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Abstract

In the frame ofthis work, the fundamental properties of GaN/AlGaN HEMT structures
have been investigated in order to optimize their performance in high power microwave
devices . A number of properties have been studied, starting from DC transport properties in
bare 2DEG channels up to investigation of phase noise of a X-band HEMT-based oscillator .

This work is separated into five parts. In the first part, basics of fluctuation phenomena
in semiconductors are described along with a discussion of theoretical models, which are most
applicable in case of investigation of noise in HEMT devices .

In the second part, a study of 2DEG transport at low and moderate electric fields is
performed . The gateless TLM structures have been suggested for adequate analysis of the
transport effects . The observed current saturation through a TLM structure confirms that both
thermal overheating and hot electron effects are influencing the current . A theoretical model
has been developed for the separate investigation of both relevant effects . In order to remove
Joule heating effects and to investigate only the fundamental transport properties, a
nanosecond pulse measurement technique was developed . By applying 10-30 ns electrical
pulses to AlGaN/GaN gateless heterostructures, we experimentally measured low field and
high field transport phenomena, including the drift velocity dependence on the applied electric
field up to the record height of 150 kV/cm for GaN-based heterostructures .

Besides the self-heating, another strong limitation of high frequency devices is low-
frequency noise . In the third part, an adequate method for the low-frequency noise sources
characterisation from different device regions is proposed and tested for nanoscale Group-III
nitride heterostructures . The temperature dependence of the noise revealed a characteristic
transition frequency from the 1/f dependence to a stronger one. The process has activation
energy of 0.4 eV, which can be related to traps in the AlGaN barrier .

In the forth part of this work, transport and noise properties of AlGaN/GaN based
HEMTs with gate length from 150 nm to 350 nm have been studied before and after gamma
irradiation up to 1x109 Rad doses . The observed changes in the measured HEMTs
characteristics were interpreted in terms of additional defects produced by gamma radiation .
The noise spectra demonstrate the increasing role of leakage current after high gamma
irradiation dose . In general, the results confirm, that due to their high radiation hardness,
GaN-based HEMTs have good prospects for stability and reliability of devices intended for
application in radiation environment, particularly for space applications .

In the final part of this work, the experience, gained during the investigation of
transport and noise properties of the transistors, was used to optimize the parameters of the
integrated circuit oscillator . As a result, a low phase noise GaN MMIC oscillator has been
presented, in conjunction with the study of the low frequency noise . The oscillator has
demonstrated remarkably good performance with low phase noise and high output power. The
oscillator delivers an output power of 28 dBm with DC-to-RF efficiency of 16% . The
measured phase noise was -105 dBc/Hz at a 100 kHz offset from 9.35 GHz carrier with only
15 MHz/V up conversion factor, which is better then the noise measured for MMIC
oscillators built on GaAs HEMTs.
In conclusion, the most important results were summarized, and a perspective for further
work towards the development and design of radiation-resistant and low-noise semiconductor
components for applications in high frequency communication systems were given.



Kurzzusammenfassung
Im Rahmen dieser Arbeit wurden die fundamentalen Eigenschaften von GaN/AlGaN

HEMT Strukturen untersucht, mit Hinblick auf eine Optimisierung Ihrer Leistung für
Anwendungen in Hochleistungs-Mikrowellenbauteilen . Die studierten Eigenschaften reichten
von der Untersuchung grundlegender Gleichstrom-Transporteigenschaften in 2D-
Elektronengas-Kanälen bis hin zur Untersuchung des Phasenrauschens eines X-Band HEMT-
basierten Oszillators .

Die Arbeit ist in fünf Teile unterteilt : Im ersten Teil werden die Grundlagen von
Fluktuationsphänomenen in Halbleitern beschrieben zusammen mit einer Diskussion
mehrerer theoretischer Modelle, die zur Beschreibung von Rauschen in HEMT-basierten
Bauteilen geeignet sind .

Im zweiten Teil wird eine Studie von 2DEG Transporteigenschaften bei niedrigen und
moderaten elektrischen Feldern durchgeführt. Für eine adäquate Analyse der Transporteffekte
werden gate-lose TLM Strukturen herangezogen. Die beobachtete Stromsättigung durch eine
TLM-Struktur bestätigt, dass sowohl thermische Überhitzung als auch Effekte heißer
Elektronen den Strom beeinflussen . Um Joule'sche Aufheizungseffekte zu verhindern und nur
die fundamentalen Transporteigenschaften zu messen wurde eine Nanosekunden-
Pulsmesstechnik entwickelt . Durch Anlegen elektrischer Pulse mit 10-30 ns Pulslänge an
AlGaN/GaN Heterostrukturen wurden experimentell Transportphänomene bei niedrigem und
hohem Feld gemessen, einschließlich der Abhängigkeit der Driftgeschwindigkeit vom
angelegten Feld bis hin zu einer Rekord-Feldstärke von 150 kV/cm für GaN-basierte
Heterostrukturen.

Ein starker Nachteil von Hochfrequenz-Bauteilen ist neben Selbstaufheizungseffekten
das Niedrigfrequenzrauschen. Im dritten Teil der Arbeit, wird eine geeignete Methode zur
Charakterisierung von Niedrigfrequenzrauschquellen vorgeschlagen und für nanometergrosse
111-Nitrid Heterostrukturen getestet . Das Temperaturverhalten der Rauscheigenschaften
enthüllt eine charakteristische Übergangsfrequenz von 1/f Rauschen zu einer stärkeren
Rauschquelle . Dieser Prozess mit einer Aktivierungsenergie von 0 .4 eV kann auf
Elektronenfallen in der AlGaN Barriere zurückgeführt werden.

Im vierten Teil dieser Arbeit werden Transport- und Rauscheigenschaften von
AlGaN/GaN basierten HEMTs mit Gatelängen von 150 nm bis 350 nm vor und nach
Bestrahlung mit Gammastrahlung einer Dosierung bis zu 1x109 Rad bestimmt . Die
beobachteten Veränderungen in den Charakteristika der gemessenen HEMTs wurden mittels
der Entstehung zusätzlicher Defekte durch die Gamma-Bestrahlung interpretiert . Im
allgemeinen bestätigen die Resultate, dass aufgrund ihrer hohen Strahlungsbeständigkeit
GaN-basierte HEMTs gute Aussichten in Bezug auf Stabilität und Zuverlässigkeit für
Bauteile, die in strahlungsbelasteter Umgebung und speziell für Raumfluganwendungen
gedacht sind.

Im letzten Teil der Arbeit wurde die Erfahrung, die während der Untersuchung der
Transport- und Rauscheigenschaften der Transistoren gemacht wurde genutzt, um die
Parameter eines integrierten Oszillatorschaltkreises zu optimieren . Dabei wurde ein GaN
MMIC Oszillator mit niedrigem Phasenrauschen präsentiert, in Verbindung mit der Studie des
Niederfrequenzrauschens . Der Oszillator liefert eine Ausgangsleistung von 28 dBm mit einer
DC-zu-RF Konversionseffizienz von 16%. Das gemessene Phasenrauschen betrug
-105 dBc/Hz bei einer Offsetfrequenz von 100 kHz neben einem Träger bei 9.35 GHz, was
die Rauschwerte von MMIC Oszillatoren auf GaAs-HEMT Basis übertrifft .

Schliesslich werden die wichtigsten Ergebnisse zusammengefasst und ein Ausblick für
zukünftige Arbeit mit Hinblick auf die Entwicklung und das Design strahlungsbeständiger
rauscharmer Halbleiterkomponenten für Anwendungen in Hochfrequenz-
Kommunikationssystemen wird gegeben .



Introduction

INTRODUCTION

Modern semiconductor electronics and optoelectronics demand the development of novel

material systems and optimization of their properties for a wide range of applications . For

most of these applications silicon has established itself as the material of choice, due to its

availability, price and universal physical properties, such as easy material processing, decent

carrier mobility, good thermal conductivity etc . With further development of industry and

science, however, a number of challenges emerged, where other material systems are vastly

outperforming silicon, or silicon cannot be used at all . These include the development of

optical devices like light emitting devices (LED) or lasers, high performance and high power

electronics as well as low noise and radiation resistant devices . During the last decades a

number of different material systems were suggested and successfully implemented, among

which one the most recent ones are group III- nitrides compounds .

With the development of wireless telecommunication, high-speed cellular networks and

aerospace systems, the demand for solid-state power amplifiers and high power oscillators has

been continually increasing . These devices require increasing performance in terms of high

power level, efficiency, linearity and operating frequency as well as low-noise demands and

good thermal and radiation stability . The existing materials and technologies often cannot

match these demands. For example, GaAs-based power devices have been very reliable at

high frequencies up to tenth of GHz. However, their power performances have already been

pushed close to the theoretical limit. In terms of power density, about 1 W/mm at 10 GHz

would be the state of the art performance for GaAs pseudomorphic high electron mobility

transistors (pBEMTs). Under such circumstances, wide band-gap semiconductors with a

higher breakdown voltage along with good electrical, thermal and noise properties are needed .

For many years, silicon carbide (SiC) has been widely seen as a potential candidate, but

unfortunately it doesn't fulfil the requirements in terms of electrical properties. With

technological and cost advantages, the Gallium Nitride (GaN) based family of semiconductor
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has quickly gained a lot of attention . In terms of electronic material properties, GaN possesses

very attractive features such as a large band-gap (3.4 eV), high breakdown fields

(3x106 V/cm) and extremely high peak (3xl07 cm/s) and saturation electron velocity (2xl07

cm/s) . Unique polarization induced interface charges in AlGaN/GaN heterostructures cause

high carrier concentrations (_1013crri2 ) of the two-dimensional electron gas (2DEG) without

additional doping . This leads to reduced scattering and consequently, to increased room

temperature mobility (up to 1500 cm2/Vs)[1] . GaN epitaxial layers can be grown on single-

crystal sapphire (A1203) and SiC substrates . Sapphire has the advantage of lower cost and the

availability of larger wafer size than SiC, but it is not as good as a thermal conductor . GaN

HEMTs on SiC have achieved a power density of 7-12 W/mm [2],[3], while GaN HEMTs on

sapphire have demonstrated 4.8-6.6 W/mm [3],[4], and the difference is believed to be due to

the higher thermal conductivity of SiC (a = 450 W/mK) over sapphire (a = 30 W/mK).

However, the two-dimensional electron gas (2DEG) transport in HEMTs is strongly affected

by a variety of other factors : proximity to the surface, surface conditions, the channel non-

uniformity, etc . To use group III-nitride heterostructures in high power and high temperature

microelectronic applications, all of these should be investigated in detail . Additionally, high-

field transport properties of nitride materials of relaxation mechanisms of hot carriers,

intervalley transfer and the velocity-field characteristics have not been studied so far in detail .

There are no experimental measurements of the velocity-field characteristics in two-

dimensional III-V nitride based heterostructures at electric fields close to the critical one in

this material system . This information on hot carriers is of fundamental importance for the

performance of all semiconductor electronic devices . On the other hand, continual increase of

number and speed of wireless data transmission systems sets up the demand for very low

noise microwave components . While the main source of phase noise in HEMT-based

amplifiers is due to the upconversion of low-frequency Uf amplitude noise, the study of the

fundamental properties of 1fnoise in HEMT structures gains high importance . With limited

systematic investigations available it offers a large new field of both practical and

fundamental research .

Noise level in multi component systems is strongly dependent on the noise level of each

element, the impedance-parameter matching between the elements and the degree of

nonlinearity . The main nonlinear element of an oscillator is the active device, its noise

behaviour depends on several factors : layer structure and processing design, operating
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voltages, heating effects, variation of parameters with temperature and other external factors :

magnetic fields, radiation surrounding, optical excitation, etc . Therefore it is extremely

important for the design of an ultra low noise oscillator to look for ways of the nonlinear

device optimisation.

In the frame of this work, the fundamental properties of GaN/AlGaN HEMT structures have

been investigated in order to optimize their performance in high power microwave devices . A

number of properties have been studied, starting from direct current (DC) transport properties

in bare 2DEG channels up to the investigation of phase noise of a X-band HEMT-based

oscillator .

This work is separated into five parts. In the first part, basics of fluctuation phenomena in

semiconductors are described along with a discussion of theoretical models, which are most

applicable in the case of investigations of noise in HEMT devices .

In the second part, a study of 2DEG transport at low and moderate electric fields is

performed . A new tool for the investigation of transport in heterostructures is suggested :

gateless transmission line model (TLM) structures . Transport peculiarities in group-III

nitride-based (AlGaN/GaN) heterostructures grown on sapphire for HEMT applications

studied in details as in low and moderate fields as well as in high (up to 150 kV/cm) electric

fields in the pulse regime . Effects of self-heating and its influence on transport properties in

the structures are carefully investigated both theoretically and experimentally . A new method

of investigation of self-heating and hot-electron effects in the same experiment is developed .

In the third part, an adequate method for the low-frequency noise source characterisation from

different device regions is proposed and tested for nanoscale Group-III-nitride

heterostructures . The revealed behaviour of the noise spectra as well as the small value of the

Hooge parameter is discussed within theoretical models of the noise associated with specific

resistance fluctuations . Additionally, a study of the noise spectra of leakage current has been

performed . Generation-recombination (GR) features in the spectra was revealed and attributed

to the current flow through the AlGaN barrier region . Parameters of the GR process were

estimated from the analysis of the noise spectrum . The temporal dependence of leakage

current behaves like random telegraph signal (RTS), which provides additional information
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about the GR process . Two different RTS series in the current were observed . The importance

of reducing the interaction between channel electrons and barrier states is confirmed .

In the fourth part of this work, transport and noise properties of AlGaN/GaN based HEMTs

with gate lengths from 150 nm to 350 nm have been studied before and after gamma

irradiation . The observed changes in the measured HEMT characteristics are interpreted in

terms of additional defects produced by gamma radiation . The noise spectra demonstrate the

increasing role of leakage current after gamma irradiation . The Hooge parameters determined

separately for passive (1x10-3 ) and active (about 5x10-4 ) regions of the device show values

three to five times larger after a radiation dose of 2x10 8 Rad . However, it was shown that

transport and noise characteristics of the transistors reveal a tendency to improvement under

irradiation by gamma-quanta up to doses of 106 Rad. The effect is explained by relaxation of

elastic strains and structural ordering of native defects in the AlGaN barrier layer . The

suggestion is confirmed by results of structural characterization of as-grown heterostructures

after the same radiation treatment . In general, results confirm, that due to their high radiation

hardness, GaN-based HEMTs show good prospects for stability and reliability of devices

intended for application in harsh radiation environment, such as space applications .

In Chapter 5 results from studies made in Chapter 2-4 were used to optimize the parameters of

an X-band oscillator based on an AlGaN/GaN HEMT. A high power voltage-controlled

oscillator has been built and characterized in details . Oscillator has shown excellent phase

noise performance together with high output power. The oscillator delivers an output power

of 28 dBm with a DC-to-RF efficiency of 16%. The measured phase noise is -105 dBc/Hz at

100 kHz offset from 9.35 GHz carrier . This level of noise is a record up to date for MMIC X-

band oscillators regardless of the basis material.

Finally, the most important results are summarized, and a perspective for further work

towards the development and design of radiation-resistant and low-noise semiconductor

components for applications in high frequency communication systems are given .



CHAPTER 1 : FLUCTUATION PHENOMENA IN SEMICONDUCTOR MATERIALS AND DEVICES

Chapter 1 : Fluctuation phenomena in semiconductor

materials and devices

For a long time fluctuation phenomena in semiconductor materials and devices were

considered only as a limitation to sensitivity and performance of devices . Therefore, all

investigations in this field were application-driven and directed towards understanding the

origin of fluctuation to be able to reduce the noise level and increase sensitivity and stability

of devices. A number of problems arose during the studies that appeared to be quite complex

and difficult to solve .

Thanks to these investigations, two important facts were discovered. It was found that

reducing of a noise level does not necessarily increase a sensitivity or performance . This fact

leads to conclusion that the origins of noise often strongly bound to the basic physical

mechanisms in the device, which are responsible for its operation . As a matter of fact, these

are the same factors that determine the level ofthe "useful" signal . Hence the results of noise

investigations can give valuable information about the different physical processes occurring

in semiconductor materials and devices . In other words, studying of noise phenomena can be

used not only to determine noise parameters of structure or device but also to investigate their

non-noise properties and characteristics .

The second important outcome of the first noise investigations is high sensitivity of noise

generation process to particular physical feature of the given device, even if this feature does

not visible in non-noise characteristics of a device . This means that the noise study may serve

as a very sensitive method of investigation and makes it possible to obtain additional

information about semiconductor materials and structures that is not accessible by other

physical methods .
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Thus, the study of noise may be used not only to improve the device sensitivity but also to

examine different physical phenomena and to determine various semiconductor parameters .

1.1 General noise theory

Fluctuation phenomena, also called as noise, occur in semiconductors due to the statistical

nature of different physical processes in these materials .

In general, when a quantity X shows noise we may write :

X(t) = ~X) + AX(t)

The symbol ~X) means averaging over a long period oftime . Now AX(t) may be written in a

Fourier series :

where the coefficients a; are fluctuating amplitudes . The noise component measured at a

frequency f; is then

(t) = I a, exp(j2rft)+ a; exp(- j2rf t)

	

(1.2)

=0

)z)
__ 2Cat at

If we are measuring in a finite bandwidth Af , the Fourier components inside the bandwidth

add up quadratically . Such a noise, measured in a unit of bandwidth is called the spectral

density . For a steady state process the value of spectral density is determined as follows
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Here asterisk denotes the complex conjugate ofthe quantity involved .

Another basis parameter in noise theory is so called autocorrelation function (p, (t) . (p, (t)

describes how, on the average, a deviation AX(t o )will decay . The autocorrelation function is

(a) Thermal noise.

0

These equations are used when making a physical model for an observed noise .

There are three well understood types of noise that are frequently seen in noise spectra :

thermal noise, shot noise and generation-recombination noise .

The statistical nature of the scattering of free charge carriers causes random changes in their

velocities and, hence, random microscopic diffusion currents . In equilibrium situation this

motion has an average energy of I kT . As a result, a fluctuating current that is equal to the

sum of these microcurrents exists in semiconductor samples and a fluctuating voltage is

observed at their electrical contacts (Brownian motion noise) . Under thermal equilibrium

conditions, this noise is called thermal noise or Johnson noise [10],[11] . In a more general

case it is called diffusion noise .

defined by

(PX(t) =( (to )AX(to + t)) (1 .6)

(Px (t) and Sx (f) connected by the Wiener-Khintchine relations [81,[9] :

Sx (f) = 4f(px (t)cos 2TCftdt (1 .7)
0

(ox (t)= fSx(f)cos2TCftdf (1.8)
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In terms of resistance it means that any resistance R shows spontaneous current fluctuations

or voltage fluctuations governed by the equations :

or

(b) Shot noise.

This white spectrum is always found, whatever the nature of the conduction process, or the

nature of the mobile charge carriers . Thermal noise is generated in any dissipative physical

resistor.

Charge transfer in semiconductor often connected with overcoming of different potential

barriers . For example, electrons emitted from a hot cathode in a vacuum diode, or electrons,

crossing potential barrier in heterostructure - these carriers are randomly generated . Random

generation leads to fluctuation around the average current I:

SI = 2eI

	

(l.11)

Schottky [12] was the first to consider such a noise . It worth to note that shot noise is a non-

equilibrium phenomenon associated with current flow in a driven stationary state . The

spectrum is white at all attainable frequencies because of the very high transit time of the

electrons .

(c) Generation-Recombination (GR) noise .

The number of free electrons in the conduction band may fluctuate because of generation and

recombination processes between the band and traps . The appearance and disappearance of

carriers in a semiconducting sample by the processes of generation and recombination is

described by a differential equation [13] :

dAN AN
dt Z-

1 4

SV = 4kTR (1 .9)

SI = 4kT/R (l .10)
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where

ON is the fluctuation in the number of carriers and z is the lifetime of added carriers

.
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n

p

1.2.

1/fNoise

.

((ON)2)

is given by

:

This

type of spectrum is called Lorentzian

.

If there is only one type of trap, then the variance

1 5

where

X

�

is the average number of occupied traps and Xp the average number of empty

traps .

The variance thus approximates the smallest of the quantities N, X

�

and XP

.

There

is, however, another type of noise that is often seen on spectra but did not have simple

unified

theory behind

.

It is 1fnoise - fluctuation in the conductance with a spectral density

proportional

to f -Y , where r =1

.0

± 0

.1

in a wide frequency range, usually measured in the

range

from 1Hz to 100 kHz

.

It is clear that the spectrum Sa

� ,

f cannot be exactly 1lf in the

I

whole

range 0 < f < cc

.

Firstly, S -> cc, when f -> 0

.

Also, the integral of S -> 00 at both

frequency

limits f = 0 and f = oo

.

There fore, if noise is stationary the spectrum must

flatten

below a certain low frequency and it must become steeper above a certain high

frequency .

Neither of these frequency limits has ever been observed

.

High frequency limit is

Then

the autocorrelation function, according to Eq

.

(1

.6)

will be

:

(PN0=(

(to )AN(to + t)) = (JAN(to )12 ) exp(- tlz) = ((AN)2 ) exp(- tlz)

(1 .13)

The

Wiener-Khintchine theorem (Equations (1

.7)-(1 .8))

then gives

:

SN

W 4z

=

(( )2) 1 + (2

;7fz)2
(1 .14)
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masked by thermal noise usually and practically not reachable . For low frequency limit

observation two solutions are possible : (a) the noise is not stationary, or (b) we must measure

at still lower frequencies . Second choice is hard to perform, as measurements at frequencies

around 10-6 Hz will need around a month to be completed .

Unlike the first three sources mentioned above, which are well understood, a the origin of the

If noise is still open to debate [14],[15],[16] . At the moment, two theoretical approaches to

describing the 1fnoise are discussed : the McWorter and Hooge models . The main physical

difference between these two cases is the origin of noise sources . McWorter's model of the

noise deals with surface or interface noise sources (fluctuations of concentration, An) [17],

while Hooge's model takes into consideration the distribution of noise sources in the volume

(mobility fluctuations, A~t) [18] . The question whether An or A~t is responsible for current

fluctuations in HEMTs even in the case of equilibrium (low voltage) noise still remains open .

In the next two sessions both theories will be described in detail .

1 .2.1 The McWhorter model.

First relatively successful attempt to give a simple physical model for 1/fnoise has been done

by McWhorter back in fifties [19],[20] . After almost 50 years this theory has remained the

most accepted model in metal-oxide-semiconductor transistors (MOST) and HEMTs.

In this theory trapping of charge carriers in traps located at a distance from the

semiconductor-oxide (for MOST) or hetero- (for HEMTs) interface is considered as the noise

source . Fluctuation of resistance, in this theory, is caused by fluctuation of number of free

charge carriers due to trapping/detrapping processes .

Formation of 1/f spectra in this theory can be explained as follows . As follows from the

Eq. (1 .14), in case of capturing of charge by a trap with a single capture time z , the resulting

noise spectrum will have a Lorenzian shape (GR noise) . Schematically the spectra for two

traps with slightly different capture time are shown at Fig . 1 .1 .
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T2

number of electrons .

SI (Cv) __ 4N,

	

z
1 2

	

AN2 1+ 0)2z2

where y - distance from interface to the trap .

_2

Figure 1.1 . Single capture time constant i : GR

	

noise, Lorentzian

spectrum.

The noise spectra in terms of cyclic frequency o) = 27rf will be described by expression:

where A - area of the interface, Nte -number of traps that can capture electrons and N - total

However, if you assume that in vicinity of your interface traps are uniformly distributed (for

example, they have the same energy but uniformly distributed in distance from the interface,

or vice versa) then one can write a following expression for capture time of these traps :

z = zo exp(ßy), (y < 0)

	

(1.17)
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In this case unified noise spectra from these traps will form Uf dependence in a broad

frequency range (Fig . 1 .2) . Corresponding transformation of equation (1 .16) yields a

following formula for noise spectra in case ofuniformly distributed traps :

I2

_ N,e 1
NZAln(z2 /zl ) .f

Figure 1.2 . Distributed time constant: 11f noise

This simple and beautiful theory attracted a lot of scientific attention . However, 1f noise

appeared also in materials, where existence of surface or interface traps was very unlikely, for

example, in continuous metals films [21] . Therefore with time it failed to be a general theory

of 1fnoise, while still holding a place ofmost popular theory in case of MOSTs and HEMTs.



CHAPTER 1 : FLUCTUATION PHENOMENA IN SEMICONDUCTOR MATERIALS AND DEVICES

1 .2.2 The Hooge model.

In 1969 Hooge proposed [22] an empirical relation for the 1/fnoise in homogeneous samples :

SR _ a
R 2

	

Nf

It was done in an effort to explain systematically collected data on 1/f noise from literature .

The only theoretical idea behind the relation (1 .19) was that whatever the electrons do when

producing 1fnoise, they do independently . Thus a is a normalized measure for the relative

noise in different materials, at different temperatures, etc . There was no reason to assume that

a is constant . However, experimental results show that the values of a were not too far

apart, mostly in the range of a = 2 x 10 -3 . Later it was found, that a depends on the quality

of crystal and on the scattering mechanisms that determine mobility ,u .

In contrast to equation (1 .18), (1 .19) does not hold any dimensions length, width or thickness,

therefore the noise, governed by (1 .19) considered to be bulk noise . The same formula was

found to work for point contacts [23] and metal films [24], breaking the image of 1fnoise as

purely semiconductor effect .

At the present time, the relation (1 .19) is widely acceptable in many types of structures .

a has been established as measure of "noisiness" of a structure and usually referred as aH -

Hooge constant .

The primary difference of Hooge model is that Hooge noise is bulk effect and experimentally

found to be inversely proportional to the total number of free carriers . This excludes surface

effects as a source of Hooge noise . Another difference is the approach to conductivity

fluctuations . In contrast to McWhorter theory, Hooge model says that conductivity

fluctuations are caused not by concentration variance but by mobility fluctuations .
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Experimental investigations show that the lattice scattering of free carriers most likely is the

origin for such fluctuations .

Several attempts to build an appropriate theory for empiric Hooge findings have been

performed . Most successful today are the theories of local interference noise by P. Dutta and

P.M. Horn [25] and quantum 1f noise by P.H . Handel [26] . First theory proved to be reliable

in case of noise in metals while second is very general theory of 1/f noise applicable to all

type of devices .

Detailed description of these theories is beyond the scope of this chapter. All of them are

dealing with interference of electron waves. In local interference theory the interference

comes from the waves scattered at many centres (lattice defects, etc) . When the spatial

arrangement of the centres changes, we observe a change in the conductance, noise . Handel

theory is more general - there are 1/ffluctuations in each individual scattering event at each

individual scattering centre . Interference occurs between the Bremstrahlung and non-

Bremstrahlung part ofthe electron wave function .

It should be noted that a values predicted by Handel [27],[28] are of the order of 10-8-10-9 .

This corresponds to experimental values only for few particular cases . In semiconductors the

values of a mostly at 10-3 - 10-5 range [29] . This could mean that usually in semiconductor

devices and structures there are other mechanisms of noise in addition to the predicted by

Handel's theory . This topic, however, is still open to discussion.
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Chapter 2 : Low- and high-field transport properties of

AIGaN/GaN heterostructures

In order to optimize a parameters of transistor for use in high power high frequency devices

we shall start with investigation of their basic transport properties. A number of non-trivial

effects can influence performance of HEMTs both at low and high operating powers . For high

power operation the self-heating effects should also be taken into account . The dominating

mechanisms of energy and impulse relaxation also need to be investigated .

This chapter addresses the study of two-dimensional electron gas (2DEG) transport at low and

moderate electric fields . The devices under study are Group-III nitride-based (AlGaN/GaN)

heterostructures grown on sapphire for HEMT applications . For investigation the transport

properties of these devices we suggested a use of the transmission line model (TLM) patterns

of different channel lengths, L and the same channel width . These structures normally used

for determination of contact resistance . The main difference from processed HEMT structure

is the absence of gate electrode . In this case the voltage drop in the structure practically linear

that allows us simple recalculation of applied to the structure voltage V to electric field in the

structure E.

DC and pulsed measurements of these structures revealed a number of features, important for

further optimization . Unique drift velocity data has been obtained at ultra-high field

measurements .
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2.1 Self-heating and hot-electron effects in AlGaN/GaN heterostuctures.

It has been established that at the AlGaN/GaN heterointerface a conducting channel is formed

with two-dimensional electron gas (2DEG) . A high electron concentration in the channel is

achieved without intentional doping due to large polarization fields inherent in the nitride

material system [30] . Both experimental and theoretical investigations [31,32] indicate that

the electron transport in the conducting channels reveals a number ofproperties quite different

from what has been observed in other III-V heterostructures .

High sheet carrier concentrations (in excess of 1013 CM-2
) and large values of the carrier

mobility and breakdown voltages (power densities are in the few W/mm range) make

necessary for better understanding transport properties to take into consideration self-heating

phenomenon, when the channel is heated by dissipated power [33,34] . Since the carrier

mobility is dependent on both electric field strength and lattice temperature, two effects are

present simultaneously : the effect of hot electrons and Joule self-heating of the lattice . A

distinguish can be made by studying the change in transport characteristics by varying

dissipated power at the same values of the electric field strength.

2.1.1 . Experimental details

The investigated devices are fabricated from GaN/AlGaN (33% Al) undoped heterostructures

of 1 .1 p,m GaN and 23 nm AlGaN covered with 320 nm Si3N4 passivation layer . The TLM

structures are patterned on the same wafer as used for HEMT device formation grown by

metal organic chemical vapor deposition on sapphire with 40 nm AlGaN (16% Al)

intermediate nucleation layer. The conducting channel of devices is of 100 pm width with the

length L scaled to varied distance as 1, 5, 15, 20, and 25 pm. The TLM ohmic contacts were

processed by Ti/Al/Ti/Au metallization annealed for 40 s at 800 °C . Schematically structure

design is shown on Fig.2 .1 .
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Figure 2.1 . Schematic layout ofthe sample under investigation .

A room temperature mobility of 1250 cm2/Vs at a sheet carrier density of

1 .05xl013 CM-2 has been measured in the 2DEG of the channel by means of Van der Pauw

method. Current-voltage (I- V) characteristics have been measured in steady-state and transient

current conditions with time step as low as 10-6S .

2.1.2 DC and pulsed IN measurements

Obtained current-voltage characteristics of the samples with different sample length are

shown in Fig.2.2 . Taking into account voltage drop on contact and normalizing these

dependencies on channel length, on can build a current-field dependence (I-E) (Fig.2 .3.)

Here E=VIL being an average electric field in the conducting channel, V the applied voltage

and L - length of the channel . Both pulsed and DC measurements show dependence of the

current on the channel length . The longer the channel, the greater the observed difference

between DC and pulsed I-E characteristics . With increasing L a portion on the I-E curve with

23
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saturation current manifests itself in the range of measured electric field (voltage) less than

8 kV/cm. It should be noted that the regime of operation with saturation current for

AlGaN/GaN TLM structures is reported for the first time . Importantly, the latter regime is not

associated with a gate region as it usually takes place in HEMT devices for similar range of

the applied voltages .

different length ofchannel

0

	

5

	

10

Voltage (V)

Figure 2.2 . Measured I-V characteristics of the channel current with
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2.1.3 Thermal management model

0 1 2 3 4 5 6 7 8
Electric field (kV/cm)

Figure 2.3 . Measured DC (lines) and 1 ,us pulse (circles)

measurements of the current-electricfield dependence in shortest and

longest channels

In general, the obtained I-E characteristics are strongly nonlinear although the considered

field range (< 8 kV/cm) is well below the fields of hot-electron non-ohmic behavior expected

from theoretical predictions [35] .

For description of the observed behavior of the I-E characteristics we develop a

simple theoretical model based on (i) heat dissipation and thermal path modeling in the device

and (ii) self-consistent solution of coupled nonlinear equations for the channel current I and

the channel temperature T. It is determined by dissipated power Pdis and heat conduction

properties in the device . We suppose that thermal impedance is primarily determined by the

sapphire substrate (see Fig . 2 .4) [33] . If we neglect for simplicity the temperature dependence

25



CHAPTER 2 : LOW- AND HIGH-FIELD TRANSPORT PROPERTIES OF ALGAN/GAN
HETEROSTRUCTURES

in the thermal conductivity of the substrate, A(T), the problem is reduced to the Laplace

equation.

Flot zone, T

Figure 2.4. Considered model ofa heat dissipation in the structure

The boundary conditions can be set as a constant heat flux q = Pdi sl(WL) from hot zone

(conducting channel) on the top of the substrate; adiabatic thermal conditions all over the

remainder surface (q =0), except the bottom where an isothermal condition is provided by

good thermal contact under certain temperature To . These allow us to find temperature

distribution in the substrate and evaluate the channel temperature, T, averaged over the

channel area, Seh = WL (see Appendix) . The temperature rise AT = T - To in the channel is

related to Pdj, through the thermal impedance e= AT/Pdi, . The latter can be written as

0=11',Seff I
	Seff =d2/[1+6(Lld,W/d,l/d)] ,

	

(2.1)

with the function 6 = 2(61 +26 2 ) being expressed in terms of infinite series [36] :

61 =

	

{~~(Wld)+~n (LId~Vn-m(l/dN )2n=1

62 =

	

Y'n (L/d)Y'n (W/d /Y' nm (l/d
n,M-1

For L= W= d we get 6= 0 and Seff = S = d2. Then (2.1) reduces to the thermal impedance

under a one-dimensional heat conduction. For (W, L) < d, we get o7> 0 and respectively Seff<
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S, which leads to an increase in the thermal impedance due to three-dimensional character of

the heat conduction .

The current I as a function of electric field E can be determined from coupled equations :

I = ep(To + AT,E)NWE,

	

(2.2)

AT = e(TO,L)IEL .

	

(2.3)

Here e is the electron charge, u the electron mobility, N the sheet electron concentration in the

conducting channel. Below numerical solutions to Eqs. (2.2)-(2.3) are found taking advantage

of the above thermal impedance, as well as the recent results on Monte Carlo simulation of

2D electron transport [35] and experimental study of the low field mobility on temperature at

elevated temperatures in nitride heterostructures [7] . Specifically, we take for the field

dependence of the electron mobility ,u(T, E) = ,uo (T)/[1 + S- (E/E,) ß], with 6, S-, and E, being

fitting parameters [35] . The low field electron mobility is taken to be [37]

,uo(T) = ,u3oo (300/T)18 , where ,u3oo is the electron mobility at room temperature .

The equations from (2.1) to (2 .3) allow us to calculate the current I and temperature

rise AT as a function of the electric field E in the channels with different lengths L . The results

of calculations I vs E for L = I ~tm and 25 ~tm are presented in Fig . 1 .5 by dashed and dotted

curves .
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Figure 2.5. Comparison ofexperimental (dashed and dotted lines) and

calculation results (solid lines) independent on T)

The thermal impedances 01 = 43 Kmm/W and 82,5 = 24 Kmm/W have been obtained

from (1) for L = 1 ~tm and 25 gym, respectively, using the substrate parameters d = 1 .5 mm, l

= 300 gym, A = 0 .33 W/cmK. These values agree well with the thermal impedance of

25 Kmm/W obtained for AlGaN/Gar HEMTs grown on sapphire [33] . As is seen from

Figure 2.5, the computational results are in a good agreement with the experimental data . In

particular, at the electric field value of 8 kV/cm we obtain the temperature rise dT = 27 K at

Pdis = 0.64 W/mm for the channel with L = 1 gym, and dT = 144 K at Pdis = 6 W/mm for L =

25 gym. Respectively, the self-heating effect results in 14% and 51% of current reduction for 1

~tm and 25 ~tm length conducting channels . Note that for long channels this leads to negative

differential slope for both experimental and calculated I-E curves . Since characteristic times

determining the self-heating kinetics in epilayer structure and substrate may differ in several

orders of magnitude [33], the pulsed measurements in 10-6 s regime exhibit a partial self-

heating . The comparison between the calculated and experimental I-E dependences for the

device with L = 25 [tm (Fig . 2 .5) indicates that only 60% of the full (DC) temperature rise is

reached in these measurements .

28
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The results shows, that thermal overheating effects even under normal operation voltages

have a strong influence on HEMTs characteristics . The observed saturation of current trough

TLM structure confirms that both thermal overheating and hot electron effects are playing

role in the current reduction . We developed a theoretical model which allow to discriminate

between the current reduction caused by increasing electric field and channel temperature rise

due to the self-heating . The microsecond pulse measurements shows 60% reduction of self-

heating compared to DC measurements, in agreement with our calculations . The results

obtained allow us to suggest that to utilize unique properties of group III-nitride

heterostructures, including high speed of the electrons, it is necessary to optimize the thermal

budget of devices .

2.2 Two-dimensional electron dynamics under low and high electric field.

Being very perspective materials for applications in high power and high temperature

electronics III-V nitride based materials represent by itself terra incognita in some fields [31] .

Particularly, high-field transport properties of nitride materials are not studied in detail . These

include : mechanisms of relaxation of hot carrier, intervalley transfer, the velocity-field

characteristics, etc . Up to date there are no experimental measurements of the velocity-field

characteristics in two-dimensional III-V nitride based heterostructures at the electric fields

close to the critical one in this material system . This information on the hot carriers is of the

fundamental importance for the performance of all semiconductor electronic devices .

High electric currents and fields, which are characteristic for the nitrides, give rise to ultra-

high dissipative power and considerable Joule heating of the samples [38] . As we have seen

from results of the previous chapter, nanosecond pulses are required if we want to remove

self-heating and measure only hot-electron effects . In this section we present experimental

results on of the velocity-field characteristics in AlGaN/GaN heterostructures obtained by

using 10 ns-pulse current-voltage measurements .
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2.2.1 Structure design and experimental setup

The investigated devices were fabricated from A1o.33Gao.67N/GaN undoped heterostructures of

1 .1 ~Lm GaN and 23 nm AlGaN covered with a 320 nm Si3N4 passivation layer . The structures

were grown by metal organic chemical vapour deposition (MOCVD) on sapphire substrates

with 40 nm A1o.16Gao.s4N intermediate nucleation layer . The transmission line model (TLM)

patterns of different lengths L of conduction channel and equal width W were studied. The

channel length varied from 1 to 35 hum, while the width was 100 hum. The TLM ohmic
0

contacts were processed by Ti/Al/Ti/Au metallization annealed for 40 s at 800 C.

The high field experiments, particularly the current-voltage characteristic measurements, were

carried out by using of nanosecond voltage pulses applied to the sample. This pulse regime

minimizes the self-heating effects . The measurements were performed in a temperature range

between 4.2 K to 300 K. The electric pulses were generated by discharging of coaxial line

through a mercury-wetted relay. The coaxial line was charged by a DC voltage source, this

method allows us to obtain the electric pulses of 10-30 ns duration of different magnitudes .

The used electric circuit is shown in Fig . 2 .6 (a) . The resistor module comprised 80 Ohm

loading resistor in parallel with the sample and 50 Ohm resistor for a current control . It was

found that the sample resistance increased from 30-50 Ohm at low fields up to 400-500 Ohm

at the high fields of 100-150 kV/cm. This effect gives rise to changes in pulse reflection

during the experiments . The 80 Ohm resistor provides minimization of the load mismatch

altered with electric pulse magnitude . A two-channel stroboscopic oscilloscope with 0.1 ns

resolution allowed measuring the applied voltage in point B and voltage on 50 Ohm resistor

in point A, both points are indicated in Fig . 2.6 (a) . The pulse measurements were carried out

in a helium cryostat : at 4.2K the sample was immersed into the liquid helium, while at

elevated temperatures (up to 300 K) the helium gas flow was used for better electrical

isolation. The typical waveforms of the current and the applied electric voltage pulse are

shown in Fig . 2 .6 (b) . The waveform coincidence of the both signals was observed at all

temperatures ofthe experiment and it did not alter with electric pulse magnitude.
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Figure 2.6 . (a) : Experimental setup for pulse measurements . (b) :

Current and voltage waveforms measured atpoints A andB marked in

Fig. 2.6 (a) .

2.2.2 Low-field investigation of2DEG

Firstly we conducted the low-field measurements to determine basic parameters of 2DEG. By

applying the Van der Pauw method we found that the low field mobility equals 4000 cm /V s

at 4.2 K and 1250 cm IV s at 300 K. The measured temperature dependence of the mobility is

presented in Fig . 2.7 . For the sheet electron concentration we found n=1.05x10 13 crria in the

measured temperature range (1 .4- 400 K). We also conducted magnetotransport

measurements . The strong Shubnikov-de Haas (SdH) oscillations are observed, as illustrated

by the inset to Fig . 2.7 . The SdH oscillations appeared at relatively low magnetic fields, which

is evidence for good quality of the AlGaN/GaN heterointerface. The sheet carrier

concentration determined from the SdH oscillations was nearly the same as the one yielded by

the Van der Pauw method.
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Figure 2.7. Electron mobility versus ambient temperature . In the

inset: the SdH oscillations at T = 1 . 4K.

It is interesting to note that the magnetotransport measurements shed a light on mechanisms

of low field scattering of electrons . From the Dingle plot (Fig . 2.8)of the SdH oscillations

amplitude as a function of reciprocal magnetic field we estimated the so-called "quantum scat-

tering time" .

The quantum scattering time, ti q , is related to the Landau level broadening and characterizes

the total carrier scattering mechanisms . A simple equation can be used [39] :

In[ DT ] =C - /* B~

	

(1.4)
p

	

9

4X
where DT =

	

,
X

= 2cokT , Op,,,, i s the amplitude of the oscillations, po is the zero-

field resistivity, co, is the cyclotron frequency, e is the electron charge, m* is effective mass, B

is magnetic field, C is constant at a given temperature, h is reduced Plank's constant, k is

Boltzmann's constant, T is temperature .
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By fitting the data plotted in inset of Fig.2 .8 and taking the electron effective mass m* as

0.23m, we obtain that the quantum scattering time is 61 .8 fs . The latter corresponds to

broadening value ofthe Landau level of2.86 meV.

0,00 0,02 0,04 0,06 0,08 0,10 0,12

1/B (T - ')

Figure 1.8. Dingle plot ofSdH oscillations amplitude vs the reciprocal

magneticfield.

Classical transport time, it, derived from the low-field mobility is 0.53 ps . The relation

between two times is a characteristic of the dominant angle of scattering events in the 2DEG.

For short-range scattering process on roughness and imperfections of the heterointerface large

angle scattering events will be dominant and the ratio is expected to be unity. It will be

several times higher then unity in the case of long-range/small angle scattering processes .

The average ratio of the "classical" transport time found from the measured mobility to the

"quantum time" was found to be around 8. For comparison the highest value observed in

high-mobility modulation-doped AlGaAs/GaAs 2DEG where small angle scattering processes

are dominant is 30 [40] . The fact is consistent with reduced defect scattering of 2DEG formed

at interface between undoped layers . This also consists with our results of low frequency

noise measurements, which ones yield the value of Hooge parameter comparative with GaAs
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structures, as it will be shown in Chapter 3. The low value of magnetic field at which the SdH

oscillations are resolved is also characteristic of small disorder at AlGaN/GaN interface .

2.2.2 High-field electron dynamics

The typical results of high-filed measurements of the current are illustrated in Fig . 2.9, where

the current-voltage characteristics are presented for two samples with L = 5 hum and

L = 10 hum at different ambient temperatures . General features of these results are : a rapid

increase in the current from 0 to 0.15 A at low voltage bias (< 10 V ) and an extended portion

with a slow increase in the current at larger biases . Slightly higher currents occur at lower

ambient temperature . Currents of 1.5 A/mm are achieved at high voltages . These values are

larger by one order of magnitude than the currents observed in HFET and MOSHFET-nitride

structures [41] . These values can be explained by the absence of the gate leakage currents .

Note that the studied two-terminal devices can be used for limitation of current for electrical

pulses of 10 ns duration .

To determine the electron drift velocity we used the relation

Vd, = IlenW,

	

(2.5)

where I is the current, e is the electron charge, n is the carrier concentration . This method of

determination of Vd, relies on the measured value of the electron concentrations and on the

assumption that the concentration remains constant as the electric field changes .
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Figure 2.9. Current-voltage characteristics for two TLM samples .

Open symbols correspond to L =5,um, T =4.2K, solid symbols

correspond to L = IOpm, T = 300K.

Calculated with equation (2.5) Vd, -E curves are shown in Fig . 2.10 . The curves measured on

TLM with different length are very similar . A linear increase in the velocity up to the electric

fields of about 5 kV/cm is followed by sub-linear dependence for both presented samples .

Remarkable, that despite our nitride structures have relatively small low-field electron

mobility (4000 and 1250 cm2/Vs at 4 K and 300 K, respectively) we obtain the magnitude of

the drift velocity above 107 cm/s . Together with large electron concentrations this produce

high current densities (I =2.5 A/mm) and record specific input electric power (-100 W/mm ).
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Figure 2.10. Electron velocity versus electric field for the same

samples and temperatures as in the Fig. 2.9; solid curve represents

the theoretical dependence .

The maximum of achieved drift velocity equals 1 .7x10 cm/s at E = 150 kV /cm (T=4 K) and

1 .1x10 cm/s at E = 80 kV /cm (T = 300 K). These magnitudes of Vdr obtained for the 30 ns

electric pulses are larger than those we measured for the longer pulses . The found velocity

magnitudes are close to the values Vdr measured for the perfect modulation doped

AlGaAs/GaAs structures . Indeed, for lightly doped AlGaAs/GaAs structures (n=4x1011 cm2 )

with mobility 7600 cm2/Vs at T = 300 K, it has been found that Vdr <_1 .7x 107 cm/s [42] .

For another relevant analysis, we compared the Vdr(E)-dependence with theoretical curve,

calculated in the model of the shifted Maxwellian distribution taking into account known

scattering mechanisms, particularly electron-optical phonon interaction. In Fig . 2.10 these

results are shown for the ambient temperature 300 K. The theoretical values are slightly larger

than the measured ones . This can be explained by the fact that for the 30 ns electric pulses

Joule heating still exists . Estimates show that a decrease in the pulse duration to 1- 2 ns should

lead to higher velocity .
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Now we shall discuss the electron temperatures Te in the nitride samples . For moderate

electric fields, when the drift velocity is small in comparison to the thermal electron velocity

( Vdr <<

	

2kBTe / m , kB and m are the Boltzmann constant and the effective mass,

respectively), the electron temperature can be estimated by the "mobility comparison"

method [43] . This method consists in the measurement of the low-field mobility at different

ambient temperatures u (T) and the measurement of the hot-electron mobility as a function of

the electric field ,uh, (E). Since the distribution function of the electrons can be described by

the Maxwellian function with substitution T--> Te , equating the found dependences

,u (Te) = ,uh, (E) one can estimate the function T,(E). We used the results presented in Fig . 2 .7

on ,u (T) in the interval 4.2-350 K to determine T,(E)-dependence for the field range

0-15 kV/cm, as presented in Fig . 2.11 (a) . By using this dependence, one can calculate

dissipated electrical power per electron Pe as a function of 1/T, . The corresponding data is

shown in Fig . 2.11 (b) . The high temperature portion of these data (200 K < T < 350 K) can

be described with the energy relaxation rate via optical phonon emission equation :

where £o is the optical phonon energy and zo is the characteristic time of optical phonon

emission .
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PQ =
z°

exp(kT ),

	

(1.6)
0

	

e

This equation agrees well with the data presented in the inset for the parameters so= 92 meV

and do = 25 fs . Remarkably, the latter value can be calculated via the Fr6lich coupling

constant a: To = h/(2aso) . For GaN parameters [31],[44] we calculated a = 0.41 and To= 20 fs,

i.e ., both estimates coincide very well.



l lj r.. .

CHAPTER 2 : LOW- AND HIGH-FIELD TRANSPORT PROPERTIES OF ALGAN/GAN
HETEROSTRUCTURES

i11c

	

I'[ ,AC

Figure 2.11 . (a) : Estimated electron temperature versus electricfield.

(b) Dissipatedpower as ajunction ofinverse electron temperature .

In conclusion, by applying 10-30 ns electrical pulses to AlGaN/GaN gateless heterostructures,

we experimentally measured low field and high field transport phenomena, including the drift

velocity dependence on the applied electric field up to record high 150 kV/cm. Particularly,

the current density in excess of 1.5 A/mm was measured at high voltages . These values are

higher by one order of magnitude in comparison with the currents observed in gated nitride

structures . For the measured samples with the high electron concentrations, the electron

distribution function is determined by the shifted Maxwellian distribution with two

parameters : the electron temperature and the drift velocity . It is remarkable, that despite the

measured nitride structures have moderate values of the low-field electron mobility we

obtained adrift velocity of 1.7x 107 cm/s at the field 150 kV/cm. This magnitude is still lower

than the theoretical limit (-3x107 cm/s) . However it is very close to the values Vd, measured

for the perfect modulation doped AlGaAs/GaAs structures .
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Chapter 3 : Properties of 1/f noise in AIGaN/GaN

heterostructures

Besides the self-heating, another strong limitation of high frequency devices is low-frequency

noise. Microwave transistors designed on the basis of AlGaN/GaN heterostructures demand

intensive investigations in order to optimize the material characteristics to attain high power

and low-noise operation. Today, GaN-based High Electron Mobility Transistors (HEMTs)

possess still comparatively high level of leakage current due to large dislocation density and

material layers imperfections [45,46,47]. The inhomogeneities arise due to either growth

technique and/or the device design technology. As a result, the current fluctuations originate

from contributions of different sources distributed throughout the semiconductor structure

used in the device fabrication . Thus, investigation of the noise sources is very important to

identify the output noise as well as to control its level . In this chapter, we address the study of

excess low-frequency Vfnoise sources in Group-III nitride-based (AlGaN/GaN) high electron

mobility transistors (HEMTs) grown on sapphire . The devices are scaled down to nanometer

range with the gate length of 150, 250, and 300 nm, in contrast to previous studied devices

with gate length of a micrometer range scale [48] . It will be shown, that devices with a shorter

gate length show new features of the carrier transport and noise, which impact appreciably the

device performance .

3.1 The study of lowfrequency noise peculiarities of the AlGaN/GaNHEMTs.

In spite of continuous progress in growth technology of GaN-based structures and very

promising results for their high power and high frequency applications further investigation of
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native defect structure as well as search of new ways for improvement of material

characteristics are necessary . Investigation of low frequency noise is one of the methods for

characterisation of material quality and a number reports were devoted to the analysis of 1/f

noise in AlGaN/GaN high electron mobility transistors (HEMT) [49],[50] . Nevertheless, the

mechanism of the low frequency noise in GaN-based devices has not been understood yet . In

particular, the reasons for deviations from Uf law should be clarified .

3.1.1 Transistor fabrication and experimental details

AlGaN/GaN HEMTs under investigation were grown by metalorganic chemical vapor

deposition on sapphire substrates . A 40 nm AlGaN (16% Al) nucleation layer grown on the

substrate was followed by the deposition of a 1.1 hum nominally undoped GaN buffer layer

and a 23 rim AlGaN (33% Al) undoped barrier layer . Transistors were fabricated using

Ti/Al/Ti/Au metallization annealed for 40s at 800°C for source and drain ohmic contacts and

Ni/Au for Schottky gate contacts . The surface was covered with 320 nm Si3N4 . The devices

had gate length of 0.15, 0.25, 0.30, 0.35 hum, gate width of 100-400 gym, and drain-gate

spacing of 1 gym . Source-drain spacing was of 3 gym. A complete direct current

characterization has been carried out in HEMT devices with variety of channel's width and

length. Hall mobility and sheet carrier concentration in ungated structures were extracted from

Hall measurements . A room temperature electron mobility of 1250 cm2/Vs at a sheet carrier

density of 1 .05x 1013crri2 was measured in the channel.

Transistor's DC characteristics were investigated with an HP4145B semiconductor parameter

analyzer operated in transistor mode.

Low-frequency noise measurements were performed at different gate-source voltages in the

common source configuration under open circuit conditions RL>> rd, where RL is the load

resistance in the drain circuit and rd is the channel differential resistance . The noise spectra

were measured in the frequency range from 1 Hz to 100 kHz at 300 K with using low-noise

preamplifier ITHACO 1201 . The directly measured noise power density SV�,(f) was analyzed

by HP35670A Dynamic Signal Analyzer .
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Then the noise spectra of the transistors were obtained by:

SV (f) _
Sr. (f)

	

1
G2 -SYb

I

3.1.2 DC measurements results

k(f),

where Svb (fi is the background noise of the low-noise preamplifier, G and k(f) are the

preamplifier's gain and a correction factor to a nonuniformity of the gain frequency behaviour

(normalized amplitude-frequency characteristic), respectively . We used a set of wire load

resistors RL that did not contribute an additional excess noise .

The DC current-voltage (I-V) characteristics (Fig . 3 .1) of the 150 ran HEMT were obtained

for different gate voltages from OV to -5 V.

It is seen that the IN curves can be divided into two groups which are discriminated by a

threshold value of the gate bias VG , = -3 V (dashed line in Fig.2 .1) , for VG >- VG' and for

VG < VGt . The former, corresponding to the low gate voltage measurements, is characterized

by very weak deviation from linear behavior (even at a relatively high drain-source voltage of

VD ~ 2 V ) and a weak dependence on the gate bias . On the contrary, the latter corresponds to

the transistor operation practically in subsaturation regime at such gate biases, so that only

initial part of the IN curves (VD <- 150 mV ) is linear . Thereby, VG = VGt is the threshold gate

bias which distinguishes different regimes of the transistor operation with weak and strong

control ofthe channel resistance.
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Figure 3.1 . The DC I-V characteristics ofthe transistor measuredfor

different gate voltage VGfrom 0 to -5 V with step -1 V
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Figure 3.2. Normalized frequency spectra of the voltage noise at

certain gate biases below (curves 1,2) and above (curves 3,4) the

threshold voltage VG, : 1 - VG = 0 V ID = 5.65 mA; VD = 111 mV 2 -

VG =0VID=15.4mA; VD =303 mV; 3-VG=-4.5VID=1.24mA;

VD =92mV; 4-VG=-4.5VID =11.7 mA; VD

	

635mV
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3.1.3 Low-frequency noise measurements results

The voltage-noise spectral density Sv (f) was obtained for different gate voltages in the range

of 0 -5 V and for drain currents in the range of 1 - 26 mA . The spectra show frequency

dependence of the type of 1 f ; with the exponent ;/being very close to unity (1/fnoise) . The

background noise of preamplifier became apparent only for relatively small noise levels at the

very high frequencies used in the experiment, which will be beyond of our considerations .

The gate voltage of about -3 V has been found to discriminate the noise spectra behaviour for

both the frequency dependence and the drain-source current dependence at a given frequency

of the analysis . In Fig . 3 .2, we show two groups of the normalized spectra of the drain-source

voltage noise at different gate biases, VG > -3 V (curves 1,2) and VG <-3 V (curves 3,4) .

Within each group of curves the gate voltage is the same whereas the drain current is

different. The spectra shape does not depend on the drain current, while it is changed with the

gate bias . For the first group ofmeasurements, an increase in the noise spectral power SV (f) is

observed (with respect to the 1/f-dependence) at the very low frequencies, as well as

somewhat elevated values of high-frequency contributions . In the spectra ofthe second group,

the low-frequency growth is not observed and there is a maximum at frequencies of 3-10 kHz

dependent on the source-drain voltage . These peculiarities in the noise spectra may be due to

the occurrence of local levels with distinct characteristic time constants, which need further

investigation .

For the analysis of main contributions to the observed noise, we study the dependences of the

drain current-noise spectral density SI(f = SV (fi/rd' on the drain current ID for different gate

biases and for a given frequency f = 10 Hz (Fig . 3 .3) . It is remarkable that the same value of

the gate bias, VGr, obtained for the DC current-voltage characteristics, determines in Fig . 3 .3

two regions where the noise level is weakly and strongly controlled with the gate voltage . The

studies of the origin of the low-frequency noise in field-effect transistors are performed

usually in linear regime of operation . We analyze the results of the noise measurements

relevant to this regime (-4.5 V<_ VG <_ 0 V and VD <_150mV (Fig . 3 .1)), considering the two

groups of curves distinguished in Figs . 3 .1 and 3.3 .
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Figure 3.3. Dependences of current-noise spectral density on the

drain current ID measured at frequency f = IOHz and different gate

biases VG from 0 V to -4.5 V; the dotted curve shows the quadratic

dependence ofSI vs ID .

Concerning the first group of measurements (-3 V <- VG <- 0 V ), it is to be noted that

differential resistance of the channel is varied only weakly, rd ~ 20 S2 for VD <- 150mV

(Fig . 3 .1), and the noise level practically is not changed with the gate voltage (Fig . 3.3) . The

dependence of SI on ID is strictly quadratic . This proves that the measured noise is not a

contact one but caused by fluctuations of the channel resistance . It is usually characterized by

the so called Hooge parameter aH, dimensionless measure of a "noisiness" of the

structure : [ 18]

aH = SI(.f) fN,

	

(3.2)
D

where N is the total number ofthe conduction electrons in the noise region .

Expressing N as

	

q 2R
, and taking into account that ID = RD , equation (3 .2) can be

n

transformed to :
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aH _ S
V
f) (fL2R/qun

),

	

(3.3)
D

where L is the channel length, R - is the channel (ohmic) resistance, ,u, is the electron

mobility, and q is the electron charge .

Using the data of Figs . 3.1 and 3 .3, the Hooge parameter was calculated by Eq. (3 .3) at

VG= 0 V, VD = 100 mV, ID = 5 mA, and L = 0.15 pin is as low as aH =2.7 x 10-6, which is an

incredibly small quantity. Such a discrepancy can be eliminated if we take that the device

noise for the considered range of gate biases (in the linear regime of operation) is determined

by the noise sources located in passive (ungated) regions adjacent to the drain and source

contacts (Fig . 3 .4) . In this regime, the resistance of the active (gated) region is a small part of

the total resistance ofthe transistor channel between the drain and source contacts.

active region

passive regions

Figure 3.4. Schematic description ofthe structure under investigation

with active andpassive regions ofthe channel defined.

Indeed, if we use in Eq. (2.2) the distance L = 3 ~tm, then we obtain aH = 10-3 . This value of

aH is comparable to the standard magnitude [29] of aH = 2 x 10-3 , as well as to that previously

obtained for nitride heterostructures grown on sapphire substrates [51],[52],[53] .

The second group of curves in Fig. 3.3 (VG < -3 V) is characterized by a lower slope of the

dependence SXID), with the slope being decreased with increasing the gate bias. Moreover, the

noise spectral level SI for this group of measurements exceeds the respective values of Sj for

the first group of curves discussed above . Such a distinct separation in the behaviours of the

spectral noise density SXID) at VG = -3 V allows to distinguish between noise coming from
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passive (aH =aH) and active (aH =aH ) regions of the transistor channel . Assuming

uncorrelated noise contributions from different regions, the voltage noise of active region,

Sv , can be determined by subtracting the noise of passive region, Sv , from the total noise

power SV = Sy + Sv , that has been measured in the experiment under given DC current

regime . The DC and noise performance of the passive region can be determined from

experimental results corresponding to zero gate bias, i.e ., we take the resistance of the passive

region to be

	

Rp = (VD /1, 1 v,-0 and the respective voltage-noise spectral density to be

SV =SV(VG = 0) . Respectively, for the active region we can write SI = SV l(rä Y , where

differential resistance of the active region is just its ohmic resistance rä = VD lID (linear

regime), and VD =VD -IDRP is the voltage drop across the active region . Thus, the Hooge

parameter attributed to the active region ofthe transistor channel can be calculated by :

aH (V~)= SI

(D
(V,

~

VG )
(fLpRalgp,)

	

(3.

Here, we have assumed the electron mobility to be the same all over the passive and active

regions . From Eq. (3 .4), the value of the Hooge parameter has been extracted, aH - 2 x 10-4 .

It is found for the investigated transistors that aH is independent on the gate bias in the range

of-4.5 V -< VG -<-3 V .

Thus, a Hooge parameter has been extracted separately for passive aH = 10-4 - 10-3 and

active aH = (1-2)x10-4 regions, respectively . One of possible reasons for a decreased Hooge

parameter can be strong Coulomb correlations between the channel and trapped to localized

states electrons considered in [54] .

The experiments carried out reveal also strong correlation between leakage currents and the

noise spectra . In particular, deviation from Uf dependence is observed in the structures

possessed a low level of leakage currents (Fig . 3 .5) . It is seen from Fig.3 .5 that deviation

from 1/f dependence occurs in extended range of frequency and one becomes more

pronounced with increase of gate voltage .
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Figure 3.5. Normalizedfrequency spectra of the current noise of the

transistor with low leakage current at certain gate biases .

The observed peculiarities in Vfnoise spectra have been exhibited most distinctly in gateless

devices, in particular, the transmission line model (TLM) patterns . A distinctive feature of the

noise in TLM structures is that the deviation from 1flaw is observed at high enough voltages

only . Moreover, the magnitude of the deviation increases monotonously with applied voltage

approaching the saturation at bias voltage V > 6 V. The slope in logarithmic scale of the

transition region observed in the noise spectra (Fig . 3 .5) changes also . It increases from 1 at

bias voltage V < 0 .1 V up to 2 at V > 6 V. The behaviour observed cannot be explained by

conventional generation-recombination processes [55] . In our opinion, a model based on

dynamic redistribution of potential along the channel is more relevant . Static approach to

such redistribution has been developed in [56] .

The essence of the model presented in [56] is as follows . Let consider the existence of an

additional conductive channel located either on the surface or in the barrier layer at small

distance from the basic 2DEG channel . A strong electrostatic coupling between the 2DEG

and additional channels arises . As a result at high enough applied voltage the difference in

lateral distribution of the potential in the basic and additional channels leads to redistribution
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of charge in the additional channel . The latter should stipulate redistribution of the transverse

potential that supports 2DEG in the basic channel . Finally, lateral distribution of electron

density in the basic channel is changed. In our model inherent density fluctuations in the

2DEG play the role of dynamic inhomogeneities . These fluctuations being connected with

electrons in the additional channel pull them along. Due to this effect at low frequency slow

electrons of the additional channel contribute to 1/f noise together with fast electrons of the

basic channel that causes increase of 1/fnoise level . At high frequency slow electrons of the

additional channel cannot response to fast fluctuations of the 2DEG. In this case there is no

extra contribution to the 1/fnoise .

The model suggested is confirmed by the experiment . The noise spectra of ungated TLM

structures measured at 300 K are presented in Fig . 3 .6 . The background level is shown by

dotted lines . According to our model this level corresponds to initial noise (1/fnoise level of

the 2DEG only) .

109
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102 103	10 , 105
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Figure 3.6. Normalizedfrequency spectra of the current noise of the

TLMpattern at certain bias voltages .

To study fine structure of the spectra shown in Fig . 3 .6, we subtracted the background noise

level from the total one . The result is depicted in Fig . 3 .7 . Analysing the curves in this figure

we can conclude that low-frequency part of the spectrum and 1/f region corresponding to

v (v)
1 - 4 .0
2 - 6 .0

-3- 7.0-
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5 - 9 .0

0



CHAPTER 3: PROPERTIES OF IlF NOISE IN ALLAN/LAN HETEROSTRUCTURES

minimal value of the (f SI/1') quantity are not additive [55], but they are components of the

complex noise spectrum . In other words, they are correlated .

10'

Figure 3.7. Noise spectra presented in Fig.

background noise .

10 5

The latter confirms the above mentioned statement that low-frequency rise of the noise level

represents by itself transformed initial 1/f-fluctuations, but not a separate, additional noise,

e.g ., generation-recombination (GR) noise . It should be noted that in high-frequency range of

the spectra shown in Fig . 3.7 there are regions with the slope equal to 1 in logarithmic scale

that is, obviously, manifestation of the GR fluctuations additive to 1/fones.

Another testimony of the fact that 1/fregions corresponding to minimal value of the (IS
I/12)

(Fig . 3 .6) are spectra of initial 1/f-fluctuations is presented in Fig. 3 .8 .
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Figure 3.8 . Dependence of the background noise on the length of the

2DEG channel.

It is clearly seen that reciprocal dependence of (fSI /I 2)Min on the channel length, L, is in a

good agreement with Hooge's law for 1/fnoise :

.f -S,

	

ax	ax
I2

	

N ~ L '
(3.5)

where SI is the current-noise spectral density, and I, f, uH, N are the current, frequency, the

Hooge parameter, and the number of charge carriers, respectively . It means that minimal

value ofthe (/SI/I2) indeed corresponds to the level of initial 1/fnoise .

However, we cannot state precisely, that our noise is governed completely by Hooge model.

Another popular 1/f noise theory of McWorter also can be applied here . The difference

between these theories is very difficult to distinguish experimentally and can be determined

only for some special cases . For our TLM structures case, as objects of investigation both the

McWorter and Hooge models lead to a JSz �, 1 dependence of normalized noise on the

sample length . Such dependence is confirmed by our measurements (see Fig . 3 .8) and is in

good agreement with both theories .
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A characteristic quantity of the effect under study is time constant of the noise transformation

process, To, that corresponds to frequency of transition from 1/f dependence to a more strong

one (transient frequency). Upon the lowering temperature the transient frequency shifts

towards low frequencies and exhibits an exponential dependence on temperature with an

activation energy of 0 .4 eV (Fig.3 .9) . In McWorter's model the origin of 1/f noise is

considered to be caused by uniformly distributed traps in space and energy [57] . Therefore,

any deviation from 1/f dependence can be explained as a result of non-uniform distribution of

noise sources . However, the exponential temperature dependence of the frequency shift is not

inherent in the McWorter 1/f noise . Thus, McWorter's model alone cannot explain the

features observed in the spectra with decreasing temperature and should be supplemented to

describe the observed features .

Figure 3.9 . Inverse temperature dependence of the normalized

transient time (Arrhenius plot) . Dashed line corresponds to linear fit

with the activation energy level of 0.4 e V.

We suggest the following model of the origin of flicker (1/f) noise at low temperatures . The

exchange by electrons between 2DEG and traps located in the barrier layer occurs due to

tunnelling as in McWorter's model accompanied simultaneously by an additional activation

process . The fact that a minimum noise level exists in the 1/fspectra at low frequencies argues

i
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in favour of the model. The noise level does not depend on temperature and this therefore

demonstrates that its origin is due to tunnelling .

In conclusion, an adequate method for the low-frequency noise sources characterisation from

different device regions is proposed and tested for nanoscale Group-III-nitride

heterostructures . The revealed behaviour of the noise spectra as well as the small value of the

Hooge parameter is discussed within theoretical models of the noise associated with the

specific resistance fluctuations . Temperature dependence of the noise revealed characteristic

frequency of transition from 1/f dependence to a stronger one . The process has activation

energy of 0.4 eV, which can be related to the traps in AlGaN barrier .

3.2 Noise properties ofbarrier layer ofGaN-basedHEMTs

Another noise that is especially important for HEMTs, operating in high frequency regimes is

the noise of current trough the barrier layer . The problem whether the measured noise of a

field effect transistor (FET) is the channel noise or it is manifestation of leakage current noise

is to be non-trivial task and experimental results should be analysed with a great care. We

suggest that most ofpeculiarities in GR noise measured in FETs are stipulated by the noise of

leakage current . The results presented in this part show that the leakage current as well as its

noise has the features that allows studying microstructure of the barrier layer and processes

responsible for leakage current formation .

3.2.1 . Experimental layout

The structures under study were grown on c-plane sapphire wafers by organic metallic vapour

phase epitaxy . They consisted of an AIN nucleation layer followed by a 4 micrometer thick

undoped GaN buffer layer, a 5 nm Alo.15Gao.s5N spacer, a 10 nm Si-doped Alo.15Gao.s5N

carrier supply layer, and a 12 nm undoped Alo.15Gao.s5N cap layer . Conventional technology

was used for fabrication of source and drain contacts : Ti/Al/Ni/Au metallization with

annealing at 900°C, while a Ni/Au layer was used for gate (Schottky) contact . The devices
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have the gate length of 0.7 micrometer, gate width of 100 micrometer, and drain-source

spacing of 5 micrometer. A room temperature Hall mobility and 2DEG sheet electron density

were measured as 1270 cm2/Vs and 6x1012 CYri2 , respectively .

Current-voltage and noise characteristics of the HEMT were measured in both

standard (as in chapter 3 .1) and non-standard set-ups . In the former case the source (or drain)

is grounded, the gate bias is supplied by a voltage source with zero impedance, and the noise

voltage is taken on ungrounded channel output . In the latter case both source and drain are

grounded, the gate bias is supplied via a load resistance, and the noise voltage is taken on the

gate output . These measurements were done to distinguish the contribution of channel current

and leakage one . Room temperature noise spectra of the channel current were investigated in

the linear regime at different drain and gate voltages .

3.2.2 Leakage noise measurement results

The noise spectra of leakage current are shown in Fig.3.10 . The spectra were measured in the

regime with grounded source and drain and the noise voltage taken on the gate output . The

shape of the spectra resembles that of a Lorentzian expected for GR noise. The temporal

dependence of leakage current behaves itself like random telegraph signal (RTS) noise. It is

seen in Fig.3 .11 that RTS noise shows a very complex switching behaviour with at least two

different RTS series . The latter points out an existence of different paths for leakage current .

It should be noted that increasing of the gate voltage (over the whole paper we deal with

reverse bias) gradually transforms higher frequency RTS series into lower frequency one .

Effect of the leakage current noise is clearly seen in Fig.3 .12 where drain voltage noise

spectral density measured in standard set-up is shown. At drain voltages VD >200 mV excess

noise obeys to a Iflaw. A small bump is observed with decreasing of drain voltage . In some

cases up to three bumps were resolved .
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Figure 3.10 The noise spectra ofleakage current measured at 300K in

the regime with grounded source and drain and the noise voltage

taken on the gate output. Gate voltage is changedfrom -0. 7V (bottom)

to -3.1 V (top) with step 0.1 V

Frequency, f (Hz)

0

	

2

	

4

	

6

	

8

	

10

Time, t (ms)
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Figure 3.12. The drain voltage noise spectral density measured at

300K in standard setup at different source-drain voltages fom OV

(bottom) to SOOmV (top) with step 50m V.

Experimental data obtained clearly show that leakage currents cause all deviations of the

noise spectra from Uf law . These currents exceed by several orders those predicted by a

conventional tunnelling model. The origin of leakage current in different structures and

devices should be quite different and depends on many factors concerned with technology as

well as design . Most of researchers have suggested that defects might play a dominant role in

the leakage current formation [58],[59] . In Ref.[60] the direct evidence has been presented

that screw and mixed dislocations are primarily responsible for the reverse bias leakage in

nitride materials . Analysis of current-voltage characteristics of our devices under study

confirms an inhomogeneous spatial distribution of the leakage current . The leakage current

reveals nearly linear dependence on the gate voltage that is an evidence of barrier-less carrier

flow .
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Our results of transport and noise properties could be explained if we assume that measured

current consists of numbers of high-density randomly distributed current filaments formed by

charges transferring along dislocation lines . The current is accompanied by fluctuations as a

result of occasional changes of potential barrier height in the proximity of dislocation. The

barrier modulation is caused by accidental capture/release of mobile carriers on/from defect

centres neighbouring to dislocation area . Under these conditions amplitude of the current

flowing throughout the dislocation is modulated synchronously to changes of defect's

charging state . We suppose that fluctuating centres do not take direct participation in

conductivity otherwise we should observe normal Uf or suppressed shot noise, though the

latter requires additional proofs . Thus, we can consider observed RTS noise as fluctuations of

charge accumulated on defect centres randomly distributed in the barrier layer, while the local

high conductive channels as probes for their investigation .

In summary, a study of noise spectra and leakage current behaviour for different applied

voltages allows to conclude that appearance of the bump is a result of GR noise attributed to

the current flowing through the AlGaN barrier region . Current fluctuations arise as a result of

accidental capture/release of mobile carriers on/from defect centres neighbouring to

dislocation area. Parameters of the GR process were estimated from the analysis of the GR

noise spectrum. The temporal dependence of leakage current behaves itself like RTS, which

provides additional information about processes in the barrier . Two different RTS series in the

current were observed. Studying of the leakage noise temperature dependence would be

interesting continuation of the present work that can provide us with activation energies of

these GR processes .
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Chapter 4 : Transport and noise properties of AIGaN HEMTs

under gamma irradiation

In this chapter a structural, transport and noise properties of HEMTs irradiated by gamma-

quanta are studied . Due to a strong chemical bonding the transistors are expected to be

promising for broad applications in radiation environment [61] . Investigation of noise

properties gives important information about defect structure in multilayer semiconductor

heterostructures, especially if additional traps are introduced under external irradiation . Up to

now, noise properties in irradiated HEMTs have not been investigated. At the same time, such

investigations are very important not only from fundamental point of view for obtaining

substantial information on the physical properties of semiconductor materials and devices but

also it gives limiting values of the device performance for application in space environment .

The measurements done in this chapter provide important information about radiation

hardness of the HEMTs and their high potential in satellite system applications .

4.1 Investigation of radiation hardness ofAlGaNHEMTs

AlGaN/GaN heterostructures, in spite of a lattice mismatch between epilayers of different

alloy composition as well as the substrate, which may be a reason for structural defect

formation, demonstrate unique noise properties [62] . Besides, due to a strong chemical

bonding they are expected to be promising for broad applications in radiation environment

[61] . Investigation of noise properties gives important information about defect structure in

multiplayer semiconductor heterostructures, especially if additional traps are introduced under
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external irradiation . Up to now, noise properties in irradiated HEMTs have not been

investigated . At the same time, such investigations are very important not only from

fundamental point of view for obtaining substantial information on the physical properties of

semiconductor materials and devices but also it gives limiting values of the device

performance for application in space environment . It is essential that we introduce basic point

defects by gamma irradiation in a controlling way. The changes in defect structure under

gamma irradiation are usually accompanied by a charge carrier removal . Additionally,

radiation induced transfer of the elemental components stimulated by ionisation processes

takes place . In this chapter, the effect of gamma irradiation on IN characteristics and low-

frequency noise spectra of AlGaN/GaN HEMTs with nanoscale gate length are reported .

These measurements provide information about radiation hardness of the HEMTs and their

high potential in satellite system applications .

4.1 .1 Experimental details

Transport and noise properties in AlGaN/GaN grown by metallorganic vapour phase epitaxy

(MOVPE) on sapphire substrates have been studied before and after gamma irradiation . The

device layer structure was the same as for samples investigated in chapter 2 .1 of this work.

The transistor DC characteristic measurements were analysed with a HP4145B

Semiconductor Parameter Analyzer .

The noise spectra were measured in the frequency range from 1 Hz to 100 kHz at room

temperature using a low-noise preamplifier . The directly measured noise power spectral

density was analysed by an HP35670A Dynamic Signal Analyzer. The devices were

irradiated at room temperature by a 60Co gamma rays source with doses in the range of 104-

109 Rad and radiation flux of 102 Rad/s . The gamma-quantum average energy is about

1 .2 MeV. The device temperature during irradiation did not exceed 40 °C. Measurements

were performed within several hours after the irradiation procedure and several months later .
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4.1.2 Transport properties of transistors after irradiation

Current-voltage characteristics measurement was used to examine the properties of HEMTS

before and after gamma irradiation with a small step in radiation dose in order to reveal a

critical dose at which operating parameters of the HEMTs show small changes . The radiation

measurement cycle was repeated until visible changes were observed in the I-V

characteristics . Surprisingly, for small radiation dose up to 7x105 Rad, the basic parameters of

the HEMTS, such as the saturation current Is and transconductance, have been improved after

irradiation (in Fig. 4.1 are shown results for IS) . The observed improvement can be explained

by relaxation of existing strain and structural ordering of native defects . However, starting

from the total dose of 106 Rad, we have observed only deterioration of the HEMTS operation

parameters, which does not exceed 20 % for the highest radiation dose lxl09 Rad

investigated.

The comparison of the I-V curves of the HEMT devices with different gate lengths before and

after the irradiation demonstrates the same behaviour . Namely, at small gate voltages the

saturation current decreases with increasing gate voltage . At higher gate voltages, starting

from some critical dose an opposite dose dependence was observed . The smaller the gate

length the larger changes have been registered in the I-V characteristics . The

transconductance decreases and threshold voltage VT becomes more negative for all devices .

The observable shift is about 0.7-0.9 V, and it can be entirely prescribed to changes in the

sheet density 2x1012 CM72 of the total charge (Au) in the barrier of the width d: AVT = Aßdh;

after the dose of 2x108 Rad, where s is the dielectric constant of the barrier material .
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Figure 4.1 . Normalized saturation current Is / Is (0) dependence on

small radiation dose measuredfor HEAT device with 0.25 ,um gate

length and 200 ,um gate width at VGs =0.

Another experimental observation is considerable increase of leakage currents observed in

heavily (1x109) irradiated devices . Besides, our study shows that in irradiated devices

irreversible enhancement of the leakage current up to breakdown happens much more often

than in pre-irradiated ones .

Our HEMTs are three terminal devices and due to increasing of the leakage current

after gamma irradiation one should carefully separate noise sources associated with channel

current and additional leakage current noise, screening at some voltages the channel noise .

We have measured the channel noise at different gate voltages in the regime where source-

drain voltage was set equal to zero. After that the noise was measured with increasing VDS in

linear regime of the I-V characteristics to observe the noise level exceeding that due to the

leakage current .
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The experimental data show that at the high gate voltage and small voltage VDs the excess

noise is determined by the leakage current, and only for VDs above 250 mV the intrinsic

channel noise becomes dominant. It is interesting to note that in post-irradiated devices the

leakage current noise increases with gate bias more rapidly than in the case of pre-irradiated

HEMTs . The behaviour can be explained by deterioration of crystalline perfections of AlGaN

layer under irradiation and additional spatial fluctuations of surface potential [63] .
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Figure 4.3 Normalized voltage noise spectra to voltage VDS measured

at different gate voltages after 2.108 Rad gamma-ray irradiation

Further, we will analyse the noise spectra measured at voltages VDS corresponding to the

channel noise level at least one order of magnitude larger than the leakage current noise .

Typical experimental data for the HEMTs biased at fixed voltages measured at room

temperature are shown in Fig . 4 .3 . The noise spectra after gamma-irradiation follow

frequency dependence of the type of 11f r , with the exponent y being close to one (1fnoise) .

At small gate voltages no deviation in noise level has been observed . The letter allows us to

determine the Hooge parameter for passive and active regions separately, as it was done in the

Chapter 3.1 . The estimated value is about (0.4-1 .8)x10-3 for the passive region and about

(4-6)x10-4 for the active region. The Hooge parameter does not show a dependence on gate

voltage and demonstrates high radiation hardness of the HEMTs to gamma irradiation that is

in good agreement with mobility noise fluctuation model.

The transport and noise properties of AlGaN/GaN based HEMTs with gate length from

150 nm to 350 nm have been studied before and after gamma irradiation. The observed

changes in the measured HEMTs characteristics can be interpreted in terms of additional

defects produced by gamma radiation dose . The noise spectra demonstrate increasing role of

leakage current after gamma irradiation, therefore, more detailed investigation of the

influence of radiation on a leakage current is needed. The Hooge parameters determined
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separately for passive and active regions of the device show values three-five times larger

after radiation dose 2x108 Rad (1x10-3 for the passive region and about 5xI0-4 for the active

region) . In general, results confirm, that due to their high radiation hardness, GaN-based

HEMTs have good prospects on stability and reliability of devices intended for application in

radiation environment.

4.2 Influence ofgamma irradiation on leakage currents in GaN-based

HEMTs

Investigations of gamma irradiated devices, made in chapter 4.1 of the present work, shows

that most changes in transport and noise properties ofthe AlGaN/GaN HEMTs originate from

changes in a leakage current . Therefore, more detailed investigations of this particular topic

are needed to understand the mechanisms of the effect .

4.2.1 Experimental details

The same structures as in the previous chapter were used for investigation . The transistor DC

characteristics were investigated with a HP4145B Semiconductor Parameter Analyzer

operated in the transistor mode. The noise spectra were measured in the frequency range from

I Hz to 100 kHz by a HP35670A Dynamic Signal Analyzer using a low-noise preamplifier

ITHACO1201 . All measurements have been carried out at room temperature .

Structural characterisation of the heterostructures has been performed by x-ray diffraction

(XRD) and secondary ion mass spectroscopy (SIMS) .

The gamma irradiation was provided by 60Co gamma rays at room temperature with doses in

the range of 104-109 Rad and flux of 102 Rad/s. The gamma quanta average energy was about

1 .2 MeV.
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4.2.2 DC measurements results

In the previous (3 .1) chapter we have shown that due to enhanced radiation hardness of GaN-

based HEMTs they have good prospects for applications in radiation environment . Moreover,

an improvement of the principal parameters of the HEMTs, such as the saturation current and

transconductance, was registered at the doses around 1x106 Rad. It has been assumed the

effect is related to relaxation of strains existing in mismatched heterostructures and structural

ordering of native defects . To verify this suggestion we performed comparative study of

structural and electrical characteristics of AlGaN/GaN HEMTs under small dose irradiation .

Simultaneously, as-grown heterostructures used in further for the device fabrication have been

examined after the same radiation treatment .

Except above-mentioned improvement of the do parameters of the HEMTs after a low dose

irradiation, there were negligible changes in the transfer characteristics . The peak position of

the transconductance curve and the threshold voltage show a weak shift (-5%) towards lower

(in absolute values ; over the whole paper we deal with the gate biased negatively) gate

voltages . An even more remarkable finding is a considerable decrease of dispersion of the

transfer characteristics measured on a set of the transistors patterned on the same wafer

(Fig.4.4) . This is consistent with the higher uniformity of the irradiated heterostructure

relative to non-radiated one .
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4.2.2 X-Ray diffraction measurements

To gain insight into structural transformation ofthe heterostructure during irradiation, x-ray

diffraction of the wafers was performed at room temperature . Figure 4.5 shows the x-ray

diffraction spectra of the AlGaN/GaN/A1203 wafer before and after 1x106 Rad dose .

1.o

ö
,A o.s
C
U 0,6

A
.° 0,4

E

z 0,2

0,0

Diffraction angle (degree)

Im mom
G G-0 15 pilIMM

v- WC - 200 pin, LC 0.25

W~- 400 pin, LC - 0.25



CHAPTER 4 : TRANSPORT AND NOISE PROPERTIES OF ALLAN HEWS UNDER GAMMA
IRRADIATION

Figure 4.5 . X-ray diffaction spectrafor AlGaN/GaN heterostructure

before and after 1x106 Rad irradiation

It is worth to note the changes occurring with the reflection around the 740 (the reflection

corresponds to the (004) plane of the AlGaN layer) . Although the intensity of the peak is low,

it is clearly seen its increasing and shift to lower 20 position after irradiation . The later should

be considered as a result of strain relaxation in the AlGaN layer . To prove this statement

direct measurement of elastic strains existed in the heterostructure has been carried out . An

integrated method for measuring of surface curvature, R was used to estimate the elastic

strains [64] . The method consists in measurement of angle shift, cc, of the diffraction maxima

at translation of the sample on certain distance, l . The results of these measurements are

presented in Fig.4 .6 . Negative sign corresponds to tensile stress in the AlGaN layer. It is

clearly seen that strain relaxation does occur up to doses Of 1x10 6 Rad .
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Figure 4.6. Dose dependence ofelastic strains ofthe AlGaN layer .
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Figure 4.7. The gate-source current asfunction ofgate voltage before

(dashed curve) and after 1x106 Rad irradiation (solid curve)

measured at 300 K.

The results of structural measurements fairly agree with the electrical behaviour of the

transistors . In particular, a considerable decrease of leakage current was established after low

dose irradiation (Fig.4.7) . The latter is accompanied by a decrease of leakage current noise.

Due to its important role in the device performance we paid special attention to the noise

measurements . We know from our investigations in chapter 3 .2, that peculiarities observed in

the low frequency generation-recombination (GR) noise that is additional to Uf noise are

connected with current flowing through the AlGaN barrier region . Therefore, studying of the

features will allow us to investigate microstructure of the barrier layer and processes

responsible for leakage current formation. It is necessary to point out that the Si3N4

passivation of the surface of the devices has been implemented to eliminate the surface

leakage [65] . Noise characteristics of the HEMTs were measured in both standard and non-

standard set-ups . In the former case the source (or drain) was grounded, the gate bias was

supplied by a voltage source with zero impedance, and the noise voltage was taken on

ungrounded channel output. In the latter case both source and drain were grounded, the gate
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bias was supplied via a load resistance, and the noise voltage was taken on the gate output .

These measurements were done to separate the contribution of channel and leakage current

contribution . Room temperature noise spectra of the channel current were investigated in the

linear regime at different drain and gate voltages .

The noise spectra of the leakage current measured for pre-radiated device are shown in

Fig . 4.8 . The spectra were measured in the regime with grounded source and drain and the

noise voltage taken on the gate output. The shape of the spectra resembles that of a Lorentzian

expected for GR noise . The temporal dependence of leakage current behaves itself like

random telegraph signal (RTS) noise. It is seen in Fig . 3 .11 that RTS noise shows a very

complex switching behaviour . It should be noted that increasing of the gate voltage gradually

transforms the frequency of the RTS series . An analysis of the leakage current noise spectra

shows that the observed RTS noise is caused by fluctuations of charge accumulated on defect

centers randomly distributed in the barrier layer.
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Figure 4.8 . The noise spectra of leakage current for pre-radiated

HEW measured at 300 K in the regime with grounded source and

drain and the noise voltage taken on the gate output. The gate width

and length are 250 pin and 0.15 pin respectively .
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The measurements performed on irradiated devices reveals a reduced level of the leakage

current noise. Its temporal dependence is characterized as more stable and in most cases the

RTS noise did not appear . All these findings are consistent also with the proposed mechanism

of structural-impurity ordering that occurs in the barrier layer at initial irradiation stages .

It should be noted that the level of the channel current noise slightly increases even at small

irradiation doses but these changes do not affect seriously on the reliable performance of the

AlGaN/GaN HEMTS. The study of radiation effects on the channel current noise is another

very interesting topic, not covered, however, by this work as it requires number of additional

investigations .

In this chapter the investigation of small dose effects on operational parameters of

AlGaN/GaN HEMTS was carried out. It was shown that transport and noise characteristics of

the transistors reveal a tendency to improvement under irradiation by gamma-quanta up to

doses of 106 Rad . The effect is explained by relaxation of elastic strains and structural

ordering of native defects in the AlGaN barrier layer . The suggestion is confirmed by results

of structural characterization of as-grown heterostructures after the same radiation treatment.
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Chapter 5 : Phase Noise Study of an AIGaN/GaN HEMT X-

Band Oscillator

Low phase noise oscillators are the key component of modern microwave communication

system with reduced rate of bit errors and high sensitivity doppler radar systems . AlGaN/GaN

HEMT-based monolithic microwave integrated circuit (MMIC) oscillators have attracted

increasing interest as devices especially promising for microwave power application due to

fundamental properties of a gallium nitride heterostructures, such as wide band gap and high

electron drift velocity [31,44] . Strong polarization fields allow accumulating high electron

density of two-dimensional electron gas (2DEG) at the heterointer-faces of AlGaN/GaN

structure without intentionally doping in the barrier [30] . In the case of an undoped

heterostructures the electrons of 2DEG are characterized by high mobility due to absence of

scattering doping centres . Additionally the decrease of the level of a phase noise in the

amplifier or oscillator is expected . The nitride structures well suited for 16.5 W/mm of gate

periphery output power levels [66] with 47% power added efficiency . This material system

can be useful for the oscillator circuit design where phase noise level strongly depends on

output power and can be reduced inversely proportional to the power. In this chapter l/f

baseband noise of AlGaN/GaN HEMT and its up conversion coefficient to the oscillator

phase noise for the case of MMIC AlGaN/GaN oscillator are studied and analysed.

5.1 Fabrication and design
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To optimize parameters of the oscillator we have used results of investigation of thermal and

noise properties of AlGaN/GaN transistors, carried out in chapters 2, and 3 of the present

work. The layers of oscillator were grown on semi-insulating SiC substrate instead of

sapphire for its increased conductivity . Barrier thickness and height was slightly increased to

reduce a noisiness of the device.

Epitaxial layers were grown by metalorganic vapour phase epitaxy . First, an AlGaN

nucleation layer is grown on the (0001) surface of a SiC substrate followed by an

AN(200nm) layer . Then, lVtm thick GaN buffer layer is deposited. Finally, approximately

25nm thick layer of undoped Alo.35Gao.65N is grown. Hall measurements show existence of

two-dimensional electron gas (2DEG) at the interface with sheet charge concentration of

1 .2xl013crri2 and room mobility around 1200 cm2/(Vs). Typical DC parameters of the device

after fabricating the ohmic and gate contacts are : open-channel circuit density=100 mA/mm,

peak transconductance=200 mS/mm, pinch-off voltage = - 6V.

Device fabrication on grown epitaxial layers starts with the deposition of Ti/Pt alignment

marks for e-beam- and photolithographies. Mesa isolation is then photolithographically

patterned and etched with chlorine-based ECR plasma.

Ti(20nm)/Al(100nm)/Ti(45 nm)/Au(55 nm) ohmic contacts are patterned with e-beam

lithography, deposited with e-gun evaporation and annealed at 8000C for 60 seconds . Ohmic

contact resistance and sheet resistance, measured using TLM method, were equal to 0 .5 Ohm-

mm and 500 Ohm/square respectively. Ni(25nm)/Au(375nm) mushroom gates are written

with an e-beam, developed using triple resist stack of PMMA/Copolymer/PMMA and

deposited with e-gun evaporation . The mushroom gate structure is designed with dimensions

that prevent the passivation (the step to follow) from reaching the metal edge of the gate

footprint on the drain side . This is done to preserve the breakdown voltage and gate leakage of

the unpassivated transistor . The first interconnect level is defined by photolithography and

uses deposition of 3500 A ofAu to form the contact pads . Preliminary device characterization

is then performed. Following that, an 1800 A thick CVD Si3N4 film is deposited in order to

passivated the surface . The second interconnect level processing, which consists of via hole

etching, airbridge post definitions and deposition, seed layer evaporation and electrochemical

plating of 3~tm thick Au, concludes the device fabrication sequence .
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The common gate oscillator architecture was used as a basis for the design because it

maximizes device instability in comparison with the common-source architecture . It is also

considered the more appropriate option for high power oscillators .

Following typical procedure for design of a two-port negative resistance oscillator, measured

common-source small signal S-parameters of a 10-channel HEMT with 1 .5 mm total gate

periphery and measured f=27 GHz and f . ..=36 GHz were converted to common-gate S-

parameters . An output matching network, placed across the HEMT's drain-gate junction, was

designed to maximize the input reflection coefficient at 10 GHz. The resonator circuit, placed

across the HEMT's source-gate junction is designed as

Z resonator = -
Rin
3

	

- JXtn

where Rtn andXi, are real and imaginary parts of the common-gate HEMT's input impedance .

Figure 5.1 Schematic configuration ofthe AlGaN/GaN MIMC voltage

controlled oscillator (VCO).

Output and resonator networks with varactor diode as a part of the resonator are implemented

with coplanar waveguide transmission lines based on known small-signal models . Gate bias

network uses MIM capacitors and a bulk resistor. Due to asymmetric connection of the

resonator to the HEMT's source electrode, the measured value of source inductance (10 pH)

is added in series with the source . The oscillator schematic is shown in Figure 5.1 . The

oscillator was characterized on-wafer with air-coplanar probes . Oscillator input was

terminated with a short . SEM image of the monolithic oscillator is shown in Figure 5.2 .
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Figure 5.2 . Layout of the AlGaN/GaN MIMC VCO. Size of the chip

approx. 1.6x1 .6 mm.

5.2 Measurement technique

The output power spectrum of the oscillator was measured with Agilent 8562A Spectrum

Analyzer at different drain voltages . The oscillator delivers 28 dBm at 9.335 GHz when

biased with VDS=28V and Vas- - 4.2V . A phase noise of monolithic X-band oscillator, based

on AlGaN/GaN HEMT with 1.5mm total gate periphery, has been investigated. Phase noise

of the oscillator was measured with HP E5500 Phase noise measurement system . Signal from

the oscillator was connected to the input of HP 70422A downconverter . Downconverted to

335MHz signal was transferred to HP 70420 A Test set signal input, where beatnotes has

been established between the downconverted oscillator signal and the reference signal from

HP 8662 Signal generator . A necessary frequency difference was maintained by tuning of the

oscillator signal with internal VCO of the downconverter . In opposite to traditional technique,

where the reference signal is tuned, this method proved to be more reliable in the case of high

power RF oscillators .

The phase noise of the system was analyzed in range of offset frequencies from 10 Hz to 100

MHz.
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5.3 Lowfrequency noise results

The low frequency Ufnoise is one of the important factors that limit the oscillator phase noise

performance . Using the methods, developed in the chapters 2 and 3 of the present work, we

studied the flicker noise characteristics of AlGaN/GaN high electron mobility transistors

grown on SiC substrate by metal organic chemical vapour deposition . Low frequency noise

spectra were measured at different gate source and drain-source voltages in the common

source configuration. Fig . 5 .3 shows the drain-source voltage noise at different drain biases at

certain gate voltage . The dependence of the noise on gate bias is small, but the noise increases

with larger drain-source bias voltages . Dimensionless Hooge parameters [22] were calculated

for frequency 1 kHz by equation (3.1) as explained in the chapter 3 . For the spectra presented

in Fig . 5 .3 its value was found to be about aH = 4x10-4 . This value of the Hooge parameter is

comparable to the noise level of commercial GaAs heterostructures devices .

10-$

10 ,10

CHAPTER G: CONCLUSION AND OUTLOOK

-MM-0-712"
EM

	

ffiill_~

	

51M-

~Miilji ~~~ ~

	

u' i4 r '17rl~~~~~10-18

10° 101 102 103 104 105

Frequency (Hz)

Figure 5.3 .

	

Low frequency noise spectra measured at Vgs = - 4V

and different drain voltages Vds (V) :

	

0.005, 0.010, 0.020, 0.050,

0.100, 0.250, 0.500, 1.000, 2.000, 4.000, 28.000 (shown on the figure

from bottom to the top)
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A deviation of low-frequency noise from Uf dependence has been observed upon increasing

the applied voltage, while the high frequency normalized to resistance 1/fcomponent remains

without changes during the increasing of applied voltage. Fig. 5.4 shows this behaviour of the

low frequency noise for the biases in our oscillator, as it will be described later. The effect of

increased noise level at small frequencies superimposed to the flicker Uf noise source

correlates with non-linearity of current-voltage characteristics of the HEMT and can be

explained by increased dissipated power in the device.

10 -8

10 -9

10' 10

10 -11
100 101 102 103 104 105

Frequency(Hz)

Fig. 5.4.

	

Normalized lowfrequency noise spectra measured at Vgs =

- 4Vand Vds = 28V

5.4 Up-conversion oflowfrequency noise to thephase noise ofthe oscillator

In a feedback-oscillator the output signal of a low 1f- noise microwave amplifier is passed

through a two-port microwave resonator and fed back to the amplifier input . If the total phase

in oscillator equals to 27r and the total loop amplification exceeds unity, the device oscillates

at the resonant frequency of the resonator selected by filter . The phase noise in the resonator
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circuit is minimized under the optimal relation between the quality factors of loaded to

unloaded resonator QL = Qu/2 [67], which is usually established by the coupling port condi-

tions .

The basic phase noise behaviour of the oscillator circuit is described by the Leeson model

[68], which describes the main noise sources of the oscillator. According to this model the

phase noise comprises both resonator (the first term) and amplifier (the second term)

contribution given by Eq.(5 .2) :

L_ =10- log (5.2)

The amplifier noise consisting of the white noise determined by the amplifier gain G, noise

figure F, temperature T and output power P. In addition, there is 1f noise leading to a

fluctuation amplitude a~& at the offset frequency distanced by ± fm from the carrier

frequency fo . According to equation (5.2) the phase noise of the oscillator exhibits a 1/f�~3

dependence in a certain range of offset frequencies . The noise decreases strongly upon increa-

sing the loaded quality factor QL of the resonator. Up to now the highest QL is achieved in

resonators designed on the base of dielectric sapphire or superconducting materials due to

extremely low intrinsic losses .

The measurement and calculation results of phase noise spectrum for the GaN-based MMIC

oscillator is shown at Figure 5 .5 for two different loaded quality factors Q. The AlGaN/GaN

oscillator exhibits -30 dB/decade up to 10 MHz and is dominated by the 1/f noise of the

HEMT.

Very low level of the phase noise was observed. At 100 kHz offset the phase noise equals to -

105 dBc/Hz, which is among best reported results for an X-band MMIC oscillators . The value

is close to the phase noise, calculated from the Leeson model [69], which is based on phase

noise properties of the oscillator components . Our results demonstrate, that the phase noise

performance of the AlGaN/GaN MMIC oscillators are better then the noise of the best

GaAs- and GaN-based oscillators (Fig . 5.5) . For conventional GaAs oscillators the up-

conversion factor, which is important for phase modulation in modern telecommunication

system, is about 40-90 MHz/V [70] for an offset frequency of 100 kHz when MMIC

technology was used. The up-conversion factor in our oscillators calculated accordingly



CHAPTER 5 : PHASE NOISE STUDY OF AN ALGAN/GAN HEMT X-BAND OSCILLATOR

Eq. (11) of Ref. [71] is about 15 MHzN for the same offset frequency, which results in low

oscillator phase noise of -105 dBc/Hz.

N
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Figure 5.5

	

Phase noise measurement results at Ucs = - 4 V and

UDs = 28 V (curve 1 -for HEMT structure plotted as dBc, curve 2 -

for oscillator based on the HEMT) and simulated results accordingly

to Leeson model (open triangular - for Q=20, open square - for

Q=3000000) compared to the noise value (normalized to the same

frequency) : open star - GaAs HBT oscillator, closed star - GaN FET,

open circle - GaAs FET (See Ref.[72]) .

In spite of low quality factor of the resonator about 20 the AlGaN/GaN HEMMs makes a good

choice for use in microwave local oscillator applications . If assembled with high quality

whispering-gallery dielectric resonator (with Q ~ 3x106) the phase noise value can be

decreased down to -175dBc/Hz at 100 kHz.

In conclusion, a low phase noise GaN MMIC oscillator has been presented, in conjunction

with the study of the low frequency noise . The oscillator has demonstrated remarkably good
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performances with low phase noise and the high output power. The oscillator delivers an

output power of 28 dBm with DC-to-RF efficiency of 16%. The measured phase noise is -

105 dBc/Hz at 100 kHz offset from 9.35 GHz carrier with only 15 MHz/V up conversion

factor, which is better then of MMIC oscillators built on GaAs HEMTs.
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Semiconductor electronics plays a very important role in the modern world. Demands for

operation speed and power are increasing every year significantly and usual materials cannot

longer keep the pace . The unique properties of GaN-based heterostructures allow raising

standards of efficiency, power handling and sensitivity .

In this work, the fundamental properties of GaN/AlGaN HEMT structures have been

investigated in order to optimize their performance in high power microwave devices .

Systematic studies of electronic, noise and structural properties have been performed .

We have started from the investigation of Joule heating effects and DC transport properties in

polarization induced 2DEG channels . The gateless TLM structures have been suggested for

adequate analysis of the transport effects . The observed current saturation through a TLM

structure confirms that both thermal overheating and hot electron effects are influencing the

current . A theoretical model has been developed for the separate investigation of both relevant

effects . We performed microsecond pulse measurements that show a 60% reduction of self-

heating influence compared to DC measurements, which is in agreement with our

calculations . According to our results, nanosecond pulses are required to remove thermal

overheating effects, which have a big influence on BEMT characteristics under normal

operation voltages . To utilize the unique properties of group III-nitride heterostructures,

including the high speed of the electrons, it is therefore necessary to optimize the thermal

budget of the devices .

In order to remove Joule heating effects and to investigate only the fundamental transport

properties, we developed a nanosecond pulse measurement technique . By applying 10-30 ns
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electrical pulses to AlGaN/GaN gateless heterostructures, we experimentally measured low

field and high field transport phenomena, including the drift velocity dependence on the

applied electric field up to the record height of 150 kV/cm for GaN-based heterostructures .

Particularly, a current density above 1.5 A/mm was measured at high voltages . It is

remarkable, that despite the measured nitride structures had moderate values of low-field

electron mobility, we obtained a drift velocity of 1 .7x 107 cm1s at a field of 150 kV /cm. This

value is still lower than the theoretical limit (-3x107 cm/s) . However it is very close to the

values Vd, measured for perfect modulation doped AlGaAs/GaAs structures .

Besides the self-heating, another strong limitation of high frequency devices is low-frequency

noise . We investigated Uf noise properties of the 2DEG as well as leakage noise in HEMT

transistors . The separate investigation of noise related to active (gated) and passive (ungated)

regions of HEMTs was, for the first time, done in AlGaN/GaN devices . The temperature

dependence of the noise revealed a characteristic transition frequency from the 1fdependence

to a stronger one . The process has an activation energy of 0.4 eV, which can be related to

traps in the AlGaN barrier .

The leakage noise, instead, manifested itself as a generation-recombination (GR) noise . It was

found that current fluctuations arise as a result of accidental capture/release of mobile carriers

on/from defect centres in the vicinity of dislocation areas . Parameters of the GR process were

estimated from the analysis of the GR noise spectrum. The temporal dependence of the

leakage current behaves like random telegraph signal (RTS), which provides additional

information about the GR process, and, consequently, about the defect structure ofthe barrier .

The investigation methods that were developed proved to be very useful for studying the

influence of gamma irradiation on our structures . The transport and noise properties of

AlGaN/GaN based HEMTs with gate length from 150 nm to 350 nm have been studied before

and after gamma irradiation up to 1x109 Rad doses . The observed changes in the measured

HEMT characteristics were interpreted in terms of additional defects produced by gamma

radiation . The noise spectra demonstrate the increasing role of leakage current after high

gamma irradiation dose . The Hooge parameters, determined separately for passive and active

regions of the device, show values three to five times larger after a radiation dose of

2x108 Rad (1x10-3 for the passive region and about 5x10-4 for the active region) . Still, even

after the highest dose, devices can operate on an acceptable level . In general, the results
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confirm, that due to their high radiation hardness, GaN-based HEMTs have good prospects

for stability and reliability of devices intended for application in radiation environment,

particularly for space applications .

Even more promising appeared to be the small dose results . It was shown that transport and

noise characteristics of the transistors reveal a tendency to improvement under irradiation by

gamma-quanta up to doses of 106 Rad. The effect was explained by relaxation of elastic

strains and structural ordering of native defects in the AlGaN barrier layer . The suggestion

was confirmed by results of structural characterization (X-ray diffraction measurement) of as-

grown heterostructures after the same radiation treatment .

In the final part of this work, we have used our experience, gained during the investigation of

transport and noise properties of our transistors, to optimize the parameters of the integrated

circuit oscillator . To optimize the thermal budget, HEMT layers were grown on semi-

insulating SiC substrate instead of sapphire . Slight improvement of the barrier thickness and

height as well as particular attention to the quality of gate contacts allowed us to achieve a

lower level of If noise . As a result, a low phase noise GaN MMIC oscillator has been

presented, in conjunction with the study of the low frequency noise . The oscillator has

demonstrated remarkably good performance with low phase noise and high output power. The

oscillator delivers an output power of 28 dBm with DC-to-RF efficiency of 16%. The

measured phase noise was -105 dBc/Hz at a 100 kHz offset from 9.35 GHz carrier with only

15 MHz/V up conversion factor, which is better then the noise measured for MMIC

oscillators built on GaAs HEMTs.

These investigations revealed further ways to optimize GaN-based HEMTs than was

described here . Particularly, the influence of surface passivation at low frequency noise need

to be studied in detail . Our recent experimental results have shown, that increasing Al

concentration up to 75% in the heterostructure barrier can drastically reduce the noisiness of

the channel. Optimizing the ohmic contact technology is needed in this case, however, due to

increase of the contact noise . Temperature investigations of leakage noise can give us

additional information about defect states in the barrier and lead to new ideas of reducing the

leakage currents .
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These questions are still left open . They are promising even more fascinating results for GaN-

based heterostructures in the field of high speed, high power and low noise applications .



Appendix

Solution of Laplace equation for heat dissipation

Distribution of heat in AlGaN/GaN-based heterostructures grown on sapphire is mostly

determined by sapphire substrate itself. It usually two orders of magnitude thicker and has

much lower thermal conductivity as compared to GaN. Therefore in our model we will

consider distribution of heat from hot zone on top of sapphire substrate while assuming that

bottom ofthe substrate is in adiabatic conditions .

Schematic ofthis model is shown in Fig.A . l . Hot zone is greyed out .

Figure A.1 . Model ofthe heat dissipation
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Let us write Laplace equation for heat distribution :

a2T + a2T + a2T = o
axe ay e az2

Assume a separable solution : T(x, y,z)= X(x)Y(y)Z(z) . In this case Eq. (A.1) will transform

to :
2

X

2Y
YZ

	

+XZ

	

+
ax

~
y

02 Z
az2

+y+Z=O

	

(A.3)

=0
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(A.2)

Let
X � 2 Y� Z 11 Y11

-=-a
2

= -
Y

+Z =, where a is a separable constant . Then
-

a

This leads us to system of equations :

Z � 2
--=-ß .

X" +a2X=0;X-e", k2+a2=0,k = ±ai,
Y"" + ß2Y = 0; Y �, e4", k2 +ß2 = 0, k = ±ßi, (A.4)
Z"-y2Z=0, 7

2 = a 2 + ß2 ; k2 _ Y2 =0, k = ±y.

Accordingly, separable solutions are of the form :

T(x, y, z) - e±" , e l"OY . e±r (A.5)

Now we shall write boundary conditions for our sample .

At side edges (surfaces 1, 1', 2, 2' ofFig . A.1) :

1 and 1 ' :

OT = 0 (A.6)
ax

x=dx ; - dv <y<dv ; 0<z<1; (a)

x = -dx ; _dv <y<dv ; 0<z<1. (b)

2 and 2' :

aT = 0
(A.7)

ay

y=dv, -dxGxGdx, 0<z<1; a

y=-d,; -dx <_xGdx, 0<_z<_1. b



z=0; -L<x<L; - W<-y<_W

At the top outside the hot zone :

APPENDIX

aT = 0

	

(A.10)
az

z=0; L <_x < dx ;

	

-dv <_ y <- d, ;

	

(a)

-dx <x< -L ;

	

-dv <y<dv ;

	

(b)

-L<x<L;

	

W<_y :!~ d,, ;

	

(c)

-L<x<L ;

	

-dy <y<-W

	

(d)

Firstly, we shall use boundary conditions (A.6) and (A.7) on lateral edges 1,1' and 2,2'

(Fig.A . 1) .

T(x, y, z) - cos(ox) - cos(/3y) - e+ '-- , X - cos(ox)

	

X'- sin(ax)

	

(A.11)

For aT = 0 this yields sin(ax) = 0 or a�x = nz, n=0,±1,±2,..., from which only
ax +dx

n =1,2,.. . are different and essential for the solution .

Similarly, for conditions (A.7) we obtain Y �, cos(ßy), Y' � , sin(8y) => /7�z =

	

d , m =1,2, . . .

Thus, we find : the only possible values for the separable constants are as follows :
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At bottom edge of our sample :

T(x, y, z =1) = 0 (A.8)

-dx <-x<<dx ; -dy <_ y<_dy ; z=l.

At top edge in the hot zone :

OT pdis OT (A.9)
az 4WL OZ a.



Consequently, 7n. = Z
~ n j

+
d,

m
~dy

It should be noted that the case of zero a, ß and Y should be considered separately .

n,m=1

Now we can use boundary conditions (A.9) and (A.10) for the top edge of the structure . After

differentiation of (A.16) on z we get :

0, for

	

(A.10, a - d)

aa - 1: Cnm ' cos(~X )' cos(m/ ) . Yer (1 + e2r(~-i)

	

_

	

-q,

	

or

	

A.9

	

(A.17)
n,m=1

	

I /I

Next step is determination of coefficients C� ,,n .

In hot zone, we have :

Now we use boundary conditions on the bottom and top edges.

Z �, ce'` + de-'` (A.14)

At the bottom (z = l)

Z( ,- , ) = cep' + de" = 0 => d = -ce-2'W

Putting this result in (A.14) we get :

Z = ce'" [1- e 2r( z-`) I (A.15)

The separable solution then built using (A.12), (A.13) and (A.15) :

T(x,Y,z) = 1Cnm -cos(-yr ).cos(A'rydv) .er(1-e2r(i-`)) (A.16)

APPENDIX

The corresponding eigenfunctions are :

X �, cos(anx), an = 'Yd, , n =1,2. . . . (A.12)

Y �, cos(fmy), Nm = -Y, , m =1,2 . . . . (A.13)



Multiplying (A.18) with cos( lu dz) cos(°"yd,,) f fdxdy and integrating from -dx to dx and -dy to
-L-W

dy we get :
d,.

Cnm fCOs 2 (

	

d

n,m-1 -da.

Analogously,

W

fcos(WY
-W

Cnm ' COS ('%d x ~'
COS (rrny

d i ), Y (1 + e
271

	

_

n,m=1

Let us solve every integral in (A.19) separately.

, cos 2 (x)5Ix =

	

f 1 + cos(2x),
_d

	

-dx 2

cos2 (4y = dy .

L

On the right side of equation (A.19) : fcos
-L

y = 2d,
sin( W'Yd.)m;T

After all, equation (A.19) will have a form :

fcos

	

d

	

y " ;/(I + 8

	

L

cos

	

d

	

W

cOS

	

d

	

y

	

(A.19)
-d, .

	

-L

	

-W

Finally, after cancellation ofdx and dY, the coefficients Cn �, can be found with formula :

zC
nm

= -q,

	

~Z nm

	

sin(-Yx )sin -,YY~

	

Y 1 + e2Yl

=dx +2 (sin(2dx) - sin(-2dx)) = dx +sin(2dx I=dx +sill(
ddx

2d . 2d,
-Y(1+e2'~) = -~

	

x

	

' sin(-Yx)sin(-,Yd ,),
A n;z m7z

No we need to consider the case of zero eigenvalues of a,,8 and Y .

There three possible combinations :

1) a - 0 , ßm =_
m~,

	

~ ~ 0) . Y2 = ß2_

	

Z2

, P=0- r2
= a 2 = /72

2

1m
dY
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(A.18)

(A.20)

(A.21)

(A.22)



3)a=0, ß=0, Y=0

	

(A.23)

Note, that the case a #- 0, 8 #- 0, Y = 0 not possible due to the relation )/2 = a 2 + /3 2 .

For the case, described by equations (A.21), first of equations (A.4) will be modified as:

X" =0 ; X'= k = 0 ; X = kx + b = b , which is included into the general constant .

Then, solution for this case can be written as

TZ - cos(ßY) (ce'` + de-r ) => ICm cos(A"ydv). e ~- (1- e2r(z- J) ).

	

(A.24)
m=1

OT2 - 'FCmcos(`~V,).yer(1+e2'"(i--)

	

_
'

,

Oz

	

ti

	

~`=o

	

-

	

, for

	

(A.9)

d

Multiplying by

	

f cos(°l,,~y jdx and integrating as in general case, we obtain the value of
-d3 ,

	

-d,.

constant :

_ L 2
_ lmn_ qCm

	

1-1
" Y1+e2Y1

sm(mnYP
lv)

Performing the same procedure for conditions (A.22) and (A.23) we can build all separable

solutions :

T, (x, Y, z) = 1
n,m=1 ~,

T2 (Y' z) = ~(-q)

q WL

/z2nm

	

.
e27~

	

Y-' (1 - e2,,(/---) )sin(mY

	

sin

	

,	- cos

	

, cos

	

d3,

	

(A.26)
yl+e

2Ld

;c
2
m2dx

1)
T3(4z)-E(-q 1"" 2"x

1-e

n=1

	

A

	

9T n2d �

. e lY sin( w)cos(°"''

	

)

	

(A27)d .
1+e

sin(7xY)cos(7xXx )

T(x,y,z)=T,(x,y,z)+T2(y,z)+T3(x,z)+T4(z)

0, for

	

(A.10, a - d)

A, dxd,

The general solution is obtained by summation of (A.26)-(A.29) :
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(A.25)

(A.28)

T4(z)= I--~ (z-1)

	

(A.29)

(A.30)
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