex-
periment.

rent on the applied passivation. However, Sample II seems not to follow that trend. The reason
for the higher leakage is an Argon plasma applied to the semiconductor surface in order to clean
it. This plasma is known to cause additional plasma damage to the semiconductor resulting in an
additional rise in leakage current. Sample I shows the lowest leakage of all. One reason for this
could be that CF4-based plasma produce ions which are lighter than those of SFg-based plasma
causing less plasma damage.

The main difference in the passivation is the corresponding optical refractive index n determined
by optical ellipsometry. The refractive index, furthermore, increases with the Si content in the
SiN passivation and its physical density. ICPECVD deposited SiN is known to be more dense
than SiN deposited by PECVD. Furthermore, the higher refractive index of the ICPECVD de-
posited SiN also indicates a higher amount of Si in the SiN layer. Both facts lead to a higher
density of fixed charges in the bulk SiN. We now consider these fixed charges throughout the
whole first SiN layer and vary the density in the simulation to investigate their effect on the 3-
terminal leakage current. The dependence of the leakage current on the passivation charge den-
sity is depicted in Fig. 4.22. As can be seen in Fig. 4.23, a density of Qgix = 9- 10" cm™3 for
the passivation charges is needed to fit experimental data. The reason for the increase in leakage
current with increasing passivation charge becomes clear when extracting again the electric field
in the Schottky barrier throughout the device. The vertical electric field is plotted in Fig. 4.24.

It can be seen that the vertical electric field increases with increasing passivation charge density.
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Figure 4.22: Simulated 3-terminal leakage current at Vgg = —7V and Vpg = 10V versus passi-
vation charge density Qsin.
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Figure 4.23: Measured and simulated 3-terminal leakage current at Vps = 10V on epitaxy with
xa1 = 0.18 and a passivation charge of Qsin =9+ 107 cm™3.
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Figure 4.24: Simulated vertical electric field in the AlGaN barrier layer for different charge
densities in the passivation at Vgs = —7V and Vpg = 10V.
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Figure 4.25: Schematic drawing of the capacitance contributions in a MISFET (a) and a FATFET
(b) structure.

Especially the field at the gate contact increases by 25 % in the simulated range. This tremendous

increase in electric field causes the increase in 3-terminal leakage and is the dominating effect.

4.2.3 Silicon Nitride Passivation Layer Analysis

To proof the impact of charges in the SiN passivation layer on the transistor leakage, we analyze
the density of charges in different SiN layers leading to different levels of 3-terminal leakage
current. For this analysis C-V measurements have been performed on large area MISFET and
FATFET structures of same size. As can be seen schematically in Fig. 4.25 there are two major
contributions to the overall capacitance of the MISFET structure caused by the SiN layer and the

AlGaN barrier layer as mathematically expressed in (4.11).



74 CHAPTER 4. IMPACT OF NON-IDEALITIES ON DEVICE PERFORMANCE

I B
Cvis  Cear  Gsin

@.11)

To separate the SiN layer contribution from the whole MISFET capacitance, the capacitance
caused by the AlGaN barrier layer is determined by C-V measurements on a FATFET structure
of same size as the MISFET. Knowing the capacitance Cgar of the FATFET and the capacitance
Cwvis of the MISFET, the capacitance of the SiN layer Cgin can be calculated as in equation
(4.12). Cou
FAT - CMIS

Csin = Conr —Curs (4.12)
To calculate and separate the charge density in the SiN layer deposited onto the semiconductor
surface, the charge density of the FATFET corresponding to the sheet charge density of the
heterostructure needs to be subtracted from the total charge density determined in the MISFET.

This can be mathematically expressed by equation (4.13).

Ve o VG2
Osin = Owits — Opar = / Cirs dV — / Crar AV 4.13)
Ve VG

For the experiment, the SiN surface passivation has been modified on two samples resulting in
the transfer characteristics of the respective devices plotted in Fig. 4.26. The modification in
the surface passivation results in a 3-terminal leakage current which is one order of magnitude
lower compared to the reference sample. On these samples the MISFET and FATFET structures
have been characterized by C-V measurements at 1 MHz. The measured C-V graphs of both
structures are plotted in Fig. 4.27 and 4.28. The C-V graphs show in all cases the expected
evolution from pinch-off to open channel. The transition between both regions can be seen by
an increase of the capacitance at the pinch-off voltage of the structure. In case of the FAFET
the capacitance drops again at the gate voltage where the Schottky diode starts to conduct short-
circuiting the capacitance. This technique to determine the charges in SiN layers has already
been elaborated by Fagerlind et al. [80]. From these measurement the sheet carrier density of the
heterostructure and the charge density in the SiN layer has been calculated using equation (4.13).
The results are summarized in table 4.3. It can be seen that the sheet charge density is comparable
in both cases as expected since the same epitaxial structure has been used for both samples in
order to exclude the effect of the epitaxy on the device leakage current. However, the charge

density in the SiN layer is lower by a factor of two for the modified SiN layer compared to the
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Figure 4.26: Transfer characteristic of 1x100um devices at Vpg = 10V with different surface
passivation.
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Figure 4.27: C-V graphs of a MISFET structure with different surface passivation.
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Figure 4.28: C-V graphs of a FATFET structure with different surface passivation.

Structure ng ng;N

5.80-102cm2 || 4.12-10"2cm—2
6.19-102cm=2 || 1.82-102cm—2

Reference
Modified

Table 4.3: Summary of calculated sheet charge and SiN charge densities for the reference struc-
ture and the modified SiN passivation.
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reference sample. As shown at the beginning of this subsection, the modified SiN passivation also
yields a leakage current level which is an order of magnitude lower compared to the reference
sample. Since we can exclude a potential impact of the epitaxial layers and we furthermore
take the already discussed simulation results into account, we can conclude that the surface
passivation and the linked nitride charges have severe impact on the level of leakage current in
3-terminal operation. It is worth mentioning that in the simulation the assumed charges have
been distributed homogeneously throughout the whole SiN layer. In real devices, however, it
is more likely that the charges are located directly at the semiconductor-passivation interface.
Nevertheless, the model is valid since in both cases the physical mechanism is a modification of
the surface potential which leads to a drastic increase of the electric field near the gate contact

under pinch-off operation and therefore leads to an increased level of 3-terminal leakage current.

4.3 Self-Heating

4.3.1 Thermal Resistance

The self-heating of a high-power device and the related thermal management is also a crucial
topic. Micro-Raman thermography measurements are a technique to measure the device temper-
ature with very high spatial resolution as already discussed. This measurement technique was
used for the determination of the thermal resistance of a device which is an important parameter
for the judgment of the thermal management. The definition of the thermal resistance Ry, is given
by the analytical expression of the junction temperature 7; in equation (4.14). In this equation

T,mp 1s the ambient temperature applied to the backside of the DUT via the chuck of the setup.
7} = R - Paiss + Tamb (4.14)

Experimentally, the thermal resistance is determined by micro-Raman measurements measur-
ing the device temperature versus the applied dissipated power density Pyiss. When taking two
junction temperatures 7j | at Fyiss ;1 and 7j 5 at Fyiss 2 the thermal resistance can be calculated by
equation (4.15).

(T2 —Tamp) — (B0 — Tamp) AT

Ry = - = (4.15)
' Piss.2 — Piss, 1 APiss

This means that the thermal resistance is equivalent to the slope of the measured relation between

T; and Fyigs as schematically depicted in Fig. 4.29. It is a measure of the temperature rise in the
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Figure 4.29: Schematic plot of the experimental determination of Ry,.

device with a certain increase in the dissipated power density and therefore also independent on
the ambient temperature T;yp.

4.3.2 Field-Dependent Self-Heating Effects

The device temperature was measured on a 8 x 250 um device with a gate length of Lg = 250nm
and on a 2x43 um device with a gate length of Lg = 500 nm on-wafer using micro-Raman ther-
mography. The measurement results are plotted in Fig. 4.30. During these measurements the
dissipated power density was varied at fixed drain voltages of Vps =25V and Vps = 50V. The
measurement data show a significantly higher device temperature for the 8-finger device. This
is due to a thermal crosstalk between the gate fingers. Each gate finger acts as a single heat
source giving an additional temperature rise to its neighbours because of the overlapping tem-
perature profiles in the bulk semiconductor material. As this is an accumulative process with
the number of gate fingers, the measured device temperature is higher for a higher number of
fingers. However, the more striking observation from these measurement results is the differ-
ence in device temperature with applied drain voltage at constant dissipated power level. In the
subsection before, we stated that the thermal resistance Ry, is constant due to a linear approxi-
mation of the superlinear relation between device temperature and dissipated power. Therefore,
we expect no dependence of Ry, on any electrical parameter. Now, from Fig. 4.30 the thermal
resistance seems to be dependent on the applied drain voltage. For further investigation of this

effect, the device temperature has been simulated for various dissipated power densities at fixed
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Figure 4.30: Results of micro-Raman thermography measurements on an 8x250um and a
2x43 um device for drain voltages of Vpg =25V and Vps = 50V.

drain voltages of Vps = 25V and Vpg = 50V exactly as in the experiment and the simulation
results will be compared to see if the physical electro-thermal model reproduces the same effect.
Fig. 4.31 shows two-dimensional temperature maps at same dissipated power density for both
drain voltages. From this simulation data, we now extract the horizontal temperature profile in
the channel of the device and at a depth of 1 um in the GaN buffer layer where the Raman signal
is detected. The extracted temperature profile is plotted in Fig. 4.32. The data shows that the
maximum junction temperature in the device is the same for both drain voltages meaning that
the junction temperature of the device is just determined by the dissipated power density and so
the thermal resistance is not a function of the applied drain voltage. However, when we extract
the temperature at a distance of 4 ym and at a depth of 1 um in the GaN buffer layer we find the
local temperature at Vpg = 25V to be 10 % lower than the temperature at Vpg = 50V as we also
found in the experiment. This means that the lower Raman temperature in the experiment is just
a consequence of the location were the Raman temperature is taken because at Vpg = 50V the
temperature profile in the device is broader and the device hot-spot is shifted towards the drain
contact with higher drain voltage. The higher Vpg, furthermore, indicates that the externally
applied electric field is the reason for the observed broadening and the shift of the temperature

profile.
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(b) Simulated two-dimenaional temperature map for a dissipated
power density of Pyiss = 13.5W/mm at Vpg = 50V.

Figure 4.31: Comparison of the simulated temperature maps for constant dissipated power den-
sity at two different drain voltages.
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Figure 4.32: Horizontal temperature profile in the channel of the device and at a depth of 1 um
in the GaN buffer layer for drain voltages of Vpg =25V and Vpg = 50V.

After further analysis of the simulation data we find the reason for the broadening of the temper-
ature profile to be related to recombination processes in the device. In Fig. 4.33 two-dimensional
maps of the recombination rate of the free charge carriers is shown for both applied drain volt-
ages at constant dissipated power density. It can be seen from this figure, that the extension of the
region for high recombination is larger at Vpg = 50V compared to Vpg = 25V. Also the maxi-
mum recombination rate increases with increasing Vpg. This fact leads to a higher recombination
of hot electrons in the gate-drain region which are generated under these high field conditions.
Each recombination process of hot electrons, furthermore, generates a single phonon so that an
additional temperature rise in the gate-drain region is observed which leads to a broadening of
the temperature profile at higher Vpg.

The analysis of the simulation data also shows, that the shift of the hot-spot in the device towards
the drain contact again is a consequence of the externally applied electric field because the point
of maximum electric field shifts in the same way as the hot-spot. This shift, however, can be in-
fluenced by the assumed density of surface states ng at the semiconductor-passivation interface.
The simulated dependence of the hot-spot position on the assumed density of surface states is
depicted in Fig. 4.34. The data show that the sensitivity on the drain voltage increases when the
surface state density is decreased. Furthermore, it can be noticed that the I'-gate overhang has an
effect on the hot-spot shift in a way that it causes an additional reduction of the sensitivity. Due

to this, we can conclude that the dominating region is below the I'-gate overhang. The variation
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dissipated power density of Pyiss = 13.5W/mm at Vpg = 50V.

Figure 4.33: Comparison of the simulated map of the recombination rate for constant dissipated
power density at two different drain voltages.
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Figure 4.34: Simulated dependence of the hot-spot position on the assumed density of surface
states ng versus applied drain voltage.

of the surface state density modifies the surface potential and changes the electric field below the
I"-gate overhang because of the small gap between gate head and semiconductor surface. The
surface potential increases with increasing ng so that the electric field below the gate head is also
increased. This leads to a stronger localization of the maximum electric field at the gate contact
and reduces therefore the shift of the electric field peak and, thus, the shift of the hot-spot. The
increase in electric field with increasing ng can be seen in Fig. 4.35. If we take the results of
the investigations from [57-59] and section 4.1 into account, in the end, we can conclude that
devices with a reasonably good passivation and, thus, low surface state density and low current
collapse, will always observe such a shift of the electric field peak and thermal hot-spot with
increasing Vps, since surface state densities in the range of ng = 1-10'3cm™2 are typically ob-
served in non-passivated devices. This should be taken into account when performing thermal
characterization at different drain voltages using techniques with a spacial resolution comparable

to that of micro-Raman thermography.
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(a) Electric field distribution for a surface state density of ny = 3 -
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(b) Electric field distribution for a surface state density of ng =1 -
1083 cm—2.

Figure 4.35: Comparison of the electric field distribution in the gate region for a low and high
surface state density.



Chapter 5

Technology Aspects for RF Performance

Improvement

HIS chapter deals with the study of technological issues impacting the RF performance of
AlGaN/GaN HEMTs. First, the impact of layout changes on RF gain is assessed through
simulations. After that, the most promising variations have been realized experimentally and the

characterization results are presented. Finally, some limiting issues will be discussed.

5.1 Simulation Study

In this simulation study the impact of layout changes on the current gain |H;|, the power
gain (MSG and MAG) is studied. All simulations have been performed at a bias condition
of Vps =30V and Ips = 300mA /mm. Layout changes studied are mainly related to the gate
module where the thicknesses of the two passivation layers is changed in order to influence the
parasitic capacitances in the device. The study is performed on a device structure with a gate
length of Lg = 250nm and a source-terminated field-plate (STFP).

Of course, the first layout change of choice when aiming for an increase in RF gain is the reduc-
tion of the gate length of the device. However, there are two reasons in this case not to follow that
option. In Fig. 5.1 a comparison between the reference and a reduced gate length of Lg = 150nm
is plotted. It can be seen from the simulation that the benefit from the reduced gate length is just
visible in the current gain of the device. According to equation (5.1) it can be concluded that the

increase in transit frequency ft is on the one hand due to an increase in the transconductance gp,.
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Figure 5.1: Simulation result on the impact of reduced gate length on RF gain at Vpg =30V and

Ips = 300mA /mm.
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Figure 5.2: Simulation result on the impact of reduced gate length on Cgs at Vps = 30V and

Ips = 300mA /mm.
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However, due to the fact that the STFP is compensating for the increase in ft it can be seen that

the small-signal capacitance Cg is influenced.

8m

— 5.1
27Cy -1

JT

The impact of the gate length reduction can be seen in Fig. 5.2. It needs to be mentioned
that the seen frequency dependence in this and all following capacitance related figures is a
consequence of the applied small-signal model. At higher frequency distribution effects become
dominant which are not covered by a model assuming lumped elements. Therefore the frequency
dependence of the capacitances is artificial and can therefore be neglected. The simulation results
show, on the other hand, no change in MSG which is the better measure for power amplification.
Moreover, a reduced gate length yields always a reduction in breakdown voltage of a device since
short channel effects will become more and more pronounced and for the same external biasing
internal electric field become higher at the gate contact due to the smaller gated area. Both facts
imply that this option is not feasible for a high-power device in X-band but could be of interest
for higher frequency bands.

The next logical step is then to focus on the small-signal capacitances Cgs and Cgq in the device.
The most important role is due to the feedback capacitance Cyq. To assess this by means of
device simulations the gate length was kept constant and the thicknesses of the SiN layers as
well as the layout of the STFP have been varied on order to change the parasitic capacitances.
The respectively change SiN layers are schematically indicated in Fig. 5.3. A summary of the
simulation results is shown in Fig. 5.4. It can be seen that the strongest positive impact on
the MSG/MAG is due to the reduction of the SiN layer thickness in combination with a STFP.
Due to the reduced distance between the STFP and the I'-gate contact the feedback capacitance is
reduced at the expense of an increased input capacitance. This becomes clear when extracting the
small-signal capacitances from the simulated S-parameters. The extracted values are plotted in
Fig. 5.5 and 5.6. For completeness, in Fig. 5.7 also the output capacitance is plotted. However,
this parameter is not further analyzed in this work although it is an important parameter for the
design of broad-band power amplifiers. From the simulation results we can expect an increase in
MSG by approx. +1.4dB for the combination of 100nm Gate-SiN and 200nm STFP-SiN and
by approx. +2.3dB for the combination of 50nm Gate-SiN and 200nm STFP-SiN compared
to the Reference of 100nm Gate-SiN and 300nm STFP-SiN. It has to be mentioned that this
modification is only beneficial for a device with STFP. For a device without STFP this would

reduce the gain due to an increase in Cgq as can be also seen in Fig. 5.6.
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Figure 5.3: llustration of geometries to be changed in the simulation study.
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Figure 5.4: Simulation results on the impact of SiN variation and layout changes on RF gain at
Vps =30V and Ips = 300mA /mm.
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Figure 5.5: Simulation results on the impact of SiN variation and layout changes on Cg at

Vbs =30V and Ips = 300mA /mm.
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Figure 5.6: Simulation results on the impact of SiN variation and layout changes on Cgq at
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Figure 5.7: Simulation results on the impact of SiN variation and layout changes on Cgys at
Vbs =30V and Ips = 300mA /mm.

5.2 Experimental Results

In order to validate the simulation results, devices were processed with a variety of different SiIN
layer thicknesses. However, it needs to be mentioned that the epitaxial HEMT structures used
had a higher sheet carrier density ng than initially assumed in the simulations. After processing,
these devices have been characterized by S-parameter measurements at Ipg = 300mA /mm and
Vps =5...40V. The measurement results are depicted in Fig. 5.8. The results show that the
general trend seen in the simulations is present. The importance of the presence of a STFP is also
visible in the measurement data since the gain improvement becomes more with increasing Vpg
which is an indication for the effectivity of the STFP. However, the absolute gain improvement

of just +0.7dB seems to be disappointing, but this can be explained.

5.3 Limitations

For a better understanding of the disappointing results in the previous section it is necessary to
analyze the shape of the gate contact. In Fig. 5.9 a SEM picture of part of the gate contact is
depicted. It can be seen that both sides of the gate head line are seamed by gate metal fringes.

These fringes are most likely generated during the lift off process. These metal fringes lead to
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Figure 5.8: MSG at 10GHz and MAG at 18 GHz extracted from S-parameter measurements
performed on devices processed with different SiN layer thicknesses at Ipg = 300 mA /mm and
various Vps.
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Figure 5.9: SEM picture of the gate contact showing metal fringes on both sides of the gate head
line.
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Figure 5.10: Simulation structure including gate metal fringes.

an increase of the gate head size and thus increase the feedback capacitances. This fact has been
published in [81]. In another simulation, the fringes have been accounted for as shown in Fig.
5.10. With this structure the small-signal gain has been re-simulated using the characterized SiN
layer thicknesses. The simulation results shown in Fig. 5.11 indicate that due to the presence
of these gate metal fringes the margin of gain improvement by SiN layer thickness reduction is
reduced by approx. 1dB. Taking an additional uncertainty of the simulation model into account,
it can be concluded that the very low gain improvement achieved in the previous section can be
explained by this technological root cause.

The next step would now be to find a process that is capable to remove those fringes successfully
in order to further improve the small signal RF gain of the devices. An Argon-milling step right
after the lift-off process of the gate metal [81], however, showed very promising preliminary

results as depicted in Fig. 5.12.
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Figure 5.11: Simulation results on the impact of gate metal fringes on gain margin at Vpg =30V
and Ips = 300mA /mm.

Figure 5.12: SEM picture of the gate contact after Argon-milling showing no metal fringes on
either sides of the gate head line.






Chapter 6

Summary and Conclusion

INCE several years now AlGaN/GaN HEMTs have attracted much attention in research and
S development especially for high-power RF and microwave applications. The main material
parameters and related figures of merit have been discussed and calculated in chapter 2. It has
been shown that GaN offers outstanding material properties leading to a predominant material
system for discrete devices and MMICs for high-power high-frequency applications.
This work aimed to support and improve the understanding of AIGaN/GaN HEMTs in terms
of non-ideal effects and operation. As these effects require a deep look into the physics of
semiconductor heterostructures, a 2-dimensional device simulation tool was used to develop a
model for the investigated HEMT structures in order to investigate effects observed by different
characterization techniques. To provide the basic operation principle of AIGaN/GaN HEMTs,
in the first part of chapter 3 some simple theoretical calculations of the I-V characteristics have
been carried out. These calculations show mainly the strong influence of epitaxial properties
among which the high polarization of the group-Ill-nitrides is the main characteristic in the
device operation principle. Based on these results, in the second part of the chapter, physical
models have been developed for three different operation regimes. It turned out that it is very
important to carefully model the surface and interfaces of the epitaxial structure since those
charges placed there have strong impact on the electric field distribution and therefore on the
[-V characteristics of the simulated device. Therefore, the following modelling scheme has been

applied:

e Use layout geometries as close as possible to the real device in order to achieve a realistic
field distribution.

e Use the polarization charge to fit the sheet charge density ng and the threshold voltage V.
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e Use the donor-like surface traps density and the drift saturation velocity of electrons to fit

the drain saturation current Ipss.

e Use the location of the thermal contact in the substrate to fit the measured device temper-

ature in on-state.

e Use an donor-like trap density below the gate and fixed charges in the device passivation

to fit the two-terminal and three-terminal leakage currents of the device in off-state.

The electro-thermal model has been developed for the investigation of the on-state operation
of the devices. For the off-state operation a sub-threshold model has been developed used for
the investigation of leakage currents. The RF operation is covered by an RF model capable to
simulate the device operation under small-signal RF excitation. This model is mainly used for
the investigation and improvement of the RF gain of the devices.

Chaper 4 then dealt with non-idealities in the device which have severe impact on the device
performance. First, the well-known effect of dispersion or current collapse has been discussed.
This effect is one of the major limitations of RF power performance. Investigations by device
simulations show that traps at the surface are ionized during operation. These ionized traps act as
a virtual gate which depletes the 2DEG leading to a reduction in drain current by an increase in
drain resistance Rp. Low-frequency s-parameter measurements have been used to characterize
the transconductance dispersion and a time constant of the trapping phenomena in the nanosec-
ond regime has been derived. Since the two-tone linearity is directly linked to the transconduc-
tance of a device, it was shown that also two-tone linearity measurements on device level exhibit
a dispersive characteristic with nearly the same time constant as the transconductance dispersion.
This fact implies that the current collapse itself has also severe impact on the two-tone linearity.
Another trap related effect, as it turned out in this chapter, is device leakage. Device simula-
tions showed that these traps are located below the gate. For the reproduction of the measured

3 was de-

two-terminal diode leakage current a significant trap density of the order of 10" cm™
termined. However, the pure assumption of traps below the gate contact was not sufficient to
reproduce the three-terminal transistor leakage. Experiments showed a strong impact of the
passivation layer on the level of leakage. Further simulation studies indicated that due to the
variation in deposition techniques and processing parameters the amount of charges in the di-
electric layer must have changed. These charges influence the electric field especially in the gate
region which has furthermore strong impact on the leakage current. Using C-V measurements on
large area MISFETs and FATFETS these charges have been analyzed. According to this inves-

tigations, the charges impacting the device leakage are located very close to the semiconductor
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surface. Therefore, the first seconds of the passivation deposition are the crucial step in the de-
vice processing regarding device leakage.

A more indirect effect of traps can be seen experimentally on the self-heating of those devices
under on-state operation. Micro-Raman thermography measurement show a difference in device
temperature of approximately 10% at the same dissipated power density but at different drain
voltages implying a bias dependence of the thermal resistance of those devices. This effect again
has been investigated by device simulations. These simulations show a shift of the electric field
peak in the device with increasing drain voltage away from to gate towards the drain contact.
Furthermore, the recombination rate and the related recombination region is increased leading
to an additional temperature rise. Traps at the surface, however, influence the field peak shift in
a way that with increasing trap density the electric field peak shift is less sensitive to the drain
voltage.

Taking all discussed trap related effects into account, we can conclude that the passivation layer
of the device is one of the most crucial processing steps during device manufacturing. The
optimization of this passivation layer is always a trade-off between device leakage and current
collapse since a high charge density in the dielectric is beneficial for the current collapse due to
the compensation of traps with different polarity but leads on the other hand to an increased leak-
age current. A possible way to go in the future could be a multi-layer approach giving the best
trade-off between dispersion and leakage current due to the opportunity to engineer the charge
distribution in order to optimize the device performance.

The last chapter of this thesis dealt with the optimization of the device performance with respect
to the RF gain of the device. The basis for the RF gain improvement provided a simulation study
where the device layout was changed and the response of the MSG/MAG on these variations has
been extracted from the simulated small-signal parameters. It turned out during this study that
the intrinsic small-signal capacitances of the device are the key parameters for gain improvement.
However, there is also a drawback of this way of gain improvement due the fact that the optimum
layout of the device is different for a device with and without STFP. For a device with STFP it is
necessary to put the STFP as close to the gate head as possible by reducing the thickness of the
second passivation layer which lies in between. This leads to a change in the capacitance distri-
bution in a way that the gate-drain capacitance is reduced whereas the gate-source capacitance
is increased at the same time. For devices without STFP, on the other hand, the thickness of the
second SiN layer has obviously no impact on the capacitances. Here, one needs to focus on the
first SiN layer thickness. This thickness needs to be increased to reduce the gate-drain capaci-

tance. However, this leads to a reduction of the gain for a device with STFP since the impact of
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Layout Change Cgs Cod MSG/MAG
Device | STFP | no STFP || STFP | no STFP || STFP | no STFP
first SiN thickness reduced 1 T l T T l
second SiN thickness reduced T - l - T -
gate length reduced T ! ! 7 — —
STFP length reduced l - T - T -
STFP length increase T - l - l -
I'-Gate dimension increased T T T T l l

Table 6.1: Qualitative change in RF parameters due to layout changes in the device.

the STFP on the electric field distribution and therefore on the capacitances is reduced due to the
increased distance to the semiconductor surface. A summary of the qualitative changes in RF
parameters due to layout changes in the device is compiled in table 6.1. The simulated increase
of the RF gain by +2.3dB resulted in an experimental value of +0.7dB. Further investigations
showed that due to the processing of the device metal fringes are located at both sides of the
gate head. Simulations showed that these fringes are responsible for the small gain improvement
since they reduce the margin of gain improvement with increasing lateral extension. This fact
gives rise to the need for the future to properly control the gate contact processing or to introduce
a processing step in order to remove the metal fringes.

To conclude this thesis, it is worth mentioning that AlGaN/GaN HEMT devices are very inter-
esting devices from a scientific point of view like the content of this thesis has shown and there
is still a lot work to be done in order to fully understand the device physics and in the end drive
the development of this technology to an industrial level. The real scientific challenge, however,
is to find out which among all the well-known effects in a HEMT device is dominating the de-
vice performance of an AlGaN/GaN HEMT in order to optimize the device. To this end well
established techniques of investigation are perfectly suited and should be preferred since these
techniques are well understood and, thus, minimize characterization uncertainties. Eliminating
characterization uncertainties increases the confidence level of achieved experimental results and
enhances therefore the research and development process of new technologies like AIGaN/GaN
HEMTs.



Bibliography

[1]

(2]

[3]

[4]

[5]

[6]

[7]

T. Mimura, S. Hiyamizu, T. Fujii, and K. Nanbu, “A New Field-Effect Transistor with
Selectively Doped GaAs/n-Al,Ga;_,As Heterojunctions,” Japanese Journal of Applied
Physics, vol. 19, no. 5, pp. L225-1.227, May 1980.

D. Delagebeaudeuf, P. Delescluse, P. Etienne, M. Laviron, J. Chaplart, and N. T. Linh,
“Two-Dimeansional Electron Gas M.E.S.EE.T. Structure,” Electronics Letters, vol. 16, no.
17, p. 667-668, August 1980.

S. Chartier, E. Sonmez, and H. Schumacher, “Millimeter-Wave Amplifiers Using a 0.8 um
Si/SiGe HBT Technology,” in Proc. of the IEEE Topical Meeting on Silicon Monolithic
Integrated Circuits in RF Systems (SiRF), pp. 277-280, San Diego, CA, USA, January
18th-20th 2006.

B. Schleicher, S. Chartier, G. Fischer, F. Korndorfer, J. Borngriber, T. Feger, and H. Schu-
macher, “A Compact Low-Power SiGe:C BiICMOS Amplifier for 77-81 GHz Automotive
Radar,” in Proc. of the IEEE Topical Meeting on Silicon Monolithic Integrated Circuits in
RF Systems (SiRF), pp. 195-198, Orlando, FL, USA, January 23rd-25th 2008.

A. Schiippen, S. Gerlach, H. Dietrich, D. Wandrei, U. Seiler, and U. Konig, “1-W SiGe
Power HBT’s for Mobile Communication,” IEEE Microwave and Guided Wave Letters,
vol. 6, no. 9, pp. 341-343, September 1996.

Z. Ma, N. Jiang, G. Wang, and S. A. Alterovitz, “An 18-GHz 300-mW SiGe Power HBT,”
IEEE Electron Device Letters, vol. 26, no. 6, pp. 381-383, June 2005.

G. Wang, H.-C. Yuan, and Z. Ma, “Ultrahigh-Performance 8-GHz SiGe Power HBT,” I[EEE
Electron Device Letters, vol. 27, no. 5, pp. 371-373, May 2006.

99



100

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

BIBLIOGRAPHY

G. Ma, W. Burger, C. Dragon, and T. Gillenwater, “High Efficiency LDMOS Power FET
for Low Voltage Wireless Communication,” in Proc. of the IEEE International Electron
Device Meeting (IEDM), pp. 91-94, San Francisco, Ca, USA, December 8th-11th 1996.

M. Shindo, M. Morikawa, T. Fujioka, K. Nagura, K. Kurotani, K. Odaira, T. Uchiyama, and
I. Yoshida, “High Power LDMOS for Cellular Base Station Applications,” in Proc. of the

International Symposium on Power Semiconductor Devices and ICs, pp. 107-110, Osaka,
Japan, June 4th-7th 2001.

C. E. Weitzel, J. W. Palmour, C. H. Carter, and K. J. Nordquist, “4H-SiC MESFET with
2.8 W/mm Power Density at 1.8 GHz,” IEEE Electron Device Letters, vol. 15, no. 10,
pp. 406—408, October 1994.

K. E. Moore, C. E. Weitzel, K. J. Nordquist, L. L. Pond, J. W. Palmour, S. Allen, and
C. H. Carter, “4H-SiC MESFET with 65.7% Power Added Efficiency at 850 MHz,” IEEE
Electron Device Letters, vol. 18, no. 2, pp. 69-70, February 1997.

H. G. Henry, G. Augustine, G. C. DeSalvo, R. C. Brooks, R. R. Barron, J. D. Oliver, A. W.
Morse, B. W. Veasel, P. M. Esker, R. Chris, and Clarke, “S-Band Operation of SiC Power
MESFET With 20 W (4.4 W/mm) Output Power and 60% PAE,” IEEE Transactions on
Electron Devices, vol. 51, no. 6, pp. 839-845, June 2004.

K. Andersson, M. Siidow, P-A. Nilsson, E. Sveinbjornsson, H. Hjelmgren, J. Nilsson,
J. Stahl, H. Zirath, and N. Rorsman, “Fabrication and Characterization of Field-Plated
Buried-Gate SiC MESFETSs,” IEEE Electron Device Letters, vol. 27, no. 7, pp. 573-575,
July 2006.

K. L. Tan, D. C. Streit, R. M. Dia, S. K. Wang, A. C. Han, P.-M. D. Chow, T. Q. Trinh, P. H.
Liu, J. R. Velebir, and H. C. Yen, “High-Power V-Band Pseudomorphic InGaAs HEMT,”
IEEE Electron Device Letters, vol. 12, no. 5, pp. 213-214, May 1991.

R. Lai, M. Wojtowicz, C. H. Chen, M. Biedenbender, H. C. Yen, D. C. Streit, K. L. Tan, and
P. H. Liu, “High-Power 0.15-um V-band Pseudomorphic InGaAs-AlGaAs-GaAs HEMT,”
IEEE Microwave and Guided Wave Letters, vol. 3, no. 10, pp. 363-365, October 1993.

D.-W. Tu, S. Wang, J. S. M. Liu, K. C. Hwang, W. Kong, P. C. Chao, and K. Nichols, “High-
Performance Double-Recessed InAlAs/InGaAs Power Metamorphic HEMT on GaAs Sub-
strate,” IEEE Microwave and Guided Wave Letters, vol. 9, no. 11, pp. 458—-460, November
1999.



BIBLIOGRAPHY 101

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

C. S. Whelan, P. F. Marsh, W. E. Hoke, R. A. McTaggart, C. P. McCarrol, and T. E. Kazior,
“GaAs Metamorphic HEMT (MHEMT): An Attractive Alternative to InP HEMTs for High
Performance Low Noise and Power Applications,” in Proc. of the International Conference
on Indium Phosphide and Related Materials, pp. 337-340, Williamburg, VA, USA, May
14th-18th 2000.

T. Shimura, M. Sakai, S. Izumi, H. Nakano, H. Matsuoka, A. Inoue, J. Udomoto, K. Kosaki,
T. Kuragaki, H. Takano, T. Sonoda, and S. Takamiya, “1 W Ku-Band AlGaAs/GaAs Power
HBT’s with 72% Peak Power-Added Efficiency,” IEEE Transactions on Electron Devices,
vol. 42, no. 11, pp. 1890-1896, November 1995.

C. Nguyen, T. Liu, M. Chen, H.-C. Sun, and D. Rensch, “AllnAs/GalnAs/InP Double
Heterojunction Bipolar Transistor with a Novel Base-Collector Design for Power Appli-
cations,” IEEE Electron Device Letters, vol. 17, no. 3, pp. 133—-135, March 1996.

H. Blanck, K. J. Riepe, W. Doser, P. Auxemery, and D. Pons, “Industrial GalnP/GaAs
Power HBT MMIC Process,” in Proc. of the Gallium Arsenide Application Symposium
(GAAS), pp. 113-116, Paris, France, October 2nd-6th 2000.

P. M. Smith, S.-M. J. Liu, M.-Y. Kao, P. Ho, S. C. Wang, K. H. G. Duh, S. T. Fu, and
P. C. Chao, “W-Band High Efficiency InP-Based Power HEMT with 600 GHz fy,.x,” I[EEE
Microwave and Guided Wave Letters, vol. 5, no. 7, pp. 230-232, July 1995.

C. Nguyen and M. Micovic, “The State-of-the-Art of GaAs and InP Power Devices and
Amplifiers,” IEEE Transactions on Electron Devices, vol. 48, no. 3, pp. 472-478, March
2001.

R. Therrien, S. Singhal, J. W. Johnson, W. Nagy, R. Borges, A. Chaudhari, A. W. Hanson,
A. Edwards, J. Marquart, P. Rajagopal, C. Park, 1. Kizilyalli, and K. J. Linthicum, “A
36mm GaN-on-Si HFET Producing 386W at 60V with 70% Drain Efficiency,” in Proc.
of the IEEE International Electron Device Meeting (IEDM), p. 568571, Washington, DC,
USA, December 5th-7th 2005.

E. Mitani, M. Aojima, A. Maekawa, and S. Sano, “An 800-W AlGaN/GaN HEMT for S-
band High-Power Application,” in Proc. of the 22nd CS MANTECH Conference, pp. 213—
216, Austin, Texas, USA, May 14th-17th 2077.



102

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

BIBLIOGRAPHY

J. S. Moon, M. Micovic, P. Janke, P. Hashimoto, W.-S. Wong, R. D. Widman, L. Mc-
Cray, A. Kurdoghlian, and C. Nguyen, “GaN/AlGaN HEMTs operating at 20GHz with
continuous-wave power density > 6W/mm,” Electronics Letters, vol. 37, no. 8, pp. 528—
530, April 2001.

M. Micovic, A. Kurdoghlian, P. Hashimoto, M. Hu, M. Antcliffe, P. J. Willadsen, W. S.
Bowen, 1. Milosavljevic, A. Schmitz, M. Wetzel, and D. H. Chow, “GaN HFET for W-band

Power Applications,” in Proc. of the International Electron Devices Meeting, pp. 1-3, San
Francisco, CA, USA, December 11th-13th 2006.

Y. Pei, R. Chu, N. A. Fichtenbaum, Z. Chen, D. Brown, L. Shen, S. Keller, S. P. Den-
Baars, and U. K. Mishra, “Recessed Slant Gate AlIGaN/GaN High Electron Mobility Tran-
sistors with 20.9 W/mm at 10GHz,” Japanese Journal of Applied Physics, vol. 46, no. 45,
pp- 1087-1089, November 2007.

D. F. Kimball, J. Jeong, C. Hsia, P. Draxler, S. Lanfranco, W. Nagy, K. Linthicum, L. E.
Larson, and P. M. Asbeck, “High-Efficiency Envelope-Tracking W-CDMA Base-Station

Amplifier Using GaN HFETSs,” IEEE Transactions on Microwave Theory and Techniques,
vol. 54, no. 11, pp. 3848-3856, November 2006.

B. M. Green, V. Tilak, S. Lee, H. Kim, J. A. Smart, K. J. Webb, J. R. Shealy, and L. F.
Eastman, “High-Power Broad-Band AlGaN/GaN HEMT MMICs on SiC Substrate,” IEEE

Transactions on Microwave Theory and Techniques, vol. 49, no. 12, pp. 2486-2493, De-
cember 2001.

J.J. Xu, Y.-F. Wu, S. Keller, G. Parish, S. Heikman, B. J. Thibeault, U. K. Mishra, and R. A.
York, “1-8-GHz GaN-Based Power Amplifier Using Flip-Chip Bonding,” IEEE Microwave
and Guided Wave Letters, vol. 9, no. 7, pp. 277-279, July 1999.

M. E. Levinshtein, S. L. Rumyantsev, and M. S. Shur, Properties of Advanced Semiconduc-
tor Materials - GaN, AIN, InN, BN, SiC, SiGe. Wiley-Interscience, 2001.

R. Quay, Gallium Nitride Electronics. Springer, 2008.

T. Maruyama, Y. Miyajima, K. Hata, S. H. Cho, K. Akimoto, H. Okumura, S. Yoshida,
and H. Kato, “Electronic Structure of Wurtzite- and Zinc Blende-GaN Studied by Angle-

Resolved Photoemission,” Journal of Electronic Materials, vol. 27, no. 4, pp. 200-205,
1998.



BIBLIOGRAPHY 103

[34] J. G. Felbinger, M. V. S. Chandra, Y. Sun, L. F. Eastman, J. Wasserbauer, F. Faili, D. Babic,
D. Francis, and F. Ejeckam, “Comparison of GaN HEMTs on Diamond and SiC Sub-
strates,” IEEE Electron Device Letters, vol. 28, no. 11, pp. 948-950, November 2007.

[35] D. C. Dumka and P. Saunier, “AlGaN/GaN HEMTs on Diamond Substrate,” in Proc. of the
65th Annual Device Research Conference, pp. 31-32, Notre Dame, IN, USA, June 18th-
20th 2007.

[36] P. Briickner, F. Habel, and F. Scholz, “HVPE growth of high quality GaN layers,” physica
status solidi (c), vol. 3, no. 6, pp. 1471-1474, 2006.

[37] E. O. Johnson, “Physical Limitations on Frequency and Power Parameters of Transistors,”
RCA Electronic Components and Devices, vol. 13, pp. 27-34, March 1965.

[38] R. W. Keyes, “Figure of Merit for Semiconductors for High-Speed Switches,” Proceedings
of the IEEE, p. 225, 1972.

[39] B. J. Baliga, “Semiconductors for high-voltage, vertical channel field effect transistors,”
Journal of Applied Physics, vol. 53, pp. 1759-1764, March 1982.

[40] B. J. Baliga, “Power Semiconductor Device Figure of Merit for High-Frequency Applica-
tions,” IEEE Electron Device Letters, vol. 10, no. 10, pp. 455-457, October 1989.

[41] O. Ambacher, J. Majewski, C. Miskys, A. Link, M. Hermann, E. Eickhoff, M. Stutzmann,
F. Bernardini, V. Fiorentini, V. Tilak, B. Schaff, and L. F. Eastman, “Pyroelectric properties
of Al(In)GaN/GaN hetero- and quantum well structures,” Journal of Physics: Condensed
Matter, vol. 14, no. 13, pp. 3399-3434, 2002.

[42] R. Dingle, H. L. Stormer, A. C. Gossard, and W. Wiegmann, “Electron mobilities in
modulation-doped semiconductor heterojunction superlattices,” Applied Physics Letters,
vol. 33, no. 7, pp. 665-667, June 1978.

[43] J. P. Ibbetson, P. T. Fini, K. D. Ness, S. P. DenBaars, J. S. Speck, and U. K. Mishra, “Po-
larization effects, surface states, and the source of electrons in AlGaN/GaN heterostructure
field effect transistors,” Applied Physics Letters, vol. 77, no. 2, pp. 250-252, July 2000.

[44] Silvaco, Santa Clara, CA 95054, USA, Device Simulation Software ATLAS 2008, May
2008.



104

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

BIBLIOGRAPHY

S. Prasad, H. Schumacher, and A. Gopinath, High-Speed Electronics and Optoelectronics -
Devices and Circuits. Cambridge University Press, 2009.

Rashmi, A. Kranti, S. Haldar, and R. S. Gupta, “An accurate charge control model
for spontaneous and piezoelectric polarization dependent two-dimensional electron gas
sheet charge density of lattice-mismatched AlGaN/GaN HEMTS,” Solid-State Electronics,
vol. 46, pp. 621-630, May 2002.

F. Medjdoub, M. Alomari, J.-F. Carlin, M. Gonschrek, E. Feltin, M. A. Py, N. Grandjean,
and E. Kohn, “Barrier-Layer Scaling of InAIN/GaN HEMTSs,” IEEE Electron Device Let-
ters, vol. 29, no. 5, pp. 422-425, May 2008.

C. Ostermaier, G. Pozzovivo, J.-F. Carlin, B. Basnar, W. Schrenk, Y. Douvry, C. Gaquicre,
J.-C. DeJaeger, K. Ciéo, K. Frohlich, M. Gonschorek, N. Grandjean, G. Strasser, D. Pogany,
and J. Kuzmik, “Ultrathin InAIN/AIN Barrier HEMT With High Performance in Normally
Off Operation,” IEEE Electron Device Letters, vol. 30, no. 10, pp. 1030-1032, October
2009.

F. Medjdoub, M. Alomari, J.-F. Carlin, M. Gonschrek, E. Feltin, M. A. Py, C. Gaquiere,
N. Grandjean, and E. Kohn, “Effect of fluoride plasma treatment on InAIN/GaN HEMTs,”
Electronics Letters, vol. 44, no. 11, pp. 696-698, May 2008.

M. Farahmand, C. Garetto, E. Bellotti, K. F. Brennan, M. Goano, E. Ghillino, G. Ghione,
J. D. Albrecht, and P. P. Ruden, “Monte Carlo Simulation of Electron Transport in the III-
Nitride Wurtzite Phase Materials System: Binaries and Ternaries,” IEEE Transactions on
Electron Devices, vol. 48, no. 3, pp. 535-542, March 2001.

U. V. Bhapkar and M. S. Shur, “Monte Carlo calculation of velocity-field characteristics of
wurtzite GaN,” Journal of Applied Physics, vol. 82, no. 4, pp. 1649-1655, August 1997.

W. Shockley and W. T. Read, “Statistics of the Recombinations of Holes and Electrons,”
Physical Review, vol. 87, no. 5, pp. 835-842, September 1952.

R. N. Hall, “Electron-Hole Recombination in Germanium,” Physical Review, vol. 87, no.
2, p. 387, July 1952.

Silvaco, Santa Clara, CA 95054, USA, Device Simulation Software ATLAS User Manual,
May 2008.



BIBLIOGRAPHY 105

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

M. Fagqir, G. Verzellesi, F. Fantini, F. Danesin, F. Rampazzo, G. Meneghesso, E. Zanoni,
A. Cavallini, A. Castaldini, N. Labat, A. Touboul, and C. Dua, “Characterization and anal-
ysis of trap-related effects in AIGaN-GaN HEMTS,” Microelectronics Reliability, vol. 47,
pp. 1639-1642, 2007.

R. Mosca, E. Gombia, A. Passaseo, V. Tasco, M. Peroni, and P. Romanini, “DLTS char-
acterization of silicon nitride passivated AlGaN/GaN heterostructures,” Superlattices and
Microstructures, vol. 36, no. 4-6, pp. 425—-433, October-December 2004.

Z.-Q. Fang, D. C. Look, D. H. Kim, and I. Adesida, “Traps in AlGaN/GaN/SiC het-
erostructures studied by deep level transient spectroscopy,” Applied Physics Letters, vol. 87,
182115, pp. 14, October 2005.

J. M. Tirado, J. L. Sanchez-Rojas, and J. L. Izpura, “Trapping Effects in the Transient Re-
sponse of AIGaN/GaN HEMT Devices,” IEEE Transactions on Electron Devices, vol. 54,
no. 3, pp. 410-417, March 2007.

G. Meneghesso, G. Verzellesi, R. Pierobon, F. Rampazzo, A. Chini, U. Mishra, C. Canali,
and E. Zanoni, “Surface-Related Drain Current Dispersion Effects in AlGaN-GaN
HEMTS,” IEEE Transactions on Electron Devices, vol. 51, no. 10, pp. 1554-1561, October
2004.

A. Sarua, H. Ji, K. P. Hilton, D. J. Wallis, M. J. Uren, T. Martin, and M. Kuball, “Ther-
mal Boundary Resistance Between GaN and Substrate in AlGaN/GaN Electronic Devices,”
IEEE Transactions on Electron Devices, vol. 54, no. 12, pp. 3152-3158, December 2007.

G. J. Riedel, J. W. Pomeroy, K. P. Hilton, J. O. Maclean, D. J. Wallis, M. J. Uren, T. Martin,
U. Forsberg, A. Lundskog, A. Kakanakova-Georgieva, G. Pozina, E. Janzén, R. Lossy,
R. Pazirandeh, F. Brunner, J. Wiirfl, and M. Kuball, “Reducing Thermal Resistance of
AlGaN/GaN Electronic Devices Using Novel Nucleation Layers,” IEEE Electron Device
Letters, vol. 30, no. 2, pp. 103—106, February 2009.

M. Kuball, J. W. Pomeroy, R. Simms, G. J. Riedel, H. Ji, A. Sarua, M. J. Uren, and T. Mar-
tin, “Thermal Properties and Reliability of GaN Microelectronics: Sub-Micron Spatial and
Nanosecond Time Resolution Thermography,” in Proc. of the 29th IEEE Compound Semi-
conductor Integrated Circuit Symposium, pp. 1-4, Portland, OR, USA, October 14th-17th
2007.



106

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

BIBLIOGRAPHY

M. Kuball, J. M. Hayes, M. J. Uren, T. Martin, J. C. H. Birbeck, R. S. Balmer, and B. T.
Huges, “Measurement of Temperature in High-Power AIGaN/GaN HFETs using Raman
Scattering,” IEEE Electron Device Letters, vol. 23, no. 1, pp. 7-9, January 2002.

A. Sarua, H. Ji, M. Kuball, M. J. Uren, T. Martin, K. P. Hilton, and R. S. Balmer, “Inte-
grated Micro-Raman/Infrared Thermography Probe for Monitoring of Self-Heating in Al-

GaN/GaN Transistor Structures,” IEEE Transactions on Electron Devices, vol. 53, no. 10,
pp- 2438-2447, October 2006.

M. Kuball, G. J. Riedel, J. W. Pomeroy, A. Sarua, M. J. Uren, T. Martin, K. P. Hilton, J. O.
Maclean, and D. J. Wallis, “Time-Resolved Temperature Measurement of AlGaN/GaN
Electronic Devices using Micro-Raman Spectroscopy,” IEEE Electron Device Letters,
vol. 28, no. 2, pp. 86—89, February 2007.

M. Ieong, P. M. Solomon, S. E. Laux, H.-S. P. Wong, and D. Chidambarrao, “Comparison
of Raised and Schottky Source/Drain MOSFETs Using a Novel Tunneling Contact Model,”
in Proc. of the International Electron Device Meeting (IEDM), pp. 733—739, San Francisco
CA, USA, December 6th-9th 1998.

K. Matsuzawa, K. Uchida, and A. Nishiyama, “A Unified Simulation of Schottky and
Ohmic Contacts,” IEEE Transactions on Electron Devices, vol. 47, no. 1, pp. 103-108,
January 2000.

I. Kallfass, Comprehensive Nonlinear Modelling of Dispersive Heterstructure Field Effect
Transistors and their MMIC Applications. PhD thesis, Ulm University, 2006.

G. Dambrine, A. Cappy, F. Heliodore, and E. Playez, “A New Method for Determining
the FET Small-Signal Equivalent Circuit,” IEEE Transactions on Microwave Theory and
Techniques, vol. 36, no. 7, pp. 1151-1159, July 1988.

C. Roff, J. Benedikt, P. J. Tasker, D. J. Wallis, K. P. Hilton, J. O. Maclean, D. G. Hayes,
M. J. Uren, and T. Martin, “Analysis of DC-RF Dispersion in AlIGaN/GaN HFETs Using
RF Waveform Engineering,” IEEE Transactions on Electron Devices, vol. 56, no. 1, pp. 13—
19, January 2009.

T. C. Baier, “A Small, Simple, USB-Powered Vector Network Analyzer Covering 1 kHz to
1.3 GHz,” QEX, vol. 15, pp. 32-36, January/February 2009.



BIBLIOGRAPHY 107

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

M. Bouya, N. Malbert, N. Labat, D. Carisetti, R. Perdu, J. Clément, B. Lambert, and
M. Bonnet, “Analysis of traps effect on AlGaN/GaN HEMT by luminescence techniques,”
Microelectronics Reliability, vol. 48, no. 8-9, pp. 1366-1369, August-September 2008.

H. F. Sun and C. R. Bolognesia, “Anomalous behavior of AlGaN/GaN heterostructure field-
effect transistors at cryogenic temperatures: From current collapse to current enhancement
with cooling,” Applied Physics Letters, vol. 90, pp. 123505 1-3, March 2007.

P. H. Ladbrooke and S. R. Blight, “Low-Field Low-Frequency Dispersion of Transconduc-
tance in GaAs MESFET’s with Implications for Other Rate-Dependent Anomalies,” IEEE
Transactions on Electron Devices, vol. 35, no. 3, pp. 257-267, March 1988.

I. Kallfass, H. Schumacher, and T. J. Brazil, “Multiple Time Constant Modeling of Dis-
persion Dynamics in Hetero Field-Effect Transistors,” IEEE Transactions on Microwave
Theory and Techniques, vol. 54, no. 6, pp. 2312-2320, June 2006.

C. Sanabria, A. Chakraborty, H. Xu, M. J. Rodwell, U. Mishra, and R. A. York, “The
Effect of Gate Leakage on the Noise Figure of AlGaN/GaN HEMTSs,” IEEE Electron Device
Letters, vol. 27, no. 1, pp. 19-21, January 2006.

S. Nakamura, M. Suda, M. Suhara, and T. Okumura, “Defect Formation in GaN introduced
during Plasma Processing,” in Proc. of the 21st CS MANTECH Conference, pp. 273-275,
Vancouver, British Columbia, Canada, April 24th-27th 2006.

J. Neugebauer and C. G. V. de Walle, “Atomic geometry and eletronic strucuture of native
defects in GaN,” Physical Review B, vol. 50, no. 11, pp. 8067-8070, September 1994.

E. Yamaguchi, K. Shiraishi, and H. Kageshima, “Level-Resonance Transition of Deep
States Produced by Nitrogen Vacancies in Nitride Semiconductors,” physica status solidi
(b), vol. 211, no. 1, pp. 157-161, January 1999.

M. Fagerlind, F. Allerstam, E. Sveinbjornsson, N. Rorsman, A. Kakanakova-Georgieva,
A. Lundskog, U. Forsberg, and E. Janzen, “Investigation of the interface silicon nitride
passivations and AlGaN/AIN/GaN heterostructures by C(V) characterization of metal-
insulator-semiconductor-heterostructure capacitors,” Journal of Applied Physics, vol. 108,
no. 1, pp. 014508-014508-6, July 2010.



108 BIBLIOGRAPHY

[81] R. Behtash, J. R. Thorpe, S. Held, D. Schrade-K6hn, and H. Blanck, “Impact of gate metal
fringe removal on small signal RF gain of AIGaN/GaN HEMTSs,” in Proc. of the 25th CS
MANTECH Conference, pp. 153—155, Portland, OR, USA, May 17th-20th 2010.



Appendix A

List of Acronyms and Symbols

Acronyms

Acronym Name

HEMT High Electron Mobility Transistor
MODFET Modulation Doped Field Effect Transistor
MESFET Metal Semiconductor Field Effect Transistor
FET Field Effect Transistor

HBT Heterojunction-Bipolartransistor

MMIC Monolithic Microwave Integrated Circuit
Si Silicon

SiGe Silicon-Germanium

GaAs Gallium Arsenide

InP Indium Phosphide

GaN Gallium Nitride

InN Indium Nitride

AIN Aluminum Nitride

SiC Silicon Carbide

Al O3 Sapphire

SiN Silicon Nitride

Ni Nickel

Au Gold

FCC face-centered-cubic
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Acronym Name

2DEG 2-dimensional electron gas

JFOM Johnson’s Figure of Merit

KFOM Keyes’s Figure of Merit

BFOM Baliga’s Figure of Merit

BHFFOM Baliga’s High-Frequency Figure of Merit
TCAD Technology Computer-Aided Design

DLTS Deep-Level Transient Spectroscopy
MOCVD  Metal-Organic Chemical Vapor Deposition
TDRC Temperature-Dependent Relaxation Current
STFP Source-Terminated Field-Plate
Symbols
Symbol Name Unit
Eg Band gap eV
X Electron affinity eV
Nc Effective conduction band density of states cm™>
Ny Effective valence band density of states cm 3
Eg Electric breakdown field V-cm™!
Veat Drift saturation velocity m-s—!
u Low-field charge carrier mobility ecm?- V.71
€ Permittivity 1
Cih Thermal conductivity W.cm ' K71
PP Spontaneous polarization charge C-m~?
PP Piezoelectric polarization charge C-m2
o Polarization induced net charge C-m2
ns Sheet charge density cm 2
Vo Pinch-off voltage \%
Oy Schottky barrier hight eV
AEc Conduction band discontinuity eV
Np Donor doping concentration cm ™3

Vs Gate-Source voltage \Y%
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Symbol Name Unit
Vbs Drain-Source voltage \Y

Ip Drain current A
Eerit Electric field at the onset of drift saturation V-m™!
Wg Gate width mm
Lg Gate length nm
Nt Surface trap density cm 2
CCq Gate-related current collapse Y%
CCp Drain-related current collapse Y%
NpT Donor-like trap density (volume charge) cm 3
npT Donor-like trap density (sheet charge) cm™2
NAT Acceptor-like trap density (sheet charge) cm 2
LG virt Virtual gate length nm
Osin Passivation charge density cm ™
MSG Maximum Stable Gain dB
MAG Maximum Available Gain dB

k Rollet’s Stability Factor 1







Appendix B

Process Sequence

On the following page the process sequence of the fabrication of the active device is schemati-

cally shown.
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14 APPENDIX B. PROCESS SEQUENCE

(a) Bare epitaxial wafer. (b) Formation of the ohmic contacts by lift-off tech-
nique and rapid thermal anneal.

(c) Deposition of SiN passivation layer. (d) E-beam lithography of the gate foot.

(e) Dry eching of the gate foot trench. (f) removalmof the E-beam resist.

(g) E-beam lithography of the gate head. (h) Gate metal evaporation and lift-off of the gate
contact and end of the process.

Figure B.1: Schematic process flow of the fabrication of the AIGaN/GaN transistor.
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