) GRIVERS Ty

HEMTs

Author

Aminbeidokhti, Amirhossein

Published
2016

Thesis Type
Thesis (PhD Doctorate)

School
Griffith School of Engineering

DOI

10.25904/1912/2231

Rights statement

The author owns the copyright in this thesis, unless stated otherwise.

Downloaded from
http://hdl.handle.net/10072/368007

Griffith Research Online
https://research-repository.griffith.edu.au


http://dx.doi.org/10.25904/1912/2231
http://hdl.handle.net/10072/368007
https://research-repository.griffith.edu.au

Measurement and Analysis of Electron Mobility inNGa
Power HEMTs

A Thesis

Submitted to
The Griffith School of Engineering

Griffith University

Brisbane, Australia

by

Amirhossein Aminbeidokhti

B. Eng, M. Eng

Submitted in fulfilment of the requirements of thegree

of

Doctor of Philosophy

June 2016






ABSTRACT

High-electron-mobility transistor (HEMT) is a prosmg device for power applications
because of their high breakdown voltage, high sdaciobility in two-dimensional electron
gas (2DEG) area, fast switching capability, higmperature operating capabilities,

compatibility with standard electronic circuits,dalow production cost.

In contrast to the gate in metal—-oxide—semicondufottd-effect transistor (MOSFET),
which extends from source to drain, the gate in HEdlits the device into two main sections:
field-effect (section under the gate) and resis{sextion outside the gate). Resistances of the
2DEG outside the gate sections are constant anclleddoy fixed resistors. However, the
2DEG resistance under the gate section is depetwltrd gate voltage, which can be modelled
by channel resistance of a field-effect transigkdT). Since these resistances depend on the
mobility of electrons in the 2DEG, it is importaitt separate the electron mobility in the
resistive and field-effect sections. Thereforesence of the resistive section in the HEMT
structure leads to requiring new methods for thevHIEmobility measurement. Also, since
there is no model for the HEMT in SPICE, novel nls@dee required for the SPICE simulation

of the HEMT. In order to solve these issues:

- A novel method for measurement of electron mobilitythe 2DEG section of the
HEMT is introduced, in which the 2DEG between tharse and drain is separated to
the field-effect and resistive sections. In additithis method enables the potential
impact of the gate voltage on the 2DEG mobility emtthe gate to be measured without
the error of the resistive 2DEG sections. Utilisthgs method leads to measure the
mobility under and outside the gate, separatelyphipg this method to fabricated
HEMTSs, utilising modified field-effect and effecevmobility measurement techniques,
shows similar results for the 2DEG mobilities unded outside the gate. Although the
value of 2DEG mobility under the gate measured i®ydfeffect and effective
techniques are close to each other, these measurdewhniques show different
behaviour with the gate voltage. Effective mobilitgeasurement technique is
independent from the gate voltage, however fiefdetf mobility measurement
technigue shows dependence to the gate voltage, Alshould be noted that this

method requires utilising an extra sample—Hall damp



In order to address issues with the first presemtelility measurement method, a new
measurement method for the electron mobility of2Zb&G section just under the gate
is introduced, which does not require any extraas Utilising this method leads to
the electron mobility investigation for a wide rangf temperature, from 26 to 300C.

It is experimentally demonstrated that the electmaility in the 2DEG under the gate
of the HEMT is not dependent on the gate voltagetheérmore, it is shown that the
HEMT mobility decreases with increasing the tempemaccording to the power-law
(T*) and with a high value of the power-law coeffidiéh= 2.45).

Mobility at high temperatures is a function of pbanscattering. Regarding to the
HEMT mobility dependence on temperature, the pdasreo-efficient, which shows
the rate of change for the phonon-limited electmobility with temperature, for the
phonon scattering is 1.5. However, this value isvben 2.14 and 3.42 for the GaN-
based devices such as AlGaN/GaN HEMT. The increaige power-law coefficient
in the GaN-based devices is explained physicaly ldmads to the better understanding
of electron mobility behaviour in GaN structuresagh temperature.

In addition, a method for using standard MOSFETagigns and parameters for SPICE
simulation of circuits with the HEMT is presentedihe proposed method is
demonstrated and verified by measured transfeoatpmlt characteristics of fabricated
HEMTs. In addition, parameter-extraction techniquesdetermine the values of

selected parameters from measured HEMT charaatsrége presented.
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CHAPTER 1: INTRODUCTION

1.1. Significance of the research

In recent years, demand for the high electron nitghilansistor (HEMT) for high-power
applications has increased significantly [1]. Tthevice was invented by Mimura et f-4],
and was fabricated based on gallium arsenide (Gafsg initial HEMT had several
drawbacks, especially in regard to the cost [4her&fore, it was necessary to modify the

HEMT structure and develop its performance.

It was found that wide bandgap materials with higgrmal conductivity, electric field, and
high electron saturation velocity, such as gallnitride (GaN) and silicon carbide (SiC), offer
reliable technologies for high-power and high-terapg&e applications [1]. Comparing the
most common wide bandgap semiconductors (GaN abyr8veals that GaN is more cost-
effective than SIC. Also, it is possible to growNsan various substrates (sapphire, Si, and
SiC) with large dimensions. Therefore, it is fé#sito have larger wafers and larger GaN

devices for the same processing cost, which resulishieving cheaper products.

Khan et alintroduced the first AIGaN/GaN HEMT [5, 6]. This\dee has the advantages
of heterojunction, which is formed at the interfaeAlGaN and GaN. GaN-based HEMT is
considered as the next-generation device technolimgy high-power and high-speed
applications [7], whose wide range of applicatitoxpower management and power switching
are shown in Figure 1. This device neither neeggeddIGaN and GaN layers nor requires
any gate oxides. It has a simple fabrication precakich requires few photolithography steps,
and it is cheaper than other common power semictdodulevices based on SiC, such as
Schottky and the metal-oxide-semiconductor fiel@aftransistor (MOSFET). Also, it offers
superior performance (higher mobility, higher bid@akn voltage, larger drain current, and
higher power density) in comparison to Si and Sa&Sdnl devices [8], and is more
environmentally friendly than GaAs devices. Figdreepresents a comparison between the
power devices fabricated by the most common serdiotior devices.

As the name HEMT indicates, the most significamap@eter of this device is its high value
of electron mobility. Therefore, understanding tbencept of the electron mobility in
AlGaN/GaN HEMT, and investigating methods to meadhis parameter, are crucial for the
performance enhancement of the HEMT. Since the HE8Gapable of operating at high
temperatures, it needs mobility measurement metl@dsneasurements above the room

temperature. It is also needed
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Figure 1. Possible applications for GaN HEMTs imnvpoelectronics [9]
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Figure 2. Comparison of the ON-resistance versedtbakdown voltage of GaN HEMT with
Si and SiC-based devices [10]

to analyse the effects of temperature on the nmgblh addition, effects of other parameters,
such as the gate voltage and various scatterindhanesms, and the physics behind these
effects, need to be taken into consideration aradyaed. In addition, the application of this
measured mobility in developing the HEMT needs & itwestigated. One of the main
applications of this measured mobility is in theMIEmodelling for circuit designs, analysis,
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and simulation purposes. Straightforward modelstho$ device can produce extensive

industrial applications for the HEMT.

1.2. Material advantages of GaN for power electronic deices

Power semiconductor devices require widelgap materials with high breakdown-field,
high saturated electron velocity, high thermal aenibity, and high carrier mobility. In
addition, the substrate should have high thermaldaoctivity. The relation between the

material characteristics and the device perform@egplained in Table 1.

Table 1. Relation between material characteristicbthe device performance [8],[11],[12]

Material property Device operation Advantage
High breakdown field High voltage High power device
High thermal conductivity High temperature Smatler size, smaller

package, cheaper package

Wide bandgap High breakdown voltage, powe€Compact device, ease of
density, and high temperature ~ matching, reduced

cooling

High electron velocity High power and frequency IHfgequency systems

As can be seen in Table 2, which compares the cleaistics of materials competing in
the area of power semiconductor devices, GaN hagla bandgap with the capability of
operating at high temperatures. Its wide bandgapbared with its high electron velocity
means that GaN-based devices can achieve highdmwakvoltage and high currents and,
therefore, high power density. In addition, itshhignermal conductivity makes GaN-based
devices very promising for high-power applicati¢@is Although thermal conductivity of GaN
is smaller than SiC, excellent properties of GaMigh temperatures make these devices a
feasible alternative for high-temperature and tpglver applications. An improvement in
high-temperature applications of GaN-based poweicdse can be achieved if self-heating

effects are decreased [8].
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Table 2. Comparison of competing materials in tlea@&f power semiconductor devices [1]

. Mobility Relative Bandgap Maximum operating
Material o
(cm?/V.s) permittivity (eV) temperature (°C)
Si 1300 11.4 1.1 300
GaAs 5000 131 1.4 300
SiC 260 9.7 2.9 600
GaN 1500 9.5 3.4 700

1.3. HEMT structure

HEMT incorporates a heterojunction between two nelgewith different bandgaps. The
current passes through the channel formed by a shebarges at this heterojunction, which
is known as two-dimensional electron gas (2DEG)umderstand how the 2DEG forms, it is
important to know the polarisation charges betwaaterials with different bandgaps, such as
AlGaN and GaN. There are two kinds of polarisatbarges, including the spontaneous and
piezoelectric polarisations. Spontaneous poladsas the inherent polarisation and it exists
because of the characteristic of the material [ABJo, piezoelectric polarisation occurs when
the crystal lattice is changed through applyingdtrain [14]. In the HEMT structure, both of
these polarisations exist and the total polarisagdhe sum of these two polarisation charges.

When the polarisation of induced sheet charge tlerspositive, free electrons tend to
compensate the positive polarisation induced chatgbe interface of AlGaN/GaN. If the
energy level in the quantum well at the AlGaN/Galterface drops below the Fermi level,
these electrons accumulate at the interface of Nl&ad GaN. This is because of the high band
offset at the AlIGaN/GaN interface and the low ifgee roughness. These electrons originate
from the doping of AlGaN, or they can be inducedHtwy piezoelectric field of strained GaN-

based materials. This quantum well is called thedimensional electron gas (2DEG) [14].

The 2DEG region has very high electron mobility daese of its low ionised impurities
scattering. The typical charge density of the 2DEGion is around 1.5x1®cm? with a
mobility of approximately 2000 cffV/.s. The high value of the charge density causesdN-

resistance and high current density [11, 15]. ;\HEEMT structure, which is shown in Figure
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3, 2DEG flows from the source to the drain andghte controls the charges in the channel
through the DC voltage and RF signal [15].

Source Gate Drain

Deposited
dielectric

Undoped Al, Ga, N

Undoped GaN

Buffer layers

Figure 3. Cross-sectional view of the AIGaN/GaN HEBtructure

1.4. Current status and practical challenges

Electron mobility is the key parameter for the poEMT performance. Introducing
precise methods for measuring this parameter isiaréor analysing HEMT characteristics
and developing its performance. Opposite to the gathe MOSFET, which extends from
source to drain [16, 17], the gate of the HEMT ds this device into two main sections: the
section underneath the gate and the section outsidgate. The section under the gate is the
field-effect section, in which MOSFET-type equasaran be employed to model the current—
voltage characteristics of this section. Howeviee, section outside the gate is the resistive
section and includes the gate-to-drain and gat®stwee resistances. The resistance of the
field-effect section is variable by the gate voliawhile the resistive sections have constant
resistances; this section can be modelled by figsstors. In order to measure the mobility of
electrons in the 2DEG section, it is importantéparate the 2DEG to these two sections and
analyse them separately.

In several studies on electron mobility measuremaitthe HEMTs, the 2DEG
between the source and the drain was treated &gl section [18-20]. Therefore, the
measured mobility represents the average mobiitween the source and the drain. Also, the

common mobility measurement method, Hall measurégmesmnot divide the electron
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mobility of the 2DEG section outside and underghte. This method can only be employed

to measure the electron mobility of the resistieetion.

To solve this issue, Fukui presented a methoduwlelithe source-to-drain region of
the GaAs MESFETSs into field-effect and resistivet®ss and measure their resistances
separately [21]. Applying that method to the AIG&EN HEMT [22] showed that the
measured resistance for the section under thevgadesensitive to the threshold voltage. In
order to solve this issue, Menozzi et al. modifietkui’'s method [22]. However, Menozzi's
method could not differentiate between the voltageveen the gate and 2DEG at the source
end of the gate and the applied gate-to-sourceg®ltThis means that the voltage over the
source-to-gate section of 2DEG was not removed tramgate voltage that controls the 2DEG
section under the gate. Therefore, it is importanpresent a method to measure the 2DEG
mobility of the power HEMTs under the gate withthut mentioned errors.

In addition to the conditions previously mentionied a precise electron mobility
measurement of the HEMT, it is important to be @blapply the measurement method to the
HEMT sample without any requirement to use anyseséimples. Different samples may have
different characteristics and the characteristicean® sample cannot be used to measure the
mobility of the other sample. The other importattdr for mobility measurement is the effect
of the gate voltage on mobility value. In some ®sadit was shown that the HEMT mobility
is dependent on the applied gate voltage [20, RI3D, it is expected that electron mobility
would be influenced by the electric field from tgplied gate voltage. However, there are no
approved measurements results about the impabieajdte voltage on the behaviour of the
HEMT. Therefore, investigating the effect of thetegaoltage on mobility is crucial for
developing the HEMT.

High breakdown voltage, low ON-resistance, and tpgiwer density of the HEMT
enable this device to be used at high temperatiifés.high temperature may occur because
of self-heating or using the HEMT for high-temperat applications [24, 25]. However,
mobility dependence on gate voltage at high tenmipera was not previously studied. It was
well established that the mobility in HEMT at a tdeed gate voltage reduces when the
temperature increases [22, 26-34]. In order to tstded the operation of GaN-based HEMT
at high temperatures, it is necessary to investiffa¢ physics behind the high-temperature
behaviour of the electron mobility in the 2DEG $&at
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At high temperatures, phonon scattering is the nsasttering mechanism limiting
electron mobility [35-37]. The relationship betwetre electron mobility /) confined by
phonon scattering and temperature is explained 6y38]:

U, =AT” (1)

Here, T shows the temperaturd, represents the proportionality constant, ansl the power
coefficient. The value of for phonon scattering is 1.5 [16, 38]. Becauseth@r scattering
mechanism is identified that can alter the valuenobility at high temperatures [29, 30], the
mobility of 2DEG in the case of AlGaN/GaN is exptto have a similar power coefficient.
However, it was found that the electron mobility AiGaN/GaN 2DEG decreases by
temperature and follows the power coefficient dileen 2.18 and 3.42 [32]. As this issue was
not explained in any studies before, investigatbthe physical mechanism behind the high
value of power coefficient is essential, becausa@bles the proper modelling of the mobility

at high temperatures.

In addition to investigating the mobility measurermmethods and the parameters affecting
the mobility, such as the gate voltage, temperatmd scattering mechanisms, applying the
electron mobility in practice should be taken iobmsideration. Because the industry continues
to promote the GaN-based HEMT technology, the rfeedts progressive device models
becomes increasingly obvious [7]. One of the maihtes of the measured mobility is in the
modelling of the HEMT that will be used in powere&onic circuits. Designing power
electronic circuits is commonly performed by theglation program with integrated circuit
emphasis (SPICE). This software has been adopt#uebgiectronics industry as the standard
electronic circuit simulator [39]. It should be adtthat SPICE does not include a library model
that simulates the HEMT. To simulate the HEMT focwit design purposes, several studies
proposed HEMT models [40-44] that could be incoaped into SPICE by defining external
sub-circuits. However, this is a complex proces<iicuit designers if there are no established
parameter-extraction methods, and this can aldoeinfe the simulation results. In order to
address this issue, proper selection of equatindgparameters that match the simulation and

experimental DC and AC characteristics of GaN HEMTi®equired.
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1.5. Original research contributions

The original research contributions developed is thesis can be summarised as follows:

A novel method for extraction of the electron mipiin the 2DEG region under the
gate of power HEMTs is presented. This method @sathle potential impact of the
gate metal and the gate voltage on electron myllithe 2DEG under the gate to be
measured without the error caused by the resistig®ns outside the gate, which are
the gate-to-source and gate-to-drain regions.

In the presented method, it is determined thalDEG mobility between the source
and the drain is separated into sections undepatside the gate using the MOSFET-
like equations for the section under the gate ka®DEG constant resistances outside
the gate.

The HEMT mobility is measured in a wide range ahperatures—2% to 300C—
through the other newly presented method that eamsked at high temperatures. This
method does not consider any assumptions aboudbdity dependence on the gate
voltage. Comparison of the mobility measuremenilte®y the new method with those
measured by existing measurement methods shovwparpnatching.

An experimental demonstration, presented in thasi#) shows that the HEMT mobility
is independent of the gate voltage in a wide rafdemperatures.

The mobility at high temperatures is a functiorpbbnon scattering. According to the
HEMT mobility dependence on the temperature, thegoacoefficient, which shows
the rate of change for the phonon-limited electmoobility with temperature, for the
phonon scattering is 1.5. However, this value isvben 2.14 and 3.42 for the GaN-
based devices such as AlIGaN/GaN HEMT. In this fhdéise increase of the power-law
coefficient in the GaN-based devices is investidgtaysically, which leads to the
better understanding of the electron mobility betaw in GaN structures at high
temperatures.

The application of the measured mobility of the HEM the development of the
performance of this device is investigated. The suesd mobility can be used for
modelling the HEMT for circuit designs and simubais. In order to apply the HEMT
in electronic circuits, the standard SPICE MOSFE®del and the parameters for
simulation of power circuits with GaN HEMTs is peesed. In order to simulate power

GaN HEMTSs in circuit designs, carefully selectecuaipns and parameters are
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essential. One of these parameters is the mqbilibych is extracted by the new
presented methods. Applying these parameters tstdrelard MOSFETEVEL 3
model in SPICE leads to matching the DC and ACattaristics of GaN HEMTSs.

1.6. Thesis outline

In light of the concerns highlighted in the prewosection, this thesis is devoted to
investigating the electron mobility of GaN-basedvpo HEMTs. To analyse this parameter,
measurement methods for the mobility of the HEM& atudied and novel measurement
methods are introduced. These methods are usddritfy the dominant parameters affecting
the HEMT mobility and to analyse the factors theghde its value. Also, the application of
the measured electron mobility of the HEMT in deyahg the performance of this device in
the electronic circuits is investigated. The keseaach areas and general outline of this thesis

are described in greater detail in the followinggggaphs.

Given that the electron mobility is the most impottparameter of the HEMT that affects
its DC and AC characteristics, a review of varionsasurement methods of the electron
mobility of the HEMT, different definitions of el&éon mobility, possible sources of errors
during its measurements, and parameters degratingaiue is presented i@Ghapter 2.
Because the HEMT is a promising candidate for Hugtver and high-temperature
applications, the effect of temperature on degigthe mobility and the physical reason behind
its reduction is studied and analysed. At the drtiechapter, applying the electron mobility

of the HEMT to develop the performance of the HEMTircuit designs is investigated.

Chapter 3 begins with explaining the importance of separativegelectron mobility of the
power HEMT in the 2DEG regions underneath and datshe gate. A new method for
measuring the electron mobility of the HEMT undee gate, which considers the possible
impact of the gate voltage on the electron moboitgthe HEMT under the gate and without
the error caused by the resistive 2DEG regiongrésented. This method is applied to a
fabricated AIGaN/GaN HEMT. The results of the mipineasured under the gate by the new
method are compared to the mobility value outslie gate. It is shown that the electron
mobility measured underneath and outside the gagemilar.

Although the method presented in Chapter 3 measheasobility under the gate without
the error of the resistive regions, the methodamdy requires the HEMT but also needs an

extra sample, which is the Hall sample. To solvs issue, another method is presented in

10
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Chapter 4, where measurement only requires the HEMT. Thithotedoes not consider any
assumptions about the dependence of mobility ongtite voltage, and it can be used for
mobility measurement at high temperatures. Applyimg method to the HEMT for a wide
range of temperature, 25 to 300C, demonstrates that the electron mobility of theMT is
independent of the gate voltage. Furthermore fausd that reducing the electron mobility by
increasing the temperature has a high value optiveer-law coefficient, which is analysed

physically in the next chapter.

Reducing the electron mobility of the HEMT by ingseng the temperature is investigated
in Chapter 5. The mobility of the HEMT measured at high tempanes, which is presented
in several works, is compared. The main scattemmgchanism involved in mobility
measurement at high temperatures is the phonotesngt In the case of phonon scattering,
the electron mobility reduction caused by increggire temperature follows the power-law
factor of 1.5. However, the electron mobility ofettGaN-based HEMT reduces by an
unexpected power-law factor larger than 1.5.dtiswn that the effective electron mass, which

is a function of temperature, is responsible fag fihenomenon.

Application of the measured and analysed mobihtyhie development of the HEMT for
circuit designs purposes is investigate€hapter 6. The measured mobility can be employed
for SPICE modelling of the HEMT. It should be notkdt there is no available model in SPICE
for simulation of circuits including the HEMT. Thehapter begins with a critical review of the
SPICE modelling of the HEMT and explains why a mewadel is required. Then, a new model
for SPICE simulation of the HEMT is presented, avidch is straightforward for circuit
designers and that does not require any sub-atcliite new model is applied to a fabricated
HEMT and it is shown that the simulated DC and &8uits of the HEMT perfectly match the
experimental data.

Finally, the key conclusions and developments nthdeughout the study, along with

recommendations for future work, are summarisedhapter 7.

11



CHAPTER 1: INTRODUCTION

1.7. Related publications

List of papers constituting this thesis (in theasrdf the chapters):

Amirhossein Aminbeidokhti, Sima Dimitrijev, Jisheng Han, Xiangang Xu, Cheingx
Wang, Shuang Qu, Hamid Amini Moghadam, Philip Tanmavid Massoubre, Glenn
Walker, “A method for extraction of electron motylin power HEMTSs,”Superlattices
and Microstructuresvol. 85, pp. 543-550, 2015.

Amirhossein Aminbeidokhti, Sima Dimitrijev, Anil Kumar Hanumanthappa, Hamid
Amini Moghadam, Daniel Haasmann, Jisheng Han, YlaenSand Xiangang Xu, “Gate
voltage independence of electron mobility in powaGaN/GaN HEMTs,” IEEE
Transactions on Electron Devigesol. 63, no. 3, pp. 1013-1019, 2016.

Amirhossein Aminbeidokhti, Sima Dimitrijev, Jisheng Han, Xiufang Chen, and
Xiangang Xu, “The power law of phonon-limited elect mobility in the two-dimensional
electron gas of AlIGaN/GaN heterostructul&EE Transactions on Electron Devigesl.
63, no. 5, pp. 2214-2218, 2016.

Amirhossein  Aminbeidokhti, Sima Dimitrijev, Jisheng Han, and Hamid Amini
Moghadam, “SPICE MOSFET equations and parameteppwsr HEMT model,” to be

submitted tdMlicroelectronics Reliabilityournal.

List of papers not included in this thesis (outdite scope of this thesis)

Hamid Amini Moghadam, Sima Dimitrijev, Jisheng H&mirhossein Aminbeidokhti,
and Daniel Haasmann, “Quantified density of actiear interface oxide traps in 4H-SiC
MOS capacitors,Materials Science Forunvol. 858, pp. 603-606, 2016.

Daniel Haasmann, Hamid Amini Moghadam, Jisheng Aamrhossein Aminbeidokhti,

Alan lacopi, and Sima Dimitrijev, “Dipole type behaur of NO grown oxides on 4H-
SiC,” Materials Science Forunvol. 858, pp. 453-456, 2016.

12



CHAPTER 1

Sima Dimitrijev, Jisheng Han, Hamid Amini Moghadamand Amirhossein
Aminbeidokhti, “Power-switching applications beyond silicon: 8t and future
prospects of SiC and GaN deviceBIRS Bulletinvol. 40, pp. 399-405, 2015.

Hamid Amini Moghadam, Sima Dimitrijev, Jisheng HaBaniel Haasmann, and
Amirhossein Aminbeidokhti, “Transient current method for measurement olvaatiear-
interface oxide traps in 4H-SIC MOS capacitors M@SFETs,”|IEEE Transactions on
Electron Devicesvol. 62, no. 8, pp. 2670-2674, 2015.

Philip Tanner, Sima Dimitrijev, Hamid Amini MoghaaaAmirhossein Aminbeidokhti,
and Jisheng Han, “Selection of SPICE parametergaqudtions for effective simulation of
circuits with 4H-SiC power MOSFETsNMaterials Science Forunvol. 778-780, Ch. 5,
pp. 997-1000, 2014.

13



CHAPTER 1: INTRODUCTION

1.8. References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

U. K. Mishra, P. Parikh, and Y.-F. Wu, "AlGaNal HEMTs-an overview of device

operation and applicationdEEE Proceedingsyol. 90, pp. 1022-1031, 2002.

T. Mimura, S. Hiyamizu, T. Fujii, and K. NanbUtA new field-effect transistor with
selectively doped GaAs/n-Aba.xAs heterojunctions,Japanese Journal of Applied
Physicsyol. 19, pp. L225-L227, 1980.

M. S. Shur, "Low ballistic mobility in submiccoHEMTSs," IEEE Electron Device
Letters,vol. 23, pp. 511-513, 2002.

T. Mimura, "The early history of the high elemt mobility transistor (HEMT),TEEE
Transactions on Microwave Theory and Techniquek,50, pp. 780-782, 2002.

M. A. Khan, J. Kuznia, D. Olson, W. Schaff, Burm, and M. Shur, "Microwave
performance of a 0.2bm gate AlGaN/GaN heterostructure field effect trstus,"
Applied Physics Letterspl. 65, pp. 1121-1123, 1994.

S. Keller, Y.-F. Wu, G. Parish, N. Ziang, JXl, B. P. Keller et al, "Gallium nitride
based high power heterojunction field effect tratmgs: process development and
present status at UCSBEEE Transactions on Electron Devicegs). 48, pp. 552-559,
2001.

Q. Chen, "Latest advances in gallium nitride ME modeling,” in 12th IEEE
International Conference on Solid-State and IntégaaCircuit Technology (ICSICT)
2014, pp. 1-4.

M. S. Shur, "GaN-based electronic device$yorld Scientifie Publishing Co.,
Singaporepp. 61-86, 2004.

Y. Développement, "Market and technology anialydNovember 2010.

M. A. Briere, "GaN based power devices: Cdétaive revolutionary performance,”
Power Electronics Europepl. 7,pp. 29-31, 2008.

M. Golio, Microwave and RF product applicatianSRC Press, 2003.

M. Mukherjee Advanced microwave and millimeter wave technologgesiconductor
devices circuits and systen®&ciyo. com, 2010.

14



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

CHAPTER 1

O. Ambacher, B. Foutz, J. Smart, J. Shealy,Weimann, K. Chuet al, "Two
dimensional electron gases induced by spontanewdigpi@zoelectric polarization in
undoped and doped AlGaN/GaN heterostructutksjfnal of Applied Physicspl. 87,
pp. 334-344, 2000.

D. Visalli, "Optimization of GaN-on-Si HEMTsof high voltage applications,"”
Katholieke Universiteit Leuven, 2011.

K. E. Moore, "RF power transistors from widandgap materials,” iRF and
microwave semiconductor device handhd@903, pp. 9.1-9.16.

S. Dimitrijev, Principles of semiconductor devic&3xford university press, 2012.

B. G. Streetman and S. Banerj&g)id state electronic device®l. 5: Prentice Hall
New Jersey, 2000.

S. Baskaran, A. Mohanbabu, N. Anbuselvan, Mhihkumar, D. Godwinraj, and C.
Sarkar, "Modeling of 2DEG sheet carrier density Bi@characteristics in spacer based
AlGaN/AIN/GaN HEMT devices,Superlattices and Microstructuresyl. 64, pp. 470-
482, 2013.

P. Gangwani, R. Kaur, S. Pandey, S. HaldarGupta, and R. Gupta, "Modeling and
analysis of fully strained and partially relaxettite mismatched AlGaN/GaN HEMT
for high temperature application§uperlattices and Microstructuresl. 44, pp. 781-
793, 2008.

G. R. Valdivia, T. F. Ibafiez, J. Rodriguez{€e| A. T. Puente, and A. M. Sanchez,
"Measurement of mobility in HEMT devices using higtder derivatives,"lEEE
Transactions on Electron Devicesl. 51, pp. 1-7, 2004.

H. Fukui, "Determination of the basic devicargmeters of a GaAs MESFETBell
System Technical Journaipl. 58, pp. 771-797, 1979.

R. Menozzi, G. A. Umana-Membreno, B. D. Ner@rParish, G. Sozzi, L. Faraqret
al., "Temperature-dependent characterization of Al@#N HEMTs: thermal and
source/drain resistance$ZEE Transactions on Device and Materials Reliapjiol.
8, pp. 255-264, 2008.

J.-P. Ao, T. Wang, D. Kikuta, Y.-H. Liu, S. Ig4, and Y. Ohno, "AlGaN/GaN high
electron mobility transistor with thin buffer laggt Japanese Journal of Applied
Physicsyol. 42, pp. 1588-1589, 2003.

15



CHAPTER 1: INTRODUCTION

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

D. Donoval, M. Florow, D. GreguSova, J. Kovaand P. Kordo$, "High-temperature
performance of AlGaN/GaN HFETs and MOSHFETH]troelectronics Reliability,
vol. 48, pp. 1669-1672, 2008.

W. Tan, M. Uren, P. Fry, P. Houston, R. Balmand T. Martin, "High temperature
performance of AlIGaN/GaN HEMTSs on Si substrat8slid-State Electronicspl. 50,
pp. 511-513, 2006.

D. Zanato, S. Gokden, N. Balkan, B. RidleydaN. Schaff, "The effect of interface-
roughness and dislocation scattering on low temperanobility of 2D electron gas in
GaN/AlGaN,"Semiconductor Science and Technolagy, 19, pp. 427-432, 2004.

A. Kalavagunta, S. Mukherjee, R. Reed, and&hrimpf, "Comparison between trap
and self-heating induced mobility degradation in GAN/GaN HEMTSs,"
Microelectronics Reliabilityyol. 54, pp. 570-574, 2014.

K. Takhar, U. Gomes, K. Ranjan, S. Rathi, &hdBiswas, "Temperature dependent
DC characterization of InAIN/(AIN)/GaN HEMT for immpved reliability," in IOP
Conference Series: Materials Science and Enginge@015, vol. 73, p. 012001-1-
012001-4.

D. Pandey, A. Bhattacharjee, and T. Lenka,ud$ton temperature dependence
scattering mechanisms and mobility effects in GaN @aAs HEMTSs," irPhysics of
Semiconductor Devicesed: Springer, 2014, pp. 67-70.

N. Maeda, K. Tsubaki, T. Saitoh, and N. Kobslya "High-temperature electron
transport properties in AlGaN/GaN heterostructurApplied Physics Letterspl. 79,
pp. 1634-1636, 2001.

I. H. Lee, Y. H. Kim, Y. J. Chang, J. H. Shih, Jang, and S. Y. Jang, "Temperature-
dependent hall measurement of AIGaN/GaN heterdsiregon Si substrateg@urnal
of the Korean Physical Societygl. 66, pp. 61-64, 2015.

S. Arulkumaran, T. Egawa, H. Ishikawa, andJimbo, "High-temperature effects of
AlGaN/GaN high-electron-mobility transistors on phpe and semi-insulating SiC
substrates,Applied Physics Letterspl. 80, pp. 2186-2188, 2002.

M. Wang, B. Shen, F. Xu, Y. Wang, J. Xu, S.adg et al, "High temperature
dependence of the density of two-dimensional edectgas in Ad.1sGay sdN/GaN
heterostructures Applied Physics Ajol. 88, pp. 715-718, 2007.

16



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

CHAPTER 1

A. Saxler, P. Debray, R. Perrin, S. Elhamri,. Witchel, C. Elsasset al,
"Characterization of an AlGaN/GaN two-dimensioniaiceon gas structureJournal
of Applied Physicsyol. 87, pp. 369-374, 2000.

0. Katz, A. Horn, G. Bahir, and J. SalzmanlgtEron mobility in an AlGaN/GaN two-
dimensional electron gas. |. Carrier concentratibependent mobility,"IEEE
Transactions on Electron Devicel. 50, pp. 2002-2008, 2003.

A. Anwar, S. Wu, and R. T. Webster, "Temperatdependent transport properties in
GaN, AkGaxN, and InGa.-xN semiconductors,IEEE Transactions on Electron
Devicesyol. 48, pp. 567-572, 2001.

M. Gurusinghe, S. Davidsson, and T. Anders§dwo-dimensional electron mobility
limitation mechanisms in AGa,-xN/ GaN heterostructuresPhysical Review Byol.
72, pp. 045316-1-045316-11, 2005.

H. Morkog, Nitride Semiconductor Devices: Fundamentals andlié@fons John
Wiley & Sons, 2013.

D. P. Foty, MOSFET modeling with SPICE: principles and practiBeentice-Hall,
Inc., 1997.

J. C. Sarker, "Yield sensitivity of HEMT cirits to process parameter variationgEEE
Transactions on Microwave Theory and Techniquek,40, pp. 1572-1576, 1992.

S. Khandelwal, C. Yadav, S. Agnihotri, Y. Sh&lihan, A. Curutchet, T. Zimmest
al., "Robust surface-potential-based compact modeGa HEMT IC design,TEEE
Transactions on Electron Devicel. 60, pp. 3216-3222, 2013.

L. Yuan, W. Wang, K. B. Lee, H. Sun, S. L. &#hj, X. Zhou et al, "The temperature
dependent TCAD and SPICE modeling of AlGaN/GaN HEMTin IEEE 5th
International Nanoelectronics Conference (INE2)13, pp. 115-118.

N. DasGupta and A. DasGupta, "A new SPICE MBF%H.evel 3-like model of
HEMT's for circuit simulation,'|lEEE Transactions on Electron Devicesl. 45, pp.
1494-1500, 1998.

H. Khakzar, "The extraction of HEMT transistdoC parameters using the transistor
electrical characterization and analysis prograBGAP)," in Proceedings Eighth
University/Government/Industry Microelectronics $psium,1989, pp. 211-214.

17



18



CHAPTER 2: LITERATURE REVIEW -
ELECTRON MOBILITY OF GAN
POWER HEMT s

2.1

2.2

2.3

2.4

2.5

2.6

2.7

LYoo [FTox 1 (o] o EE PP PRPPP PP 20
Electron mobility measurement methods for HEM T, 1.2
P = 1L 4T o112 SR 22
2.2. 1 ADEFINITION ..eiiiiiiie i mme et 22
2.2.1.2. Measurement MetNOd .............. o eeeiiiiiiiii e 23
2.2.1.2.1. Sample configuration ............occccceeeeeiiiuiiiiann e eeeeeeeeeeiinees 23
2.2.1.2.2. MeaSUIremMeNt SEI-UP ............ s eeeeenneeeesnneeeesinsaesnneseenneeenn 24
2.2.1.2.3 Two-dimensional electron gas carrier iginseasurement ............. 25
2.2.1.2.4. Sheet resistance MeaSUreMENT . .o cccevrrrrrirerrieeeeeeeeeeaeeeenn. 0.2
2.2.2Effective MODIlILY .....ooooiiiiiiiie e 28
2.2.3Field-effeCct MODIILY .........uueniie e 32
Works performed on electron mobility measuremehts@ HEMT ...............coevvnneee 34
Possible sources of error of electron mobility nueasients ..........cccoceevvvvvvvccinneennn. 2.4
Temperature dependence of electron mobility OHBE®T ...........coovviiiiiiiiiinnnn, 42
Scattering mechanisms effects on mobility of theVHE.................cooeiiiiiiiiiiiccenn. 50
Application of the measured electron mobility G tHEMT .............coovrrririiniiiiinnnn. 53
2.7.1. SPICE simulation of circuits With HEMT .cccc..oiiiiiiiii e 53

19



CHAPTER 2: LITERATURE REVIEW- ELECTRON MOBILITY OF GAN POWER HEMTS

2.7.1.1. Importance of SPICE modelling of the HEMT............ooovvriiiiiiiiiiiieeeee. 53
2.7.1.2. Models presented for SPICE simulatiohefHEMT ..............cccccccceeiieennn. 54
2.8 RETEIENCES ... ettt bbb e e e e e e e e 61

20



CHAPTER 2

2.1. Introduction

A high electron mobility transistor (HEMT) is a Wselstablished semiconductor device that
uses the formation of two-dimensional electron ¢2BEG) at the intersection of two
semiconductor layers. When the HEMT is implememtgld AIGaN/GaN heterostructure, it is

a promising candidate for high power switching aations [1].

As the name of this transistor infers, the mostificant characteristic of this device is its
high electron mobility. Electron mobility represertiow fast arelectronmoves through a
semiconductor or a metal when electric field is appliedlnvestigating the mobility of the
HEMT plays an important role in developing its pemfiance and characteristics. In the case
of the HEMT, electrons flow throughout the 2DEG ioey therefore, this mobility is called
2DEG mobility.

2DEGmobility impacts the HEMT performance through the time aadudency responses
of this device in two ways. Initially, the devicesth higher mobility have higher currents,
which charge capacitances faster and cause a tirgqeency response. Second, at low electric
fields, carrier velocity is proportional to the migl. Therefore, higher mobility materials lead
to higher frequency responses because carrierslegedime to move throughout the device
[2]. In order to study the mobility of the HEMT rdt of all, it is important to explain the
methods available for the mobility measurement.nTiee parameters that affect its mobility

need to be analysed.

Different methods are used for measuring 2DEG nitgpihcluding the Hall-effect, field-
effect, and effective mobility measurement methoakjch are commonly used for the
MOSFET [2]. Each of these methods requires a diffeconfiguration for measurement, and
include different equations. In contrast to the MRBS, where the gate extends from the drain-
to-source, the gate of the HEMT separates the @tdarthree different regions: source-to-
gate, under the gate, and gate-to-drain. The aréeruhe gate is the field-effect section, which
can be modelled by the MOSFET, and the area outs&lgate is the resistive section. The
resistance of the 2DEG under and outside the gatéferent. Therefore, the mobility of these
regions need to be measured separately. So, imporiant to modify these available
measurement methods, so they can be applied teEMT [3].

Mobility depends on several factors including thetenial impurity concentrations
(acceptor and donor concentrations), defects ainthierial, carrier (electron and hole) density,

and temperature. Temperature plays an importaatimche mobility of the HEMT because in
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high power semiconductor devices, as the powentyansreases, the device starts to become
heated. Therefore, the device temperature increagrsh affects the other characteristics of
the device. Analysing the effect of the temperatomethe HEMT mobility and rate of the

mobility change by temperature requires considerargpus scattering mechanisms that affect

the device at high temperature [2].

After describing the electron mobility measurenmaethods for the HEMT and analysing
the parameters that affect mobility, it is impotteminvestigate applications of the measured
HEMT mobility. One of the main performances of theasured HEMT mobility is in the
modeling of this device. Because HEMT technologyugkly growing, this device is popular
in electronic systems and circuits. Using the HEMTelectronic circuits requires building
compact models of this device. The Simulation Pangwith Integrated Circuit Emphasis
(SPICE) is the most common software among circegighers. Therefore, introducing the
HEMT models, which can be applied to the SPICE,iamdstigating how to apply them to the
SPICE, are crucial for simulating circuits thatlude the HEMT [4].

In this chapter, different methods for mobility eaeement of the HEMT are explained in
detail and effects of various parameters on its ihtphare investigated. Among these
parameters, temperature effect is considered andjw effect on HEMT mobility. Analysing
the temperature effects on mobility requires ingesing different scattering mechanisms.
Therefore, in this chapter, effects of temperatmd various scattering mechanisms on the
HEMT mobility are analysed in detail. Finally, th@plication of the measured mobility in
SPICE modeling of the HEMT is studied.

2.2. Electron mobility measurement methods for HEMT

Three main methods to measure the HEMT mobilityuithe Hall-effect, field-effect, and
effective mobility. Mobility measurement by Hallfett method requires a special test pattern
(Hall sample); however, field-effect and effectimmbility methods use the HEMT transfer
and output characteristics, respectively, for mbiheasurement. In the next section, these

methods are explained in detail.
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2.2.1. Hall mobility

Hall-effectis the most common method for 2DEG mobility measwaet. The mobility
measured by this method is called Hall mobilityisTimethod is used to measure the 2DEG

density and mobility using Van der Pauw technique.

2.2.1.1. Definition

In 1879, Hall investigated the nature of the faacéng on a semiconductor carrying a
current in a magnetic field [5]. He found that tlectric current is deflected by the magnet: in
this case a source of stress appears in the cardoetard one side of the sample [2]. He also
found that the magnetic field applied to a condycidhich is placed perpendicular to the
current direction, causes an electric field perpandr to the current flow direction and
magnetic field [2]. This investigation led to disening the Hall-effect. Hall-effect refers to
the potential difference between opposite sidestbin sheet of semi-conducting or conducting
materials (Hall voltage) through which an electoarrent is flowing. This phenomenon

happens due to the magnetic field applied perpetatito the Hall sample [2].

The union of the current flowing through the lengttihe Hall sample and a magnetic
field through the sample causes a current. Thisentiis perpendicular to both the current
flowing throughout the semiconductor and the magrfetld. It causes a transverse voltage
(Hall voltage), which is also perpendicular to bttke current and magnetic field. Hall-effect
is detected due to the existence of this curréme. dssential principle of the Hall-effect is the
force on a point charge due to electromagnetidgielvhich is called Lorentz force. Direction
of this force is determined by the right hand rblased on direction of both carrier movement
and applied magnetic field [6]. The Hall-effect daaexplained by considering the influence
of forces applied to electrons in a magnetic fi&hhen an electron is located in a magnetic
field, it experiences the Lorentz force proportiotathe field strength. This force is the
strongest when the field is perpendicular to thedlion of electron movement. When the
current is flowing, a steady number of electroosvfthrough the semiconductor. Applying an
external magnetic field leads to an accumulatioaelettrons at one corner of the Hall sample,
which creates a current and a potential differeawess the semiconductor, which is the Hall

voltage.

The importance of this method for analysing semilcmtor material and devices is due to
its wide range of applications in various phasess@hiconductor materials and devices
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technology, from the basic characterization of mal® and development of devices to the
manufacturing of devices [2], [6]. It can be em@dyto characterize both high resistance
semiconductor materials, such as semi-insulatinguganitride (GaN), and materials with

low resistance including metals, highly doped semdtctor materials, and transparent oxides
[6]. The most important parameter determined by-Eff¢ct measurement is the Hall voltage

(VH), which leads to driving several other importaatgmeters as follows [6]:

» Carrier mobility

» Carrier concentratiomj for a sample with a given thickness

* Doping type (P-type or N-type) of material

* Sheet resistance, from which the resistivity ofamgle with a given thickness is
determined

» Sheet carrier density of the majority carriers (tioenber of majority carriers per unit
area)

In the next section, performing the Hall measuremerorder to drive these parameters is

explained.

2.2.1.2. Measurement method
2.2.1.2.1. Sample configuration

In order to perform the Hall measurement, a samille four Ohmic contacts with the

following conditions is required [2]:

» Contacts should be on or as close as possiblariplsaorners.

* Dimensions of the contacts should be as small ssilple.

» All four contacts are required to be from the sanagerial.

* Average diameter of contact®)(and the distance between contatjsrésult in error
in the measurement, which is proportionabi..

» Contacts can be connected to wires to ease theunegasnt. In this case, in order to
minimize thermoelectric effects, the materials uedontacts need to be of the same
group of materials used for wires.

» Hall samples are usually fabricated in lamella tygth arbitrary shape; however, the
symmetrical structure is preferred. Lamella-typmgkes require small contacts, which

are placed as close as possible to the peripherynéntioned above, the location and
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size of the contacts are also important. Althougim der Pauw samples need contacts
located symmetrically on the periphery, this is aciiievable in reality and it involves
some error. In order to eliminate the error, VanRiguw took into account the circular

samples with 90intervals between contacts [7].

2.2.1.2.1. Measurement set-up

In order to perform the Hall measurement, a basilt-éffect measurement configuration

including the following components is required:

- Current source: In order to measure the sheettaesis, carrier density in 2DEG
(N2peg) and mobility, a current source is needed to sugpd current to one of the
contacts of the Hall sample. For samples fabricaiskd on the materials with low
resistivity, the current source should be ablertmdpce an output from milliamps to
amps. For samples based on semi-insulators, thees@hould be able to provide
current as low as 1 nA. In case of Hall samplesnas with high resistivity (such as
intrinsic semiconductors), a source capable of pcody 10 HA to 100 mA current is
sufficient.

- Voltmeter with high input impedance: The voltmetkould be able to perform accurate
measurements from 1 mV to 100 V. For Hall samplék high resistivity materials,
the effect of the high input impedance of the velten plays an important role in
achieving accurate measurement results.

- Permanent magnetic field: For Hall measurement,agnatic field with the typical
value of 0.5to 1 T should be applied to the sample

- Sample holder: The sample holder can be the Hallsomement tool, which keeps the
Hall sample while applying a constant magnetiaifiel

The Hall mobility (uH) is calculated by the following equation. As caa been,

measurement of Hall mobility requires measuringgheet resistance ampes, which are

explained in the following sections.

1 (1)

My =—
" gRN,pee
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2.2.1.2.2. Two-dimensional electron gas carrier density meas@ment

The measurement configuration fdspec is illustrated in Figure 1. The first step to
determine the value dflopec is to measure the Hall voltage by forcing bothrent and
magnetic field to the sample. The combination efitagnetic field and the current results in
a transverse current [6]. The current is forcedvben two diagonal contacts aMy is
measured between two other contacts [6]. For imstaaccording to Figure 1, the current is
forced to contact 1 and flows to contact3)( the voltage is measured between contact 4 and
contact 2 Ya2). From thisl-V measurement, the Hall voltage versus the Hallkeaiis drawn.

Figure 1. Schematic M2pec measurement circuit

It should be noted that the contact resistance doesnpact the measured Hall voltage
because the voltmeter has very high resistandedses not draw any current from the circuit
under test and there is no voltage across corgawtances. In order to achieve results with
high reliability, the recommended method require®mbination of reversing current source
polarity (positive and negative directions of magndields), sourcing on the other three
terminals, and reversing the magnetic field dictiTherefore, eight Hall measurements are
performed [6]. Equation 2 explains the Hall voltageasured between contacts 2 and 4 at
positive and negative magnetic field polarities:

Vo -V
V,,, = 42¢ . 42N @)
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In this equationVazp is the voltage difference between contacts 2 af\-4v>) with positive
magnetic field perpendicular and out of the pagel, \42n is the voltage difference between
contacts 2 and 44-V>) with negative magnetic field perpendicular antb ithe page. After

performing similar measurement on other contahtsawverage Hall voltage can be calculated
by:

Viis ¥ Vios Vs ¥ Vo 3)

V. =
" 4

Because the Hall voltage is usually small (mV as)eaccurate measurement followed by this
averaging technique are critical for obtaining meamobility results [6]. Considering the

achieved Hall voltage, we will have:

N2DEG = BI*H (4)
qVy
Here,B is the magnetic field, and in the figure its direstis perpendicular and facing the
outside of the sampléy shows the Hall current between two diagonal costatdqg is the
charge of an electroh.6x10'°C. In order to have an accurate result, the proponif Hall
current over the Hall voltage is extracted from stope of the measured Hall voltage graph. It
is important to mention that the polarity of thellHaltage shows the type of material; positive
polarity indicates the P-type material, while tlegative polarity shows the N-type.

2.2.1.2.3. Sheet resistance measurement

After measuring\2peg, it is essential to measure the sheet resistd®iged calculate
the mobility. The sheet resistance is determinéagugan der Pauw measurement technique.
This technique, which is explained in this sectisnJsed to measure the resistance between
contacts with and without a magnetic field. For memg the sheet resistance through this
technique, current is applied between two adjacemtacts and the voltage is measured
between the other nodes [6]. As an example, aaogrth Figure 2, which illustrates the
measurement configuration of Van der Pauw sheétagse measurement, current flows
through contact 1 to 2:6) and the voltage is measured between contact 43af\is).
Performing this measurement results in the resistdetween these contad®&s3 [2]. The
measured resistance can be seen in Equation Bislrmeasurement, no magnetic field is

applied to the sample.
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Vi — V,—V, (5)

RLZ 43 =

It is important to mention that similar to tiNepec measurement, contact resistance
does not impact the measured Hall voltage becdgseditmeter has very high resistance, so

it draws no current from the circuit under test #mere is no voltage across contact resistances.

&+

Figure 2. Schematic of resistance and mobility mesament circuit

In order to achieve an accurate result, it is irtgurto perform the same measurement on the
other contacts of the Hall sample, which leadsctoeving average resistand@{eragd:

— R12 43 + IQ23,l4 + R34,21 + R41,32 (6)

Average 4

R

The sheet resistance is calculated by:

R, = 45x R (7)

Average

Employing theN2pec andRs in Equation 1 results in the Hall mobility.

2.2.2. Effective mobility

Measurement of the HEMT mobility through the HaBtimod requires fabrication of a
special sample with a specific configuration. Tégenple originates from the same substrate
and wafer as the HEMT to extend its measuremeniitrés the HEMT 2DEG mobility.

Although the Hall measurement method for mobiliystraightforward, the value of the
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mobility measured by this method can be differemtinfthe real mobility of the HEMT sample.
This issue is due to sample-to-sample variatiothefresults and also because of the different
fabrication process for the HEMT and the Hall sampherefore, it is important to investigate
methods by which the mobility can be measured tyeloy the HEMT structure and
characteristics. In order to achieve this goal, tilwer definitions for mobility measurement
have been presented that use the HEMT transfeoatplit characteristics for the mobility

measurement [3].

These two kinds of definitions for the mobility ginate from two popular methods for
the MOSFET mobility measurement: field-effegt£) and effective|fer) mobility [2]. For the
effective mobility, output conductancgoj is used for mobility measurements; however, the
field-effect method employs the transconductageg (n the HEMT structure, the gate divides
the device into three separate sections: gatedozearegion, gate-to-drain region and the
region underneath the gate. The region under tte igahe field-effect region that can be
modelled by the MOSFET, while the regions outstiedate are resistive regions. Therefore,
MOSFET equations and parameters for mobility, idelg the effective and field-effect
definitions, can be developed for mobility measwatrof the HEMT. In both methods, it is
important to perform the measurements at low dvaitages Ybs < 100 mV) because of the
uniformity of the channel charge between the daaith source for these voltages. Both of these
methods, which have been originally defined for MKBES mobility measurement, are capable
of being applied in the case of HEMTs [3]. Thesehuds are explained in the following

sections.

The effective mobility definition refers to the mlity of MOSFET [2]. Measurement
of this mobility is based on the drain currely) (of the device. The drain current in an N-
channel MOSFET with gate length and widthLo&dnd W, respectively, considering its drift

and diffusion currents, is given by [2]:

B =V\/ﬂeﬁ%_wﬂeﬁ KT 0Q, 8)
L g o0x

Here,Qn is the density of mobile channel charge (GcandVos is the drain-source voltage.
When the value of this voltage is low (<100mV), ttteannel charge from source-to-drain is
uniform and the diffusive second term in the abegaation can be neglected. Then, we will
have [2]:
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- %L 9)
WQ,

In this equation, the output conductangeé) s [2]:

Iueff

g, = ol (10)
AVARR

This parameter can be extracted from the outputackeristic of the HEMT. The other

important parameter in Equation 9 @, which can bedetermined through two different

approaches. The first approach uses the capacivétioe oxide Cox), which is the capacitance

of AlGaN in case of HEMT. The channel charge dgnisit this method is approximated by

[2]:
Qn = Cox (VGS _VT) (11)

Here, Vs is the gate-to-source voltage aNe@ is the threshold voltage. Because of the
sensitivity of this method to the threshold voltagetermination of the channel charge density
by this method is not accurate, which results innaprecise value for the effective mobility.

The second approach determines@helirectly from the capacitance measurement by [2]:

VGs

Qn = .[CGSaVGS (12)

whereCgs represents the gate-to-channel capacitance peatga. Although this method is
more accurate than the first-mentioned method #&dcutation of the charge density, the
effective mobility measured even by this methostiisinfluenced by several other sources of
error. One error may occur because of the capaeatamasuremenCcsc (gate-to-channel
capacitance)s the summation o€ss and Cep. Neglecting the overlap capacitance in the
analysis leads to another errorQa measurement, which then results in an error inilitypb
measurementCss measurement should be performed at high freque(t0 kHz to 1 MHz)
because in these frequencies interface traps drabte to follow the AC signal. When the
frequency is low, interface traps cause a capa&cgomponent [2]. Also, as mentioned before,
effective mobility is calculated from the drain cemt whenVps < 100 mV; however, thgo
determination will be noisy ¥psis too low, and that affects the mobility resulbr ¥ps > 0
there will be an error nedfss = Vr due to the reduction in the value @f. A further error
occurs if the drain current is assumed to be dmydrift current. Although this can be a good

approximation for the device performance over tireghold voltage, whevissis close tovy

30



CHAPTER 2

the diffusion current will be significant. It shaube remembered that wh&as < V7, the
device will operate in the sub-threshold region #rdrain current occur principally due to

diffusion.

The drain current in the linear region can alsexy@ained without any requirement for

charge calculation. It is approximated by:
W VE
p = HnCox T((Ves = V7 )Vps = %) (13)

whereCox is the gate insulator capacitance per unit arda/andL represent the width and
length of the channel, respectively. WhenWgeis small, the second term can be neglected:

W
Ip = 1,Cox T (Ves =V )Vos (14)
Using Equation 10 for output conductance calcutaleads to:

= JoL (15)
CoxW (VGS - VT )

The effective mobility can be also affected by was scattering mechanisms such as

Iueff

the ionized impurity scattering, surface scatteriagd lattice scattering, which will be
explained in detail in this chapter. Surface amdzed impurity scatterings depend on substrate
doping concentration and the gate voltage. Thei@nite of the gate voltage on the effective
mobility can be expressed as the impact of theoarsurface electric fieldEer) on theuer,

according to [2]:

u. = Ho (16)
*1+(aE,)"

Here, a and y have constant values. The effective mobility redudethese scattering
mechanisms affect the device operation. The reémotdecreasing the effective mobility by
increasing the gate voltage or electric field ikated to the surface roughness scattering
increase with increasing the gate voltage, antstquantisation effects. The effective mobility

relation with the gate voltage is explained by [2]:

= Ho 17y
He 1+6(Ves —Vs)
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whered is the mobility degradation factor, which changgsvarying the doping density and
thickness of AlGaN [8]. Depending on the valu&gathe effective mobility change rate by the
gate voltage varies. This parameter is calculataoh the slope of thgo/pert versusVes— Vr,

which can be seen in the following figuie. addition, lo represents the low-field electron

mobility, which is the intercept of thesversusVes- VT, presented in the following figure [2].
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Figure 3. (a) Effective mobility and (b) Normalizetfective mobility according t&csVr[2]

2.2.3. Field-effect mobility

Another definition for the mobility measurementfisld-effect mobility which is
inferred from the field-effect measurement. In cast to the effective mobility, which uses the

conductance for the mobility measurement, this met#mploys transconductance.
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The field-effect mobility measurement method isdshen the drain current of the
device in the saturation and linear regions [9]tHa saturation region, the drain current is
approximated by [9]:

- HnCox W

_\V)2 (18)
ID 2 |_ (VGS VT)

In this approach, drain-induced barrier loweringBD has been ignored, which results in an
underestimation of the true value of the mobilitypractice [9]. By applying the slope of the

square root of the saturated current against tteevgdtage fsay), we will have [9]:

_e 2L 1 (19)

luFE - msatW Cox

In order to address the error of e measurement using in saturation region, the linear
region of thelp (whereVps < 100 mV and transistor is in Ohmic mode) is cdesed for
mobility measurement [9]. In the linear region, tlrain current is approximated by Equation

14, which leads to having:

L 1 1 20

=M —
/uFE lin W \/DS Cox

wheremin is the slope of the drain current versus the galtage in the linear region whéfs
is constant. This slope can be determined by theatee of the drain current versus the gate-

source voltage for a constaWis, as follows:

al
oV,

Slope=g,, = whenVps is constant (21)

Here,gm shows the transconductance. Considering Equatiptrdnsconductance will be:

w
Im = 4,Cox TVDS (22)

Therefore, the field-effect mobility will be:

L 1 1
:UFE_ \AINT o~ (23)

= gm
W VDS COX

As field-effect and effective mobility are both nseeed based on Equation 14 and
under identical measurement condition; therefdne, mobility achieved by both methods

should have the same value. However, the valubeofi¢ld-effect mobility measured by the
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above equation is usually lower than the effeatiility, which can be seen in Figure 6. This
disagreement betweeie anduethappens because of ignoring the dependence ofdbiie
field on mobility during derivation of Equation 220, 11]. By considering the effect of the

gate voltage on the, we will have:

O = H,Cox | Vos 1+ %50 ZC“) 24
that results in:
u = Lg,, (25)
G Wy (1 Vos TV Ot
Her  OVes
Sincea'ueff <0, itis clear that the result gte calculated by Equation 25 is higher than that

Ves
measured by Equation 23.
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Figure 4. Comparison of the field-effect and effezimobility [2]

In contrast to effective mobility that is sensitit@ threshold voltage, field-effect
mobility is independent from this parameter. It mskhe mobility measured by this method

more accurate when the results do not change bghhbld voltage.
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2.3. Works performed on electron mobility measurements bthe HEMT

In recent years, several studies have been pertbomenvestigating the mobility of the
HEMT and analysing the parameters that affect abifity. Some of these works use the basic
methods and definitions for measuring the mobiliiyyever, some others modify and develop

these basic methods or present new methods to neghgumobility.

As previously mentioned, Hall measurement is onthefmain methods for mobility
measurement. This measurement is commonly perfoahedconstant magnetic field with
several assumptions. The main assumption is tlsepce of a single carrier, which has discrete
mobility and can only provide the average carriemsity and electron mobility for the case of
multiple channel transport. In AlIGaN/GaN heterostuves, the basic Hall-effect measurement
is not able to separate the conductivity of the @D&hannel from the bulk GaN parasitic
conduction [12, 13]. To solve this problem, mublikger fitting procedures were employed by
Gold and Nelson [14]; however, such an approaclides arbitrary elements, which are not
sufficient for modern semiconductor structures. Arenbeneficial method is employing
guantitative mobility spectrum analysis (QMSA) ftlme Hall-effect measurement and
resistivity data in order to separate the condigtof 2DEG from the rest of the carriers in the

sample and measure pure 2DEG mobility [15].

Umana-Membreno et al. measured the 2DEG mobilithout any parasitic carrier
conduction through the bulk GaN [16]. They studieel 2DEG flow in the AIGaN/AIN/GaN
heterostructure by employing Hall-effect and regist measurements to extract its mobility
[16]. They analysed the 2DEG mobility using a depeld analysis technique with a high-
resolution mobility spectrum. In addition, they geated the first report on the observation of
2DEG mobility spectra thermal broadening effect6][IThis developed method showed
mobility of 1880 cnd/V.s at room temperature ahdpec of 9.3x162 cm2. The results of this
work exhibited a Gaussian 2DEG mobility spectra tremal broadening by increasing the
temperature. The reason that they investigatecshiape of the mobility spectrum was its
importance in analysing the device characterisBezk and Anderson reported that the shape
of the carriers’ distribution line and its therntabadening helps to understand the carrier
spatial fluctuations and their relaxation-time digitions, and helps to analyse the Hall-
scattering factor [15]. During the last two decadeveral studies investigated on improving

the mobility spectrum analysis technique; so itlddae used as a powerful practical tool [17-
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22]. This tool was employed for characterizatiod amvestigation of the 2DEG transport in
AlGaN/AIN/GaN heterostructures by Umana-Membrenalef23].

In the case of effective mobility, several paramseteeed to be taken into consideration.
Some studies tried to match the experimental resaflteffective mobility with the results
achieved from Equation 17, and these studies lachtomber of changes in this equation. Risch
[24] considered the effect of the resistive regaml applied its effect to the formula. Some
other works considered the mobility drop due tol#teral electric fields, which is significant
for short-channel semiconductor devices becausthaincase, mobility is affected by lateral
electric field or drain voltage [25, 26]. In shattannel HEMTS, the value of effective mobility
is smaller than the electron mobility in long chanHEMTSs [27] because of the ballistic effect,
which was first predicted in 1979 [28, 29]. Thigeet makes the electrons flow from the source
to the drain without any collisions with phononsimpurities. Electrons propagate in the
channel of the device with a randomly orientedrtadvelocity. Therefore, it will have limited
time to accelerate in the electric field and acgdnift velocity [27]. As the effective and field-
effect mobility originate from the same equatiomnjgtion 14), the effects considered for the
effective mobility can also be accounted for by file&l-effect mobility.

In addition to the modification of these mobilitgueations to achieve more accurate
results, several studies have shown how to chdregddvice structure to increase the value of
this mobility. One of the processes used to inadhs mobility of the HEMT is using an
insulator under the gate, which was presented bgt\¥é. [30]. The new developed device is
the metal-oxide-semiconductor  high-electron-mopiliansistor (MOS-HEMT). In
comparison to the HEMT with the same design, MO3vHEpresents less gate leakage, higher
breakdown voltage, and drain current. Several commsulators are used in MOS-HEMT
structure, such as S¥OSkEN4, and AbOs. Among these materials, atomic-layer-deposited
(ALD) Al 03 is proven to be a significant gate dielectrictfttg MOS-HEMT [30]. It has the
benefit of a high dielectric constant, large bagddagh thermal stability, high breakdown
electric field, and chemical stability against AKGEBO]. In addition, ALD equipment for ADs3
leads to a low level of defect density and highfamiity. The measurement results show that
the effective mobility of the AlIGaN/GaN HEMT is mudigher than the Si- and GaN-based
MOSFET [30]. Also, Al fraction in AlGa.xN affects the value df.pec and mobility, which

can be seen in Figure 5.
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Figure 5. Dependence of electron mobility and skeetier density on the Al mole fraction
[31, 32]

In addition to these main methods based on Halhsfier, and output characteristics
measurements, several other methods were publishetbbility measurement of the HEMT.
Sun et al. [33] offered a new method that usestit®ff frequency to measure the mobility of
short channel FETSs, which can be applied to the HIEFhis method is based on the effective

electron velocity Yer) equation:

V =27fy (26)

In this equationl. shows the gate length, is the cut-off frequency measured by current-gain,
andy is:

y= (R ¥ Ro +Rps) (27)

Ros

whereRs andRp are source-to-gate and drain-to-gate resistaacedips represents the total

resistance between drain and source. It shoulddrgiomed that only a fraction of the applied
voltage between drain and source drops acroshtmel region under the gate. If the applied
voltage between the drain and source that is shyws andVgsrepresents the voltage across

the channel under the gate, thégcan be illustrated by:
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V, = Vos (28)
14

The average value of the electric field acrossctiannel is given by:

_ Vis _ Vos (29)
L Ly

Considering the average electric field across tm@noel and the effective velocity of the

electrons, the cut-off mobility can be written by:

_Veff — 2]7|:T(|—y)2 (30)

Her =2 v

The main shortcoming of this method is that it carnve applied to FETs and HEMTs with
long gate lengths.

Moon et al. [34] presented a new method that enguldye electron density in the
2DEG channel to measure the average mobility atdmaetric fields. In this method, which
was applied to the MESFET, capacitor-voltage mesasant was performed to determine the
electron density. In order to restrict the erroredio parasitic resistances in mobility
measurement, MESFETs with long gate lengths wenglared in this work. The gate-to-

channel capacitanc€{c) is shown by:
Vg
an(Vg) = ,[Cgc(v)dv (31)

In Equation 314 is the electron charge amd shows the electron density per unit area.
Assuming that the all of the electrons available donduction have similar mobility, the
average mobility can be calculated by:

I = [ (x)n(x)dx (32)
e [ n(x)dx

Here, u(x) shows the mobility of the channel amfx) represents the channel electron
concentration. The average mobility, considering #tectron density at the specific gate

voltage, is:

I ds I—eff (33)

Iuave - anVdSW
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wherelgsis the drain current.er Shows the channel effective lengths represents the drain
voltage, andNis the width of the channel. Parasitic resistancedESFETs with short gate
lengths influence the preciseness of the mobiligasurement result, which means that this
method cannot be applied to short gate devices.

Another method for the HEMT mobility measuremensvpaesented based on high
order derivatives of the current-voltage charastes [35]. This approach measures the

mobility by the following equation:

[ 921, L? (34)
OV, 0V Cy

Here,lp shows the drain-to-source currehtrepresents the length of the gate, &ads the
gate capacitance. The results of measuring molmjitthis method have been compared with
the mobility values measured by the cut-off frequemand capacitance-voltage methods.
Comparison of the results show that the mobilityasuged by this new method yields more
accurate results than the other methods; howewerjriethod requires complex calculations
[35].

The methods mentioned before can measure the a&veralility between source and
drain of the HEMT because these methods do notatepidne mobility under the gate from the
mobility outside the gate. In order to solve thsisue, it is important to split the characteristics
and dc parameters underneath the gate from thdseleuhe gate. These characteristics can
be used to measure the HEMT mobility only belowgate. In order to perform the separation,
H. Fukui developed a precise method to determiad®@ parameters of a MESFET under and
outside the gate, separately [36]. In this metltaglas assumed that the device can be divided
into two regions: 1) an intrinsic resistive regitbrat is influenced by the applied gate voltage
(Vo) and follows the gradual channel approximation fAgCand 2) an extrinsic parasitic
resistance region that is not impacted by the galtage. The intrinsic resistance is considered
as channel resistanc&®s). The extrinsic parasitic resistance includes dhnain-to-gate
resistanceRp) and source-to-gate resistan€®)( Total resistanceR) is the summation of

intrinsic and extrinsic resistances, which canxyganed by:

V
Ry =8 =Ry + R, + Ry (39

D

Therefore, we have:
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Rex :(RS+RD)_RT 36}

RcH can be represented as a reciprocal of intringiclgctance, which in turn can be shown as
a function of the subtraction of threshold voltdfgem the gate-source voltag®ds V7).

Therefore, Equation 35 can be written by:

R =R +R, + f(\/l—\/) (37)
GS T
PlottingRyr as a function o¥/csVr and employing/r as the fitting parameter to obtain a linear
graph,Ro+Rs value can be determined as the intercept valubeaRr axis. Although this
method can be used to determine the value of sxtriesistances, it results in unstable values
for Ro andRs. In order to solve this problem and also to empidgr mobility measurement,
Menozzi et almodified Fukui’'s method and developed it; so itlddoe used for the HEMT.
The new method, which is much simpler and moreesthian Fukui’'s method, can be used to
determine the source and drain resistances [318.Wbrk considers the existence of intrinsic
resistance in the channel region of the deviceclvban be declared as a reverse function of
intrinsic conductance and shown as a functiol@$Vr. Menozzi’'s method also verifies this
condition for AlIGaN/GaN HEMTs by measuring the ¢élen mobility and thavf 2DEG carrier
density ). It should be noted that channel conductancerapgtional to the product of

mobility and 2DEG carrier density. Therefore,

f Vas =Vi) = (1,)-(Ns) (38)

Self-shielding of 2DEG from Coulomb scattering nsakbhe HEMT mobility a nonlinear
function ofVe. In order to satisfy the linear dependence imphigdquation 26, the value of
the product of mobility and 2DEG carrier densitpshl be adjusted to make the graph linear,

as can be seen in Figure 6.
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Figure 6. Channel conductance versus gate-souftaged37]

So, Equation 38 becomes:
q.(4,).(ng) = m(Vgs —V;) (39)

In this equationm is slope of the linear graph, which is equal tal%x610* S/V in Figure 6.
In addition,Vr can be determined through the intersection ofgti@.).(ns) versus théVss
graph at th&/gsaxis (Vr=-3.695 V for Figure 6). Considering these pararsgtresistance of
the intrinsic region can be expressed as:

LG LG

= = (40)
Weansg, W x 5-611x10_4(ves -Vi)

Ren

Now, by plottingRr according to 1McsV7), the value oRs+Rp can be found; however, the
determined value is not precise enough due teepeddency on the uncertain value of\he
In order to solve this problem, Menozzi et al. megd that instead of plottify versus 1Ncs

V1), the intrinsic resistance can be drawn for tHiefwang equation:
1 _ 1

Ry R —(Ri+R;)

Here, instead of usingr as a fitting parameteRs+Rp is used to achieve a linear graph, which

has been shown in Figure 7. As can be seen ifigilne, the value oRs+Rp is 18.5Q, which
is the value that makes the graph linear.
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Figure 7. Intrinsic channel conductance versus-gatece voltage [37]

The most fitted graph to the linear graph has kbygesof:

c=Ne ;o 42)
LG

whereWs shows the gate widtlC represents capacitance per unit area, lahd the gate

length. The accuracy of this modified method candrdirmed by determining thér value as

the intercept of the graph with tMesaxis. Rearranging Equation 42 leads to:

KLg (43)

/un - WGC

Applying the specific parameters for AIGaN/GaN HEMfe mobility is shown by:

— kLGtAIGaN (44)

ﬂn -
WG €A|GaN

where taican and eaican show the thickness and relative permittivity oé tAlGaN layer,
respectively. The main shortcoming of the Menozagproach is the assumption of
independency of the device mobility from the gatétage. We have developed Menozzi's

method to solve this problem, which is presente@Ghapter 3.
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2.4. Possible sources of error of electron mobility measements

Analysing the works performed on the mobility measwent shows that there are several
sources of error, such as the sample configuratiaierials defects, and measurement tools

error that affect this measurement.

Gate contact of the HEMT can be leaky, which resnlta smaller potential in comparison
to the sample with perfect isolation. Although theact of the gate leakage current can be
modified [38], the correction error is large and #tcuracy could be questionable. In order to
reduce the error due to gate leakage, sample ¢pcdin be used to lower the junction leakage

current [39].

In addition to leakage current error in mobility asarement, there are other sources of
error that happen due to the measurement procesf, & measurement error due to
temperature of measurement. The temperature dependé interface space charge regions
and surface should be taken into consideration ndurcarrier density and mobility
measurements [40]. The mobility is usually measateadom temperature; however, it should
be noted that the mobility measurement is highlyethelent on the temperature of the sample.
Therefore, it is worthwhile to monitor this tempten®, especially if the measurement needs to
be repeated several times due to its expectedcapiph, and to ensure that the temperature of
the sample is adjusted. During the high temperatudies, using a temperature controller and
a prober chuck, which is able to cool or heat thenge, is necessary for on-wafer
measurements. Also, for low temperature studiesyastat can be used to hold the sample

inside the liquid nitrogen bath [6].

2.5. Temperature dependence of electron mobility of thelEMT

AlGaN/GaN HEMTs are potential candidates for higiwpr switching [41], [42] and for
high-temperature applications [43-47]. Therefotedging the reliability of the HEMT at high
temperatures and investigating the effects of teatpee on the operation of the device is
crucial. As mentioned before, the most significaatameter of the HEMT is the 2DEG
mobility. This parameter is a function of temperatand it affects the reliability of the device.
Because of the large current in the HEMT structdiyle heating is the main reason of
changing the mobility in this device [5]. Temperatdependence of mobility is generally

explained by the following equation that relatessitinobility to the lattice temperature [48, 49]:
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T3
H(T) = () (45)

TO
wherepo is the room temperature mobility afiglis 298 K. It can be easily seen that increasing
temperature decreases mobility.

Several works study the mobility of the HEMT at tigemperatures. Tan et. al
investigated the DC characteristic of the AIGaN/GEEMT fabricated on a silicon (Si)
substrate as a function of temperature [50]. Thialysis displayed that mobility and the
maximum drain current dropped drastically at higmperatures. Figure 8 below shows the
mobility as a function of temperature for a 120 geired HEMT [50]. Tan et al. mentioned that
HEMTs with short gate length are less temperatepeddent than the long gate HEMTs [50].
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Figure 8. Mobility versus temperature for the HEMith 120nm gate length [50]

Menozzi et al.studied the effect of temperature on both shoré gatd long gate
HEMTs. The main goal of this work was to analyse ¢fffect of temperature on mobility in
the area under and outside the gate (source-tcagdtthe drain-to-gate) separately. To achieve
this goal, the first step is to divide the chann& these two areas, analyse the characteristics
of each area separately, and measure the momlilgriand outside the gate individually. Fukui
introduced a method to divide the channel andvestigate the characteristics of these areas
[36]. They introduced different resistances fordhea under and outside of the gate. Two main
issues in this work; first, they found that theisesnce under the gate was sensitive to the

threshold voltage [36]. Second, this work was pented on metal-semiconductor field-effect
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transistor (MESFET), not HEMT. In order to addréssse issues, Menozzi et developed
Fukui’'s method to, first, enable it to be appliedthe HEMT and, second, solve the sensitivity
of resistance to the threshold voltagrethis study, impact of temperature on sourcedteg
and the drain-to-gate resistancBs £ Rp) was investigated, and this was used to excluee th
intrinsic channel resistanc&4y) and the mobility in the channel under the gatewas
observed that the parasitic resistance increasethdrgasing the temperature, while the
mobility decreased, which is shown in Figures 9 48dThey also found that the resistance
values become almost double as temperature risgs 76K to 400K.
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Figure 9. Parasitic resistances according to tmpéeature [37]
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Figure 10. Effective mobility of the short gate anthated HEMTs by temperature [37]
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Investigation of transfer and the output charasties of un-passivated and passivated
AlGaN/GaN HEMTSs at high temperatures (up to #25wvas presented by Donoval et al. [51].
They found that for both passivated and un-passiveiEMTS, the saturated drain current
decreases at high temperatures, and also thatctrashsctance and conductance follow a
downward trend. The mobility decreases with indreatemperature following the function of
T2, which indicates that only phonon scattering &pomsible for the mobility drop in these
devices. In order to address this issue, an inyasdn of the effects of different scattering

mechanisms on the mobility is very important.

Pandey et al. investigated different scatteringhmasms that affected the mobility of
compound semiconductors such as gallium nitrideN)Gand gallium arsenic (GaAs) [52].
They analysed the impact of different carrier gsatg mechanisms, such as ionized impurity
scattering, piezoelectric scattering, acoustic ae&ion impurity scattering, and neutral
impurity scattering on mobility of GaN and GaAs,igthare shown in Figures 11 and 12,
respectively. These figures display the mobilityGdN and GaAs for a different scattering
mechanism according to the temperature. It candmn shat the mobility increases by
temperature for neutral-impurity and ionized-impyriscatterings. However, acoustic
deformation impurity and piezoelectric scatteringdich are known as phonon or lattice
scatterings, decrease the mobility by increasiegeémperature. Even though these scattering
mechanisms lead to an increase in the mobilityight temperatures, it can be seen that the
total mobility reduces when the temperature isaased. It was also found that the mobility of
AlGaAs/GaAs HEMTs behaves similar to the mobilityGaAs bulk material. In addition, it
was also noted that increasing the dopant condentria the semiconductors causes dominant
impurity scattering, which further decreases thdititg. In spite of GaN and GaAs mobility
dropping by different factors, these materials atd#l the most preferred for HEMT

development [52].

In order improve the mobility of the HEMT, Takharad. introduced a new structure
for the HEMT [53]. In this structure, a thin layef indium aluminium nitride (InAIN) and
aluminium nitride (AIN) was grown between the gatel the GaN layer, as shown in Figure
13. The dependence of the mobility of the INAIN/AB&N HEMT at high temperature was
analysed by developing a simulation model for tlesice. It was explained that the electron
mobility reduction at high temperatures occurs beeaof lack a proper heat sink at the
heterojunction. This leads to an inefficient thermanagement and results in increased lattice

heating. This lattice heating causes an increapb@mon scattering and gives the mobility a
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Figure 11. Mobility in bulk GaN for several scaitgy mechanisms [52]
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Figure 12. Mobility in bulk GaAs for different s¢ating mechanisms [52]

downward trend

and improve the
layer (which is usually AIN located between AlGaNdaGaN) decreases, mobility also

decreases [31].
defect [54]. Several further works were performedahalyse the effect of charged defect

density on degra

by increasing the temperature. Usinthin layer of AIN between the
heterojunction helps to create a better heat dinkeajunction, reduce the phonon scattering,
mobility. In another study, it wadmwn that as the thickness of the spacer

It was also found that the othearpeter that degrades the mobility is the

dation of the Mobility [48, 55-58].
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Also, it was shown that as the cap layer thickimes®ases, electron mobility increases
as well, while increasing the Al content in AlGadadls to a reduction in mobility [31, 59, 60].

InAIN (13nm)

GaN (2um)

Figure 13. Cross section of the InAIN/AIN/GaN HENHB3]

It has been frequently reported that increasinddheperature [45, 48, 60-71] Nbpec
[61, 66, 68, 72, 73] decreases the mobility of 2DERe degree at which the mobility degrades

with temperature is estimated by:
u=AT” (46)

in which A is the proportionality constant, is the absolute temperature, ang the power
coefficient.y is the exponential factor at which the mobilitycEases by temperature. The
usual value of is 1.5 [45, 74, 75], which follows the mobilityetrd of phonon scattering at

high temperatures. This equation can be written by:

log(¢) = mlog(T) +log(A) (47)

In this equationm represents the slope of mobility according to tdraperature in log-log

scale. This equation matches to the linear equatitinthe slope of:
y=mx+c (48)

By plotting the logarithm of mobility over the logidom of temperature in Kelvin, the value of
m can be determined. This phenomenon occurs becduke ocreased phonon (or lattice)

scattering. Therefore, it can be noted timas the mobility degradation rate, representing the
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degree of the scattering that affects the mobilityis slope i) is always negative, which
shows increasing temperature leads to the reductiomobility [62]. The value of the slope,
when only phonon scattering is involved, is 1.5ybwer, several other scattering mechanisms
and factors affect the mobility and cause a chamgj@s value.

When the temperature increases abalvalute zerovibrating atoms of the materials
produce pressure (acoustic) waves inside the ¢ryetse argphonons Phonons, similar to
electrons, are considered particles. Thereforengh® may collide with electrons and holes
and scatter them. By increasing the temperaturengan concentration increases. Therefore,
phonon scattering increases and mobility reducesorietical calculations on mobility abn-
polar semiconductors, such as germanium (Ge) and Satdkat their mobility is affected
mostly byacoustic phonomteraction. The mobility of these semiconductsrexpected to be
proportional toT ~1-% however, the mobility changes caused by the abfibonon scattering
is expected to be proportional To°°. The experimental values of the mobility tempemtu
dependence for Si, Ge, and GaAs are shown in Tlajx6].

Table 1. Typical values of m (mobility degradatraite by increasing temperature) [76]

Si Ge GaAs
Electrons -2.4 -1.7 -1.0
Holes -2.2 -2.3 2.1

In addition to temperature, several other reasansethe reduction in mobility of the
AlGaN/GaN HEMTSs. Bulk defects are one of the reaspB, 77-79]. The drain current
degrades because of the cumulative effect of leotipérature and charged defects. The region
near the drain side of the gate edge has a highgpdrature compared to other sides of the
device, and this region is called a hot spot. Bpist exists because of the high electric fields
beside the drain-to-gate region at saturation ¢mmdiThe mobility of the region with a high
electric field is low [80], which increases theistigity of 2DEG. This increased resistivity
causes increased self-heating and even more nyot@tiuction near the hot spot. When the
current density of the HEMT is high, degradationnodbility due to temperature is more
significant near the hot spot, while away fromlile¢ spot, charged defect-induced degradation
is dominant [48].
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To reduce the effect of these temperatures anatded@ the reduction of mobility, an
AIN interlayer can be employed between the GaN Al@aN layers. Because of the high
crystal quality of this heterostructure, effectstioé interface roughness and alloy-disorder
scatterings are reduced [69]. In addition to usinigrface layer, the thickness of the AlGaN
cap layer should be optimized to improve the HEMEFf@rmance. As the thickness of the
AlGaN layer is greater, the scattering time is lEn@nd carrier concentration is larger.
However, analysis showed that the DC charactesistiche HEMT with a thin AlGaN layer
are better than the thick layer. These DC parameétetude higher transconductance (up to
270 mS/mm), lower output conductance, lower thriesholtage, and maximum saturation
currents of 1.5 A/mm [63], [81].

Reduction of the mobility of the HEMT results imeop in the current [71]. In order to
investigate whether the reduction of the currentnduthe temperature increase is due to the
mobility reduction or to the change in carrier dgnghe effect of temperature on the 2DEG
density has been analysed [82]. It was found ti@2DEG density remains relatively constant
from 25 to 500C [82] and the drain current falls by increasing tbhmperatures was attributed
to the reduction in mobility [46]. It should be edtthat in short channel HEMTs operating in
the saturation region, the temperature dependdnueldility is weaker than that seen for low-
field electron mobility because the carriers flovire saturation velocity under the gate. This
issue has been found previously by Mizutani ebalAlGaAs/ InGaAs HEMTs [83]. It was
also found that another reason for degradation @bility is quantisation of carriers in the

inversion layers [84-86].

2.6. Scattering mechanisms effects on mobility of the HAT

As mentioned previously, electron mobility is atst by several scattering mechanisms.
Each of these scattering mechanisms causes aediffenobility that can be measured
separately, which was shown previously in Figure THe 2DEG measured mobility is a
summation of the mobility through each of thesettedag mechanisms. According to
Mathiessen’s rule, the total measured mobility) {s dependent on various mobilities resulted
from each of these scattering mechanisms [87]:

N S (49)

M M My
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According to this equation, it is found that theatomobility is dominated by the lowest
mobility. Also these scattering mechanisms redieetbtal mobility. The major sources of
scattering in the HEMT include ionized impurity, castic phonon (also called lattice
scattering), piezoelectric, surface roughnessyallisorder, inelastic, and electron-electron
scatterings, as discussed below. In some caseg, gtirar scattering sources, such as optical

phonon, neutral impurity, and defect scatteringslmaimportant [88].

lonized impurity scattering: Deviation of carriers (electrons or holes) beeaafsapproaching
the ionized impurity in semiconductors is calledized impurity scattering. This scattering
mechanism is related to the doped semiconductdhsagceptors or donors, which are ionized
and therefore charged. The deviation happens beaauthe effect of Coulomb forces on
carriers approaching the ionized impurity. Two imtpat factors that determine the amount of
deviation are proximity of the carriers to the @mmd the speed of carriers. By increasing the
doping concentration of the semiconductor, the gbdlty of collision of carriers with an ion
increases. This reduces the mean time betweesioali, and therefore the mobility degrades
[89].

While analysing the strength of these interactiagnshould be remembered that the
total interaction is not only because of Coulomitég the free carriers and other impurities
may also lead to some interactions. Analysis ofstatering mechanism near the interface is
complicated because of crystal defects, disor@e traps near the interface. Free carriers are
scattered from traps due to defects linked to dagdionds. By trapping a charge, the defects
will be charged and start colliding with free cars. For carriers of the inversion layer at the
interface, dimensions of the carriers make the d#$erent from the case of bulk impurity,
where carriers flow only in two dimensions. In &adi, interfacial roughness also limits the

mobility of two-dimensional electron gas at theeifiice of the HEMT [89].

Increasing temperature causes a reduction in idnmpurity scattering because of the
increase in the carriers’ average thermal speedrefdre, carriers spend less time near the
ionized impurities when passing, and so the efféain scattering reduces. A higher effective
mass (M) of electrons in GaN in comparison to AIGaN mattessimpurity scattering role in
GaN devices less effective than GaAs devices wighsame doping level [89].

Phonon (lattice) scattering For temperatures abowabsolute zerpacoustic waves, which are
phonons.exist in the crystal due to vibration of atoms. Tdudlision of phonons, which are
particles, with the other carriers causes a scatemhanism. As temperature increases, more
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phonons collide with other carriers and reducentiobility. Phonons are the major source of
scattering at high temperature (>3¥6) and can even dominate at low temperatures in ver

pure materials [60], [67].

Piezoelectric scattering Piezoelectric scattering can be seen in comp@a@miiconductors
because of their polar nature. Although this scatiemechanism is not very strong, it may
cause local electric fields to scatter and dewdateers. These electric fields originate from the
basic unit cell’s distortion when the strain is kgxb in a certain direction of the lattice. The
effect of this scattering can be seen at low teatpegs, where the other scatterings are not

significant [89]. Also, this scattering has almostimpact on phonon limited mobility [60].

Surface roughness scatteringThis is a type of short-range scattering, whigltaused by
interfacial disorder and limits the mobility of 20Eat the interface. According to the high-
resolution transmission electron micrographs, foind that the interface is not steep on the
atomic level; however, the real position of theenfacial plane changes along the surface of
one or two atomic layers. These changes are ramhohtead to inconstancy in energy levels
at the interface, which results in scattering [88}erface scattering in bulk materials are
usually negligible [89-93]. When the temperaturi®ig (0<T<150 K), interface roughness and
alloy disorder scattering mechanisms, which aresiclmmed as deformation potential
scatterings, dominates [60, 67]. For this rangéeaiperature, surface roughness scattering
reduces the HEMT mobility below the bulk mobilig4].

Alloy disorder scattering: The random positioning of atoms and the crystaieptial

perturbation in compound semiconductor materiaddeo a scattering that is known as alloy
disorder scattering. This scattering happens inargr or higher alloys because the crystal
structure in those materials is formed by randoreplacing atoms in one of crystal structure
sub-lattices. The effect of this scattering mecsanis mainly weak; however, it can be the

dominant effect in some special circumstances anddrtain semiconductors [89].

Electron-electron scattering When the density of the electrons is less th@ld cmi® or the
electric field is lower than £Ov/cm, according to the Pauli’s Exclusion Principdéectrons
are accounted as non-interacting. However, wheelgetron density or the electric fields are
above those values, electron—electron scatteritigb@idominant. Nonlinearity and a long
range of Coulomb potential, which governs inteawi between the electrons, make these

interactions complicated to deal with [89-91].
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Inelastic scattering The mentioned scattering mechanism (acoustic gmompurity, and
piezoelectric scattering) are considered as elastdterings. This means that the energy is
nearly conserved during the scattering process.ekample, because of acoustic phonon
scattering, electrons travel from one energy levéhe other energy level while they absorb or
emit a wave vector phonon. Modelling of this pheeaon is performed by assuming that there
is a small shift in energy bands due to the lattibeations. Deviations of energy bands, which
occur because of these small transitions from tbeeh lattice positions, generate a further
potential that causes the scattering process [89].

If the energy released from the scattering mechans not conserved, this is
considered as inelastic scattering. In inelastttedng processes, significant energy exchange
occurs. Similar to the elastic phonon scatteringhé case of inelastic, deformations of energy-
bands by atomic vibrations lead to arising the pidé Energy of optical phonons leading to
inelastic scattering is between 30 to 50 meV, wilscmuch less than the energy of acoustic
phonons (<1 meV). There is a considerable variatidine energy level of carriers while the

scattering process is occurring [89].

As mentioned, different scattering mechanisms aftee electron mobility. The
average time between two scattering events is nasoatiering time. The relation between

mobility and scattering time)can be simply explained by [95]:

p=2r
m

(50)

In this equation, it is assumed that carriers’ omadiafter each scattering event is randomized;
therefore, their average velocity is zero. Then,darriers are accelerated in the electric field
uniformly until they scatter again. Also, in theseahatm is anisotropic, the effective mass

with the same direction of electric field can bedis the equation.

The effective mass is commonly measured using ntaggaasport (Shubnikov-de
Haas oscillations, SdH) or cyclotron resonance (@Rasurement methods [96]-[99]. These
methods require very high values of mobility, tliere they are carried out at low temperatures
[97], [99]. Effective mass of electrons in bulk Seamductors and the epitaxial wurtzite GaN
is usually temperature independent. However, tffiscéve mass is strongly temperature
dependent for 2DEG in AlGaN/GaN structures [97]erEfore, the value of the 2DEG effective
mass measured at low temperatures are not ap@it@abhigh temperatures. The variation of

the 2DEG effective mass with temperature is calisedariation in its band structure, alloy
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disorder, or intrinsic effects of spontaneous aiedqelectric polarization at the interface [98].
These factors are mainly attributed to the grovathditions during the depositing process of
AlGaN/GaN heterostructures [97]. Also Fermi levéltbe 2DEG is high enough in the
conduction band for nonparabolicity of electrontsrang law to be effective [99]. In addition,
strain and polarization charges are dependentopeerture. These reasons cause much larger
2DEG effective mass variation with the temperathen what is typically observed for bulk

semiconductors [97].

Comparison of the mobility in the HEMT and MOSFES tavo significant power
semiconductor devices shows that the mobility of SfBT is much lower than that of HEMT.
This issue is because in MOSFET, conduction elastiaccupy a similar space as ionized
impurities. Therefore, the channel mobility of MOSFET is limited at least by the mobility
of bulk carriers|g). In practice, the MOSFET mobility is only a frext of the bulk mobility
because of the scattering effects at the interf#fcthe device. This scattering is mainly
Coulomb scattering at the interface traps. In thsecof GaN-based HEMT with the same
transverse electric field as MOSFET, phonon limieability is higher than the value of bulk
mobility [68].

2.7. Application of the measured electron mobility of te HEMT

Measuring the mobility of the HEMT as its key pasder leads to employing it in the
analysis and development of applications for thévice. One of the most significant
applications of the measured HEMT electron mobiigtyin the modelling of this device.
Measuring the electron mobility precisely and emgpig it in the modelling of the device
makes circuit designers confident about using tB&IM in electronic circuit design. Accurate
values of mobility used in device modelling gives thimulation results a proper agreement
with the experimental data.

2.7.1.SPICE Simulation of circuits with HEMT
2.7.1.1. Importance of SPICE modelling of the HEMT

HEMT technology is growing quickly, and the desighlarge scale circuits and
systems with HEMTSs require precise, fast, and maysiompact models of this device [100].

Therefore, due to the growing applications of HEM&yelopment of models for simulating
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circuits is essential. SPICE is the most commortwswse among circuit designers for

simulation of circuits.

Standardizing and promoting SPICE models of sendgigotor devices is organized by
the Compact Model Coalition (CMC) Organization [LOCMC standards are supported by
circuit simulators and used by integrated devicaufacturers. Previously, the main focus of
CMC modelling standardization was on Si-based acivd passive devices. However, since
2011, this organization began developing GaN-basE§ITs because of its outstanding
applications in power management and green techieslpand they formed a task force to

define standard characteristics for modeling GaNVHE [42].

2.7.1.2. Models presented for SPICE simulation ohe HEMT

In the SPICE simulation software, there is no pcatimodel available for simulation
of the HEMT [102, 103]. In order to simulate thecaits including the HEMT, in some studies,
MOSFET equations and parameters available in SRI€Enodified to be used for simulation
of the HEMT [100]. HEMT can be divided into separatgions; under the gate and outside
the gate. The region under the gate is the fidieleefsection and can be modelled by the
MOSFET, while the region outside the gate is ressttmploying MOSFET equations and
parameters followed by involving the effect of thesistive section leads to a model for
simulation of the HEMT. Many sets of equationsM®SFET in SPICE, called LEVELSs, have
different parameters that can be used to simula®SNETs for various applications, from

power to CMOS microprocessors applications [104].

In the early versions of the SPICE, MOSFET LEVEmadel, which is the original
model of the MOSFET, was introduced. This modeltams the analytical model of the FET.
In this model, it is assumed that the channel nitglid constant and device dimensions are
large. So this model can be applied to only wide lang FETs with large gate oxides, and not
short channel FETs. Analysing and developing a MOSEEVEL 1 model, whose parameters
can be seen in Table 2, provides the fundament®mstanding about more complex models.
The simplicity of this model makes the extractidrtlee parameters of this model easy, and

this can be seen in Table 2 [4].
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Table 2. Parameters for SPICE simulation of MOSEEVEL 1 [4]

Parameter Unit Explanation

TPG m Type of gate material

TOX m Gate oxide thickness

NSUB cm® Substrate doping concentration

XJ m Drain/source junction depth

uo Cé/V.s Zero bias low-field mobility

VTO Vv Threshold voltage

LAMBDA vi Channel length modulation parameter
CGSO F/m Zero bias gate-source capacitance
CGDO F/m Zero bias gate-drain capacitance
CGBO F/m Zero bias gate-bulk capacitance

By decreasing the device geometries and oxidenkg it is apparent that the LEVEL
1 model is no longer applicable for simulation bk tdevice. In order to address the
shortcomings of MOSFET LEVEL 1, this model was deped and the LEVEL 2 model was
introduced. This model is developed based on théHLE1 model, and parameters of small
geometry effects have been added, which can beisd@able 3 [4]. Although this model can
be applied to small dimension devices, it is matugrally complicated. Therefore, this model
is inefficient, and it mostly encounters convergepecoblems. This model also suffers from
the discontinuity of the first derivative at lindarsaturation transition point. In addition, this
model neglects the possible overlap of depletigiores of the drain and source for very short
channel devices, DIBL, and lateral field-effectstbe mobility. Furthermore, short channel
effects are considered only partially. These resdionit the extensive use of this model and
lead to another more efficient model, the LEVEL @dal. The LEVEL 3 model was developed
to address the shortcomings of the LEVEL 2 model.
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Table 3. Parameters for SPICE simulation of MOSEEVEL 2 [4]

Parameter Unit Explanation

TPG m Type of gate material

TOX m Gate-oxide thickness

LD m Channel length reduction from drawn value

WD m Channel width reduction from drawn value

VTO Vv Threshold voltage

uo Cé/V.s Zero bias low-field mobility

UCRIT V/cm Critical vertical field for mobility reduction

UEXP Exponent in the mobility model

RS Ohm Source series resistance

RD Ohm Drain series resistance

DELTA Narrow channel effect on the threshold voltage
NSUB cm3 Sub-threshold sensitivity parameter

XJ m Short channel correction to the substrate seitgiti
VMAX Maximum carrier velocity

NEFF Fractional depletion charge reduction due to ckhnn

length modulation

NFS cm? Sub-threshold region fitting parameter

CGSO F/m Zero bias gate-source capacitance

CGDO F/m Zero bias gate-drain capacitance

CGBO F/m Zero bias gate-bulk capacitance

XQC Charge partitioning parameter

UTRA vi Drain bias effect on the vertical field for mohylreduction

57



CHAPTER 2: LITERATURE REVIEW- ELECTRON MOBILITY OF GAN POWER HEMTS

Most of the equations and parameters of LEVEL 3 eh@de similar to LEVEL 2.
However, this model involves the effect of chareabth modulation, which is different from

LEVELs 1 and 2, and which can be seen in the faligvequations [74]:

2
I = Bl(Vos =Ve Vos — (L+ Fo) *2°] Triode region 51
| = L(\/ -V. )2 Saturation @y (52)
HereFg , 8, andVr are [74]:
F = s LEa for NMOS (53)
S 2R l+Vvg T
B =KP ﬂ if KP is determined 4Y5
Leff
g = Eox W KP is not determined (55)
’ tOX Leff
V; =Vto + y(,/Phi +Vg,) - ~/Phi) (56)

In these equationd/ps and Vs are drain-to-source and gate-to-source voltagspectively,
Vto shows the threshold voltag€l represents the transconductance param@tanmais the
body factor, anéhiis the surface potential in strong inversion [7A% can be seen in Equation
55, mobility is a key parameter for accurate monglbf the device that leads to simulation
results that are close to the experimental resélsn, in addition to the DC parameters, AC

parameters including the gate voltage should bent&kto consideration, which is shown by:
C, = (Cgdo xW ) + (Cgso xW) (57)

In this equation, Cgso and Cgdo are gate-sourcgateddrain overlap capacitance per channel
width.
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In contrast to LEVEL 2, the LEVEL 3 model employsemi-empirical approach, in
which a parameter reflects the change of the mgbilihis model is semi-empirical, simple,
straightforward to extract its parameters, posdiblee applied to channel lengths even much
smaller than 1 um, able to run faster than therothedels, and it rarely encounters
convergence issues. Therefore, this model is sogmifly taken into consideration for SPICE
simulation of the MOSFET [4]. The parameters obthiodel can be seen in the following
table. Among these parametdfsandRp are used to include the effect of resistive sestiof
the HEMT.

Table 4. Parameters for SPICE simulation of MOSEEVEL 3 [4]

Parameter Unit Explanation

TPG m Type of gate material

TOX m Gate-oxide thickness

LD m Channel length reduction from drawn value
WD m Channel width reduction from drawn value

VTO Vv Threshold voltage

uo cmé/V.s Zero bias low-field mobility

THETA vi Reduction parameter of mobility

RS Ohm Source series resistance

RD Ohm Drain series resistance

DELTA Narrow channel effect on the threshold voltage
NSUB cm3 Sub-threshold sensitivity parameter

XJ m Short channel correction to the substrate seitgiti
VMAX Maximum carrier velocity

ETA DIBL coefficient

KAPPA vi Channel length modulation effect on the drain &uoirr
NFS cm? Sub-threshold region fitting parameter
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CGSO F/m Zero bias gate-source capacitance

CGDO F/m Zero bias gate-drain capacitance

CGBO F/m Zero bias gate-bulk capacitance

XQC Charge partitioning parameter

BEX vi Temperature effect on the low-field mobility

Several works present new models for SPICE sinuulaif the HEMT by defining new
equations [105] or sub-circuits [106], [107, 108bme of these sub-circuits include the key
physical effects of GaN HEMT, in order to accunatelodel this device by considering the
Schrodinger’s and Poisson’s equations [100]. Soreedafined for RF applications [108],
some for large-signal microwave performances [1@®8] some others are used to better
predict the transient performance of the HEMT bgviting smooth transitions between

different operation regions of the device [110].

The forward and reverse channel current condudtiopower electronics applications
were presented in [111]. The parameters of thidehare easily extracted from C-V and static
I-V characteristics. This model considers the dffe#creverse channel conduction, which is

very important to circuit designers [111].

In addition to MOSFET, implementation of the HEMDdel can be performed based
on MESFET models [112]. A modified equation for 8RICE simulation of the HEMT drain
current using the MESFET drain current equation een presented [102, 105]. Using the
presented equation, a proper matching betweenrgie current and transconductance of the
experimental and simulation results have been aedifL05].

Another model of the HEMT, which is temperature elegent, was proposed and its
simulation and measurement results were comparegdretus temperatures and for several
channel lengths [113]. This model includes the terajure effects on the 2DEG mobility,
Vorr, saturation velocity, and drain-source resistandg].1

Early models of the HEMT [114, 115] were basedioadrized functions dfl>pec for
all of its working regions, which is not logicalrftarge forward gate-source potential or for
sub-threshold mode. A physically based model oHE&T should use a three-piece function
to be able to describe its different working regiocand these regions are needed to be analysed

separately [116]. By that condition, the drain eatrwill be represented by three-piece
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conditional functions, which show discontinuitynégher order derivatives and distort analysis
results. In addition to thezpec, the HEMT model should include the extrinsic drama source
and resistances and intrinsic drain-source curfiensolve the problem of discontinuity of the
N2peg, @ model was presented in which the 2DEG densaty & continuous function of gate
voltage. This model combines the sub-thresholealinand saturation modes with a single
description [117]. This model also features higtleorcontinuity for accurate analysisle¥

characteristics, gain, and distortion [117].

To solve the problem of linearized assumption f¥pec by voltage, and also
considering the effects of extrinsic drain and seuresistive regions for modelling of the
HEMT, a model has been presented that takes igtmuat the nonlinear relation of tiNepec
andVes, which leads to square law typele¥ characteristics [103]. Also, it does not extract
the parameters values for matching the experimemtdl|simulation results. The simulation
results using this model show excellent agreeméiht experimental data over a wide range
of voltage [103].
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CHAPTER 3

Abstract- In this paper, a novel method for extraction of edctron mobility in the two-
dimensional electron gas (2DEG) under the gate ofopver HEMTSs is presented. Using
this method enables the potential impact of the gatmetal and the gate voltage on electron
mobility in the 2DEG under the gate to be measuredithout the error due to the resistive
regions outside the gate, which are the gate-to-sme and gate-to-drain regions. The
application of the new method was demonstrated by easurements on fabricated circular

HEMTs.

Index TermsPower high-electron-mobility transistor (HEMTyvd-dimensional electron gas

(2DEG) mobility, mobility extraction method.
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1. INTRODUCTION

High-electron-mobility transistors (HEMTs) are weBtablished semiconductor
devices, which utilize the formation of two-dimemsal electron gas (2DEG) at the
heterojunction between two semiconductor layerseiMimplemented with AGa-xN-GaN
heterojunctions, HEMTs are considered as very pmgidevices for power applications [1].
HEMT is the most suitable device structure to zgilthe unique material properties of GaN:
high breakdown field, high electron mobility in tRBOEG, and high-temperature operating
capabilities [2].

Electron mobility in the 2DEG is the key paramédtarthe final HEMT performance
in the case of power applications. Unlike the gateetal-oxide—semiconductor field-effect
transistors (MOSFETSs), which extends from the setwadhe drain contacts [3, 4], the gate in
HEMTs splits the device in three sections: soureaydte, drain to gate, and the section
underneath the gate. As illustrated in Fig. 1 rédsestances of the 2DEG in these three sections
are different. The resistances of the 2DEG sectonside the gate are constant and can be
modeled by fixed resistors. However, the 2DEG tasis under the gate depends on the gate
voltage, which is modeled by the channel resistaricefield-effect transistor (FET). Given
that these resistances depend on both the mobil#jectrons and the density of electrons in
the 2DEG, it is important to separate the mobibtyelectrons in the field-effect and resistive
sections.

In several reports on mobility measurements in HENB-7], the 2DEG between the
source and the drain was considered as a singi@rseanalogously to the channel between
the source and drain in a MOSFET. Therefore, the@nobilities outside and under the gate
were not separated, which means that these resutesspond to an average mobility between
the source and the drain. A method to separatasdbece-to-drain channel into field-effect

(under the gate) and resistive (outside the gaelians was proposed by Fukui for GaAs
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MESFETSs [8]. This method was applied to GaN HEMAg, it was found that the extracted
resistance under the gate was highly sensitivieddhreshold-voltage values [9]. To solve this
problem, a modified version of Fukui’'s method wassented [9]. However, this technique
could not distinguish between the value of the i@dpfjate-to-source voltage and the voltage
between the gate and the 2DEG at the source ehé ghte. In other words, the voltage across
the gate-to-source section of the 2DEG was not vechdrom the gate voltage that controls

the 2DEG section under the gate.

Source Gate Drain

\!\\ -------------------. !

|
|
LT Las LG Lap LT

(@)

Rcs Rss GD 7
1 | }—-wr—-w—— —-N——-M——O
-
ID

(b)

Fig. 1. a) Schematic cross sectional view of a HEN)Equivalent circuit showing the resistive
sections and the field-effect section under the.gat

In this paper, we present a different method teaexthe 2DEG mobility under the gate

for power HEMTs. The new method also relies onpassion of the 2DEG between the source
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and the drain into sections under and outside the ¢o utilize the gradual-channel
approximation (MOSFET-like equation) for the sectionder the gate. However, the new
method combines the MOSFET-like equation for th&@&section under the gate with 2DEG
resistances outside the gate in a way that enaloleplete separation of the outside-gate

resistances from the extracted 2DEG mobility uridergate.

2. EXTRACTION METHOD

2.1 The New Approach

The approach that leads to the new extraction ndetha be explained by a reference
to the HEMT cross-section and equivalent circligwen in Figs. 1 (a) and (b), respectively.
As can be seen, the 2DEG under the gate is modigle field-effect transistor, which is
consistent with the fact that the gate voltage ictptéhe 2DEG and may impact the electron
mobility. This section of the 2DEG is analogoushe channel of electrons in a MOSFET,
which means that MOSFET-type equations can be tasédfine the 2DEG mobility.

The 2DEG sections outside the gate are modeledaterspurce R,) and gate-drain
resistances R, ) to represent the fact that the resistances dfetlsections are constant and
independent from the gate voltage.

The final set of components in the equivalent dirate the source and drain contact
resistancesR ¢ and R,,. The contact resistances in HEMTs are proportiémahe transfer
length (L;). The transfer length is smaller than the lengththe corresponding metal—

semiconductor contact because of current crowdinigeaedge of the contact [10]. Basically,
the transfer length is the length within which tharent transfers from the metal to the
semiconductor.

The equations for the described components of glnésalent circuit are presented in

the following sections.
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2.2 Resistance Equations

The resistance of a resistor can be expressed as

(1)

where R, is the sheet resistance (resistance per unit squafgich incorporates all

technological parameters (including mobility), anid the effective number of squares, which
accounts for the impact of geometric-design paramsein the case of a basic resistor with

lengthL and widthWw, the effective number of squares is:

L (2

HEMTs are frequently designed in closed geometilyzimg circular or square shapes,
as illustrated in in Figs. 2 (a) and (b), respestivThis design approach enables a better control
of leakage currents due to the existence of 2DE(Barareas that are not controlled by a gate.
Therefore, it is useful to present the resistarmpeatons for these types of HEMTs. The
parameter that changes with the design geomettiieiseffective number of squares. The
equations for the effective number of squares Hiertdasic, circular, and square HEMTSs, as
applied to the sourcd(), drain (N,), gate (), and contactK}.) regions, are listed in Table.

l.
The sheet resistance of the 2DEG sections outhelgate is constant and does not

depend on gate voltage. Labeling this constanttskeistance byR, , the resistances of the

gate-to-sourceR,) and gate-to-drainR,,) sections are given by:

R = Rgon 3)
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(b)

Fig. 2. Top view of a) circular HEMT and b) sQU&EMT.

Similarly, the contact resistance for source araindcontacts R, ) is:
Rc = Rcs + RCD = Rs—c Ne (4)

where R, is the sheet resistance of the contacts.

The sheet resistance of the 2DEG section undegdle depends on the gate voltage. This

variable sheet resistance is labeled:y which is then multiplied by the effective numioér

squares for the gate to obtain the variable resistaf the 2DEG under the gate J:
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TABLE |
EFFECTIVENUMBER OF SQUARES FOR THEBASIC, CIRCULAR, AND SQUARE HEMTS

Square HEMT :

Circular HEMT:

a:- the drain length

ri- the drain contact radius .
Symbol Quantity Basic HEMT ! az- the inner length of the gate

r2- the inner radius of the gate rin
2 g s as- the outer length of the gate

<

- the outer radius of the gate rin .
3 & & as- the inner length of the source

rs- the inner radius of the source

ring
ng Effective number of squares Lss 1 r, Lse
between the gate and source W 2 Ln[gj 2(33 + a4)
n, Effective umber of squares Lap 1 r Los
between the gate and drain W ZH[Ln(rZD 2(a, +a,)
1
N Effective number of squares for Ls 1 r Lg
the gate W 2”[ Ln[ z]] 2a, +a,)
Ne Effective number of squares for 5 L L(1 1 L L
source and drain ohmic contacts W ot +? E +E
1 4 Ly
e =TsyNg (5)
These resistances are used in the mobility equatiaat are presented in the following
section.

2.3 Extraction of 2DEG Mobility Under the Gate

Based on the new approach, which considers sesectibns between the source and
drain contacts, the applied drain-to-source vol{agg) is the sum of the voltages across these

sections:
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\/DS:\/ZDEGJ +VR—GS+VR-GD+VR—C :(rG +%S+%D+R‘,)| D (6)

In Eq. 6,V.

2DEGU

is the voltage across the 2DEG under the g4te,andV,

_p are the voltages

across the resistive gate-to-source and gate-io-seations of the 2DEG, respectively, which

have been shown in Fig. 3.

- VDS +|
| |
v
G Drain
_______ 2DEG_-.
| |
|
L Veaes Veep *
Rs.onslp

Fig. 3. Potential difference demonstration on csesgion of the HEMT.

Moreover,V, . is the voltage across the contact resistancdseafdurce and the drain, ahgl

is the drain current, which flows through the segennection of resistances.

The variable resistance of the 2DEG under the @atedepends on both the electron
density and the electron mobility, which is the nfipbparameter that we wish to extract. In
this field-effect section, MOSFET-like equations ¢ applied to relate the variable resistance
to the 2DEG mobility under the gatg/(). The standard MOSFET equations do provide a
model for the dependence of the drain current ervélriable gate-to-channel voltage from the
source-end toward the drain-end of the channeleMorcurate modeling of this impact, such
as in the paper by S. Khandelwal et al. [11], issilde but it leads to much more complex

equations than the standard MOSFET equations. Hugsdions are not necessary for mobility
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extraction, which is based on measurements witly wnall drain-to-source voltages.

According to the drain current equation for a MOSF&e have:

o = H,Cy _(Veo -V, )\/2050 -u (7)

where C, = £4 is the dielectric capacitance per unit area, whhdetermined by the
td

permittivity (£,) and the thicknesg () of the material between the 2DEG and the gat@lmet

(AlxGaxN in the case of GaN-based HEMTSY}, is the threshold voltage, and,, is the

voltage between the gate electrode and the 2DE&qIi{7), L s equivalent to the number
W

of squares, which can be replaced by the effectivaber of squaresn() to make Eq. (7)

applicable to closed-geometry designs:

1
ID = :UnCd n_(VGO _VT )\/ZDEG—U (8)

G

The voltage between the gate electrode and the 2&iHe source end of the ga¥é, () is
equal to the difference between the applied gasstoce voltage\(,) and the voltage drop

across the gate-to-source resistive segment Gfies:
Voo =Ve ~Reonsly (9)

Fig. 3 clarifies the meaning of these parametéishduld be noted that there is no distinction

between theV,, and the variable gate-to-2DEG voltage toward trendend of the gate (

V

2

secu )- Vs, IN the standard MOSFET-type equations used inghjser for gate section is

equivalent to the constant gate-to-source voltagd®OSFET theory, which is different from

the variable gate-to-channel voltage toward thendra
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Therefore, the variable 2DEG resistance under dite, gvhich is dependent on the gate

voltage, can be expressed as:

r :VZDEG—U -
¢ |

Mo (10)
D :UnCd (VG - Rs—onslo _VT)

With this, the equation for applied drain-to-souvodtage becomes:

|
V.=(R.n.+R.n . +R._n)l_+n D (11)
DS ( S-0" 'S S-0"'D S-C C) D G r](:d(VG _ RS_OnSID _VT)

which leads to the following equation for the draunrent:

- Vos (12)
’ n
(RernS "R +R5rch)+HmCd(VG “R.only _VT)

Applying the established mobility extraction tedumes for MOSFETs [12] to Eq.
(12)—the derived equation for HEMT current—the 2DE®bility under the gate can be
extracted. There are two different mobility defimits, which result from two common
techniques for the MOSFET mobility extraction: effee () and field-effect f,.) mobility.
The first technique utilizes measurements of oumutductance @), whereas the second
technique utilizes measurements of the transcoaduoet (@ ). In either case, the
measurements are performed at low drain voltaggs<{ 100 mV), where the channel charge

between the source and drain is fairly uniform.trBapproaches, leading to extraction of both

the effective and the field-effect mobility valuesn be applied in the case of HEMTSs.
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The output conductance,

_al, (13)
% = 3v..

can be obtained as the first derivativel gfwith respect td/_ in Eq. (12):

1 (14)

N
(Rs»—ona ik +R5_CnC)+/'1efde(VG “Ronl, _VI')

gO:

It should be noted that the generic mobility symjo) which appears in Eq. (12), has

been changed tq,, in Eq. (14) to indicate that this is the effectiwebility, which is
determined from measured output conductance of MHEXpressing,  in terms ofg,,
leads to the final equation for the effective mibyail

n, (15)
cd[gl—(Fg@ns&@nw&{nc)j(vs—&oru[,—w)

Her =

The extraction of the effective mobility by this uagion does not require any
assumptions for the dependence of the mobility be ¢ate voltage. Therefore, any
experimentally observed dependence of the effeatiobility on the gate voltage will be free
from errors due to any inconsistent assumptionsveyer, just as in the case of MOSFETS,
the equation for the effective mobility includee ttnreshold voltage as unknown parameter,
whose somewhat arbitrary definition and independexitaction can impact the value of
effective mobility. In order to eliminate the impaaf the threshold-voltage value on the

mobility, the field-effect mobility ¢, ) is obtained from measured transconductance:
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9, =5y (16)

G

The HEMT equation for the transconductance carbb&med as the first derivative bf with

respect tdv/ in Eq. (12):

1 (17)
B +R N,

gm =
MVos

Gy (VDS _(Rs—org +Ron, + Rs—cnc)l D

In this case, the generic mobility symhm| in Eq. (12) has been changedug in Eq. (17) to
indicate that this is the field-effect mobility xfgressing/,, in terms of measured  leads to

the final equation for the field-effect mobility:

NVos (18)

fe =7
Cd(g - Rs—onsJ(VDs _(Rs—ons +Ron, + Rs—cnc)l D)2

3. EXPERIMENTAL DEMONSTRATION
3.1 Device Fabrication

Typical circular HEMTs were fabricated to provideeasurements for the
demonstration of the new method. Undoped AlGaN/@Gaisrs grown on a SiC substrate were
employed for the fabrication of the HEMTs. Souroel @rain ohmic contacts were obtained
by sputtering Ti/Al/Ni over a 25-nm-thick Ak:Gap.7dN and by annealing at 8% for 30
seconds in Blambient. The HEMT gates were formed by Ni sputterifhe gate-to-drain and
gate-to-source distances of the measured devicesSvem, whereas the gate length was 15

pum.
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In addition to HEMTSs, test structures for deternimaof the contact resistances by the
transmission-line method (TLM) [13, 14] were falatied on the same chip. In this structure,
there are several electrodes with various distances

Figure 4 illustrates the typical transfer and otitpbaracteristics of the HEMT,
measured by Agilent power device analyzer B1505¢\c#&n be seen in the figure, the threshold

voltage,V; , is -2.2 V.

47 T e0- V =0V
_ = . -
2 3 g40 0.5V
3 3 o0 - -1.0V
= O
e . -1.5V
E2f B o
o 0O 012 3 45
= Drain Voltage (V) f V. =01V
S 91 P
a

Gate Voltage (V)

Fig. 4. Transfer and output characteristics ofdineular HEMT.

3.2 Resistances Measurements

Figure 5 shows the measured resistances betwderedily spaced electrodes of the

TLM structure. The effective number of squareshie TLM structures i:»‘ﬂC - 2L , as shown

in Table I. According to Eq. (4), the contact reami€e of the source and the drain contacts is

R. =2R_, L . This resistance is equal to @6as illustrated in Fig. 5. Based on this value and
W

the TLM width, which was 20@um, the width independent valug, L, is determined as

R L =RW=18x200=-360(Q.um. This R _.L, value is used in Egs. (15) and (18) with
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for the circular HEMT design (as shown in Table ).

e Experimental Data
Linear Regression

120 ¢

100 ¢

80 f

60 t

40 |

Total Resistance (Q2)

Reol /W Rgol/W Rgol /W

201 Cor LW —WW——W——W—

0 50 100 150 200
Length, L (um)

Fig. 5. Extraction of the contact resistance dredsheet resistance of 2DEG outside the gate

from the resistance measurements of the transmidisie test structures.

In addition to the value oR__L,, the results shown in Fig. 5 are used to deterihiee
sheet resistance of the 2DEG outside the gRle,. As indicated in the figure, this sheet
resistance is obtained from the slope of the measUiLM resistancesR, = 0.44x200=88

Qlo.

3.3 Extraction of Effective and the Fied-Effect 2DEG Mobilities

The fabricated circular HEMTs were measured to iobtae experimental values for

the output conductanceg() and the transconductanceg (). These values were used in
conjunction with the values foR, L, and R, _,, obtained from the TLM structures, to

determine the effective and the field-effect maigii, according to Egs. (15) and (18),

respectively. The obtained results are shown in&iglong with the Hall mobility value that
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was determined by Hall-effect measurement on seggrfabricated Hall sample. It should be
noted that electron mobility can be measured byHak-effect method, using samples that
only require four ohmic contacts [12], [15]. Thiethod can be used to determine the sheet
resistance, the carrier density, and the mobilityhe 2DEG [12]. However, it cannot separate
the mobilities in the 2DEG sections outside andeurtie gate. Therefore, the Hall-effect
method can only be used to measure the 2DEG mpbilithe resistive regions. The sheet

resistance measured on the Hall sample agreesheitheet resistande, , that was obtained

from the TLM structures. The measured Hall mobittyresponds to the mobility of 2DEG
electrons outside the gate, whereas the effeatigtetee field-effect mobilities are for the 2DEG
electron under the gate. As can be seen from gwtseshown in Fig. 6, the Hall mobility of
electrons outside the gate is very similar to fifiecéve and the field-effect mobilities that are
obtained for the electrons under the gate. Thigdtreaggests that there is no significant impact
of the gate on the 2DEG mobility.

In the case of MOSFETS, there is a very significaability reduction with applied gate
voltage. There is no such strong dependence ddrditle effective or the field-effect mobilities
shown in Fig. 6 for the measured HEMTSs. It showdnbted that the channel of electrons in
MOSFETS is created by the electric field of thelagabgate voltage, which is increased with
an increase in the gate voltage. The increaseitrdinsverse field from the applied gate voltage
results in the commonly observed reduction of ebecmobility in MOSFET channels. In the
case of HEMTS, the applied gate voltage reducesrémsverse field, which can explain this
difference in mobility behavior in the case of HEMThe results for the field-effect mobility,
shown in Fig. 6, even indicate a small mobilityrese with the applied gate voltage. Based
on the observation that the transverse electrid ff'ereduced by the applied gate voltage, this

result is not impossible.
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2500 ¢

/IV.s
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Mobility (cm

—~ 2000 ¢
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Fig. 6. The extracted effective, field-effect, atall mobilities.

90



CHAPTER 3

CONCLUSION

In this work, a new method for extraction of eleatrmobility in the 2DEG section
under the gate of power HEMTs has been presented.niethod enables the possible impact
of the gate voltage on the 2DEG mobility under ¢fage to be measured without the error
caused by the resistive 2DEG sections. Applying tbchnique to fabricated HEMTs showed
that the 2DEG mobilities underneath and outsidegtite are similar. However, this mobility
independence of the gate material and voltage rotlgena general feature for all HEMTs. The
use of the proposed method with differently falteda HEMTs will provide a better
understanding of the impact of gate material artd galtage on the 2DEG mobility under the

gate.
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Gate Woltage Independence of Electron Mobillity
In Power AlGaN/GaN HEMTs
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Daniel Haasmanrgtudent Member, IEEHisheng Han, Yan Shen, and Xiangang Xu

Abstract—The mobility of current carriers in the  Of power and high temperature applications [3]][#0
channel of field-effect transistors usually dependsn the  is well established that the electron mobility IEMTs
applied gate voltage. This paper presents experimeait exhibits a strong reduction with increased tempeeat
evidence that the electron mobility in the two-dimasional [2], [4], [6], and [11]. However, the complete
electron gas under the gate of AlGaN/GaN HEMTS is characterization of the HEMT mobility at high
actually independent of the gate voltage. This (o mperatyres should include information on the
demonstration of the gate-voltage independence ohe oo monility dependence on the value of the
electron mobility relates to power HEMTs and it was . .
achieved by introducing a new method for the mobity applied gate voltage. Some publlshed_papers present
measurement. The gate-voltage independence of the F0OM-temperature measurements that indicate HEMT
electron mobility was observed for a wide range of Mobility dependence on the applied gate voltagé, [12
temperature, from 25%°C to 300°C. Furthermore, it is [13]. It is also expected that the mobility of tharent
confirmed that the HEMT mobility decreases with carriers in the channel of a field-effect transistould
increased temperature according to the power lawT¥)  be impacted by the electric field from the appligde
and with a quite high value of the power-law coefient yoltage. However, there are no confirmed
(k = 2.45). measurements and there are no established data abou

specific behavior of the HEMT mobility at different

Index  Terms—High-electron-mobility ~ transistor gate voltages.

(HEMT), electron mobility, AIGaN/GaN heterostructure, In f[h.is paper, we present experimentz.:lll re_sults that
two-dimensional electron gas. surprisingly show that the HEMT mobility is gate

voltage independent in a wide range of temperature,
from 25°C to 300C. This is achieved by introducing a
INTRODUCTION new method for HEMT mobility measurement.

IGaN/GaN high electron mobility transistors
(HEMTSs) are the most prominent devices that
utiize the wunique material properties of the
AlGaN/GaN heterostructure: high electron mobility i  Several different methods have been used to
the two-dimensional electron gas (2DEG), highmeasure the HEMT mobility [3], [13]-[16]. Some of
thermal conductivity, high breakdown field, and hig these methods considered the 2DEG between the
saturation velocity [1]-[4]. AlIGaN/GaN HEMTs are source and the drain as a single section, which is
promising candidates for high power switchinganalogous to the channel between the source aird dra
applications due to their high breakdown voltagey | in MOSFETs [13], [15], and [16]. So, the 2DEG
on-state resistance, low production cost, capglolit sections under and outside the gate were not gegdara
fast switching, and compatibility with existing Therefore, the mobility results measured by these
electronic circuits [5]-[7]. These properties emabl methods show an average mobility between the source
HEMTSs to be operated at high temperatures, either dand drain. Fukui introduced a method to separate th
to self-heating or by using them in high-tempemturchannel between source and drain into resistive
applications [1], [5], [8], and [9]. (outside the gate) and field-effect (under the yate
High mobility of electrons comprising the 2DEG issections for GaAs MESFETs [17]. Applying this
the key factor for the HEMT performance in the caseethod to the AlGaN/GaN HEMT showed that the

HEMT MOBILITY MEASUREMENTMETHOD
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resistance under the gate was very sensitive to the
threshold voltage [14]. In order to solve this devb, Cq = £d 3)
Fukui’'s method was modified for AIGaN/GaN HEMTs tg

[14]. However, the modified method is based on the

assumption that the HEMT mobility is independenfrom (2), the variable 2DEG resistance under ttie ga
from the gate voltage [14]. Another presented mathdrc) can be expressed as follows:

did not have that assumption; however, it requital-

effect measurements on a separate sample to be

i : \Y - 1
combined with current-voltage measurements on Ig = ZDIEG U - W
HEMTs [3]. Apart from inconvenience, any sample D HnCyq T(VG -V7)
variations may introduce unwanted variation in the (4)

measured mobility. To avoid these issues, a new
method for mobility measurement is presented ia thiA

. Il other resistances can be grouped in a singte-ga
section.

voltage independent resistanBe,
In the HEMT structure, the source-to-drain channel
can be divided into two separate sections: (1dfiel R = Rgs * Rep + Res + Rep (5)
effect section (the section under the gate) and (2)
resistive section, which includes the source-te gaid
the gate-to-drain sections outside the gate. Testmea Therefore, the applied drain-to-source voltage cihi
the mobility of electrons under the gate, it is ortant 1S the sum of the voltages acrogsandR: is:
to obtain the resistances of both sections. Irséntion

under the gate, MOSFET-type equations can be appli¢/_ . = R |~ + Ip 6
e ps = Rilp (6)
to model the current—voltage characteristics ara th UnCq ¥ (Vg - Vi)
resistance of this section. The section outsidegtiie L
can be considered as a gate-voltage independent
resistance consisting of the gate-to-sourRes)( the In (6), there are three parameters that need to be
gate-to-drain Rep), the source contacR¢s), and the  getermined from the measurements of the current—
drain contactRcp) resistances. voltage characteristicg1,, R, and Vr. This can be

The voltage applied between the drain and the sourgchieved by utilizing two common definitions of
terminals Vos) is the sum of the voltages across all thenobility, effective (ier) and field-effect|iee) mobility,

resistances between the drain and the source: which result in two standard techniques for the
MOSFET mobility measurements. The first technique

1 is based on calculation of the output conductance
Vs =(Rgs + Rgp + Res + Rep +16) 1, (1) al P (
Jo = D) whereas the second technique utilizes

0
In (1), rc is the 2DEG resistance under the gate, which bs

is a variable resistance that changes with the gatglculated transconductancgn(zal—D) [18]. Given
voltage, andp is the drain current flowing through the Vg
series connection of all the listed resistancegqlyipg that theperandpee relate to the same 2DEG mobility
the drain current equation for the MOSFET in th€u,) in (6), the following condition should be satésfi
linear region to the HEMT section under the gate, w
have: _ _ (7)
:un - Iueff - IuFE
lp =u,C W -V )V 2
o = Hn' L (Ve =VrVaoee - This condition can be used to determineR;, andVr

from the output conductance and the transconduetanc

. that are calculated from measured current-voltage
where Vopeg.u is the voltage drop across the 2DEG 9

under the gatey, is the electron mobility inthe 2DEG characteristics. o

section under the gat¥s is the applied gate-to-source Based on (6), et = Hnis related to the output
voltage, Vr is the threshold voltageCy is the gate conductance as follows:

capacitance per unit area, ahdand W are the gate

length and width, respectively. The gate capacéanc 1

per unit area is defined by the thicknesg @and 9o = 1 (8)
permittivity (4) of the material between the 2DEG and R + W

the gate metal, which is AlGaN in the case of GaN- M Cy T(VG -Vi)

based HEMTSs:
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Likewise, M =M, can be related to the FABRICATION PROCESS ANDDEVICE STRUCTURE
' FE n

transconductance: In order to provide experimental data to invesggat
the influence of the gate voltage on the HEMT
mobility, typical circular HEMTs were fabricated
w » utilizing 25 nm undoped Ab:Ga.7dN/GaN, grown on
M Cq T(VDS ~“Rilp) 9) undoped GaN, which was grown on semi-insulating
9nm = Vs SiC wafer. First, the wafer was cleaned by Piranha
before removing the native oxide by HCI. Then, the
ou C, VTV(\/GS -V;)(Vps — R/ D)2 Ohmic contacts were formed by sputtering Ti/Al/Ni
+ (100nm/300nm/100nm) over the AlGaN layer,
0Vs Vos followed by annealing at 800 for 30 s in nitrogen-
ich ambient. This was followed by a photolithodrgp
0 pattern the source and drain Ohmic contactst,Nex
chottky gates were formed by Ni sputtering, fokalw
y the second photolithography step to patterrgtie
Ot <« HrE . Expressinglerandpre in terms of - metal. The gate lengths of the measured devices wer

A comparison between the two terms in (9) shows th
the second term is much smaller and can be nedlect
This conclusion is based on the observation th

N Mo VWr 15 pm, while the gate-to-source and gate-to-drain
go and gm, respectively, results in the following distances were 5 pm.
equations:

Top view of the fabricated circular HEMT is shown
in Fig. 1. The closed geometry design was used to
avoid any leakage currents due to existence of 2DEG

U = 1 in the areas that are not controlled by the gaitehis
o ﬂ(Ve -V; )(i -R) (10)  figure, Lo shows the gate length, wherdas andLep
L do are the gate-source and gate-drain distances,
respectively. HEMT measurements were performed by
Agilent power-device analyzer B1505A.
\%
Hee = I, InTos (11)
Cq T Vos ~Rilp)° MEASUREMENT OFHEMT MOBILITY AT ROOM

TEMPERATURE

: : . Measured transfer and output characteristics of the
Both M in (10) and Hegin (11) are derived from fabricated HEMTs are shown in Fig. 2. The threshold
the same current-voltage equation_ _(6), o) theyldhqu/oltage 1), needed in (10), is determined as the
both give the same HEMT mobility value that isintersection of the transfer characteristic witk Y-
labeled by 4, in (6) and (7). This condition can beaxis. As can be seen in Fig. 2 (a), its valuéis -2.1
used to determine the value of the unknown resistanV- The first derivatives of the transfer charactci

R, in addition to setting the value d%. So that the With respect to the gate voltage and the drainagelt
lead to the transconductance and the output

conductance of the HEMT, respectively, which are

and (11), respectively, is minimized. shown in Fig. 3. These results are used to caketiat
Measurements of the electron mobility in the 2DEG

section under the gate are influenced by the easist

difference betweenlgss and (/g obtained from (10)

of the 2DEG outside the gat® (n Eqgs. 10 and 11). Source _L
Some of the published measurements ignore the impac ~0
of R, which could cause apparent dependence of the - — G
electron mobility on the gate voltage. The newly I

presented method extracts the value of the resisin

without any assumptions about the impact of the gat |
voltage on the mobility of the electrons underghée. I
Finally, the most important difference and advaatag 1]
of the new method is that both the valueRpand the 1l
value of electron mobility under the gate are eted

from measurements on a single device. This elimmat Il
the very high sensitivity to sample-to-sample
variations.

LGS LGD

Fig. 1. Top view of the fabricated circular HEMT.
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seen that a good agreement is achieved betugand

Mre and that, more importantly, there is no significanrFig. 5. The output characteristics (a), the resisgection of the
dependence of mobility on the gate voltage. Thasllte output characteristics wheWs is smaller than 100 mV (b), and the
confirms that the decision to neglect the secornd tg  ©Output conductance (c) of the HEMTs at and diffetemperatures.

99



CHAPTER 4: Gate Voltage Independence of Electron Mobility in Power AIGaN/GaN HEMTs

(9) is definitely justifiable. voltage. The relevant scattering mechanisms include
phonon, alloy disorder, interface roughness, iahize
impurities, dislocation, and dipole scattering. The

HIGH TEMPERATUREMEASUREMENTS overall effect of scattering is quantified by thean

This section presents the HEMT mobility resultstime between two scattering eventd (), which

obtained by the new method, for the temperaturggandetermines the mobility according to the following

from 25°C to 300C. fundamental equation:
The measured output characteristics, and the celate

output conductance, are shown in Fig. 5. The teansf

characteristics of the HEMT at drain voltage of 100 4090 | wnt® ® §2a"an,
and the related transconductance are shown in6Fig. 2500 | *egesees®®*®® e8° o SR ::‘0 e
As can be seen in Fig. 6 (a), the threshold voltage & 25°C Lo
the HEMT does not vary with changing the 2000t e  Effective mobiliy
temperature. The effective and field-effect mopilit 1500 1 = Field-effect mobility
values, obtained from (10) and (11) using the mesasu —— Menozzi et al. method [14]
output conductance and transconductance ‘ ‘ - - -
respectively, are shown in Fig. 7. These resudifa
the values oR: that minimize the differences between S ammntE,  ER g g
the per and pre.  The results clearly show that the et yyouyoshlasall Soauagi e, oy
AF resu 2000 §5oge%es =T TR
HEMT mobility remains independent of the gate L 50°C [
voltage up to the temperature of 300°C. 1500 |
To understand the reason of HEMT mobility
independence from the gate voltage, we can analy:
the relationship between different scattering 2000
mechanisms and the electric field due to the gate .
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Fig. 7. The measured HEMT mobility is gate-voltaggependent in
Fig. 6. Transfer characteristics (a) and the trandactance (b) of o temperature range from 25°C to 300°C.

the HEMTs at different temperatures.
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dependence on this log-log plot shows that
qrn 10000

Hn =— (12) [ ===
m
™
s
In Eq. (12),q is the electron charge and' is the = \".\
electron effective mass. The probability per uimitet 2 -
that a carrier will be scattered due to differexttering 5; 1000 | \\
mechanisms is; z o,
= N
1_1 . 1.1 1 1 1 o wobiiy T
_— ettt — 4+ —+ — — — Regression line with slope k = 2.45 oY
Z-n r ph z—aII z—int TlOn Z-dis Z-dip R
100 i
100 1000
(13) Temperature (K)
Fig. 8. The measured HEMT mobility follows the powaawv.
the mobility decrease with temperature follows the
where T, Ty, Ty Tioys Ty, and Ty are y P

following power law [27]:
electron lifetimes due to phonon, alloy disorder,

interface roughness, ionized impurities, disloaatio .

and dipole scattering, respectively. In order talgre Hy = AT (15)
the dependence of these scattering mechanismseon th

gate voltage, it is important to observe that tleeteic  whereA is a temperature-independent proportionality
field due to the gate voltage is perpendiculah&otivo-  coefficient, T is the absolute temperature, dni$ the
dimensional motion of electrons. Therefore, elawro power coefficient. The value &f determined from the
do not move in the direction of vertical electrield;  slope of the mobility versus temperature in the-log
they appear as standing waves in that directioplot, is equal to 2.45. This value correspondsrimah
Accordingly, interface roughness scattering isdthly  stronger mobility reduction than what is usually
mechanism that can be influenced by the perperaticulobserved in the case of phonon scatteriag (1.5).

lectric field (E 191-1231. which i ding t However, the value d&f= 2.45 is in the range of power-
electric field (=) [19][23], which is according to coefficient values reported for AlGaN/GaN-based

the following equation [20], [24]: devices k between 2.18 to 3.42) [28].
i _ m* (A/\qE[)Z (14) CONCLUS|ON
I In this paper, an experimental investigation of the

" AlGaN/GaN HEMT mobility dependence on the gate

Joltage is presented. Using a new method for nigbili

measurements in HEMTS, it is demonstrated that the

_lHEMT mobility is independent of the applied gate

voltage in the temperature range from 25°C to 300°C

the interface is atomically smooth. This is als In addition, it was confirmed that the decrease of
’ 0mobility with temperature follows the power law and

indicated by the large value of the electron mopili that the power coefficienk(= 2.45) is much higher
which shows that most of the scattering mechanisngﬁan the usual honon-scatterin. valuk of1 5
are not effective. We can conclude that the dontinan P g e

scattering mechanism that influences the electron
mobility in the 2DEG at temperatures above the room Acknowledgement
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CHAPTER 5: The Power Law of Phonon-Limited Electron Mobility

The Power Law of Phonon-Limited Electron
Mobility in the Two-Dimensional Electron Gas
of AlGaN/GaN Heterostructure

Amirhossein AminbeidokhtiStudent Member, IEEESima Dimitrijev,Senior Member, IEERlisheng Han,
Xiufang Chen, and Xiangang Xu

Abstract—The reduction of electron mobility in  («), limited by phonon scattering at high temperagure
AlGaN/GaN heterostructures follows the common power can be expressed by the power-law equation [7]-[9],
law, but with an unexpectedly high power coefficien
Following experimental verification of the unusual u=AT” @)
power-coefficient value by a different measurement
method, this paper presents an analysis that iderfitts where T is the absolute temperaturéd is a
temperature dependence of the effective electron rssas  proportionality constant, andis the power coefficient
the responsible physical mechanism for this effecBased whose value in the case of phonon scattering i§7]-5

on this result, the measured values of electron mdity S .
are used to calculate the effective mass of elect® in [9]. The electron mobility in AlGaN/GaN 2DEG is

AlGaN/GaN heterostructures over a wide temperature €Xpected to follow the same power coefficient, bisea

range, from 25°C to 300°C. no additional scattering mechanism that could dtisr
Index Terms—AIGaN/GaN heterostructure, electron temperature behavior has bee.” Ider_]tmed .[9]’[10]'
mobility, power coefficient, effective mass. However, numerous results published in the liteeatu

show that the power -coefficient of the high-

temperature dependence of electron mobility in

AlGaN/GaN 2DEG is between 2.18 and 3.42 [6],[10]-
emiconductor devices based on the AlGaN/GallL8], which is a surprisingly high value in comysam
heterostructure exhibit exceptional characteristic40 the expected value of 1.5. There is no published

such as high breakdown voltage, snuallresistance, explanation for this unexpected behavior. In thipe,

high thermal conductivity, and small outputwe identify the physical mechanism behind the

capacitance [1]. One of the key material advantafes Surprising increase in the power coefficient, whigh

AlGaN/GaN heterostructures is the high mobility ofenable better modeling of the high-temperature

electrons in the two-dimensional electron gas (2[DEGMobility behavior and a better understanding of the

at the AlGaN/GaN heterojunction. Due to the higiphysics of AlIGaN/GaN-based devices.

electron mobility and the high breakdown field,

AlGaN/GaN-based high electron mobil_ity transistors EXPERIMENTAL VALUE OF THE POWER COEFFICIENT

(HEMTs) have been wused for high-frequency

applications and are now becoming increasingly This section presents the relevant experimental

popular for power-switching applications [2]. Theresults, both published by other authors and a

high-power applications result in high powerconfirmation of these results by new measurements

dissipation and increased operation temperatutesa F obtained by a different measurement technique.

better understanding of the operation of thesecdsvi

at high temperatures, it is essential to understhad .

physics behind the high-temperature behavior of thlgUbIIShed results by Hall-effect measurements

2DEG mobility. There are a number of published measurements of

At high temperatures, phonon scattering is the onihe temperature dependence of 2DEG mobility in
mechanism limiting the carrier mobility in AIGaN/GaN heterostructures [10]-[17], which are
semiconductor devices [3]-[6]. The carrier mobilitysummarized by the grey symbols in Fig. 1. Thesa dat

INTRODUCTION

This work was performed at the Queensland Microd an J. Han is with the Queensland Micro- and NanoteldgyoCentre
Nanotechnology Centre (QMNC), Griffith Universiustralia. (QMNC), Griffith University, Nathan, QLD 4111 Austia.

A. Aminbeidokhti and S. Dimitrijev are with the Qaresland X. Chen and X. Xu are with the State Key Laboratfrrystal
Micro- and Nanotechnology Centre (QMNC) and witk t@riffith  Materials, Shandong University, Jinan, Shandong 1260
School of Engineering, Griffith University, Natha@QLD 4111 p R china.

Australia (e-mail: amirhossein.aminbeidokhti@gftiftini.edu.au;
s.dimitrijev@griffith.edu.au).
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CHAPTER 5

include AlGaN/GaN layers grown on sapphiremobility is measured over a wide range of tempeeatu
substrates [12]-[17], as well as on Si and SiCsates In this paper, the focus is on the temperatureedirggn
[10],[11]. As can be seen in the figure, the sudistr 150 K to 800 K, which is consistent with the expgelct
type does not impact the mobility values and thegro operational range. In particular, the main focusrs
coefficient. In some of the published works, thdhe value of the power coefficient in this

106 - 105 -
o [10] Low temperature High temperature
o [11] .
honon scatterin,
& [12] _ VOV VAvvdvevmey i ¢
&l S 0 o0 6 0o
v [14] o ® ®
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Fig. 1. Published experimental results by Hall-effmeasurements (grey symbols), along with new oreasents by both Hall-effect and
circular-transmission-line (CTL) measurements (blsgmbols).

specific temperature range. Hence, the main graph analyzer. The AlGaN/GaN heterostructure used in
Fig. 1 corresponds to this temperature range, thith these measurements was grown on semi insulating SiC
experimental data published for lower temperaturesafer. A 25 nm undoped &:Gay.7éN layer was grown
shown in the inset. on top of undoped GaN layer. For the Hall-effect
The results in Fig. 1 are shown as log—log plats, anethod, 1x1 cm square shaped samples were cut and
the linear segment at high temperatures confirmas tfiour Ohmic contacts were formed on each cornenef t
applicability of the power law given by (1). Thesample by sputtering Ti/Al/Ni, followed by anneajin
absolute value of the slope of this linear segnient at 850°C for 30 s. For the CTL method, a set oTh<C
equal to the power coefficiept with different gaps between the CTLs were fabridate
on a single sample. The contacts were made by the
. .. same process as for the Hall-effect samples.
New results by Hall-effect and circular-transmissio For both of the Hall-effect and CTL samples, the
line (CTL) measurements 2DEG mobility was calculated as [19]

All published results shown in Fig. 1 (the grey
symbols) are obtained by Hall-effect measurements. = 1
To confirm these results, we performed measurements gR.N, ()
by both Hall-effect and CTL methods. The CTL
method was selected because it enables resistaddeereqis the electron chargBsis the sheet resistance,

measurements with well-defined geometry, whici@ndNzpec is the electron density in the 2DEG, which
avoids errors due to side leakage in the case eof tWas obtained by the Hall-effect measurements. It
rectangular transmission-line geometry. should be noted thatpec changes with temperature
The magnetic field for the Hall-effect measurementdre negligible [10],[16]. Therefore, the valueMabeg,
was 0.52 T. All current-voltage measurements wei@btained from the room-temperature Hall-effect
performed by an HP4145B semiconductor paramet&ieasurements, was used for the mobility calculation
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by (2) at both low and high temperatures. The citrre

voltage measurements, needed to obtain the shi 2 ol

resistances by both the Hall-effect and CTL method a | [21] .

were performed over the temperature range from 25¢ ® | This paper Te

to 300°C. £ aq
The obtained mobility values are presented in Fig. 0:6

by the black symbols (squares for the Hall-effec -

measurements and circles for the CTL measurement 04 3

It can be seen that the measured mobility by tte tw 1T

different methods are in close agreement with eac 02| = = + = ||ml| = |

other. The power-coefficient value corresponding t 1 10 100 1000

these measurements, which i 2.8, is approximately Temperature (K)

equal to the averagevalues published in the literature. Fig. 2. Experimental values of the effective maslectrons in

- ; IGaN/GaN heterostructure at different temperaturése grey
Therefore, 7 2.8 can be considered as thesymbols are the measured values in [21], whereaBl#itk symbols

representative power-coefficient value and willised  ¢orrespond to the values extracted from the myhifieasurements

in the analysis presented in the subsequent section presented in this papdrié the power coefficient in the power-law
dependence of the effective mass on temperature).

*
/m,

m
L J

ANALYSIS OF THE POWER COEFFICIENT
We begin the analysis by evaluating the variougcattering centerdNgd), and the thermal velocity of

parameters that could affect the electron mobility electrons ) [7]:

AlGaN/GaN heterostructures. Parameters such as

background career concentration, quality of thevgro r = 1 (@)
AlGaN and GaN, and various scattering mechanisms ph V, 0 Ng

such as phonon scattering, interface scatterind, an

background carrier scattering could impact thehe thermal velocity of electrons in two dimensions

temperature dependence of the electron mobility ifan be expressed in terms of crystal temperature:
AlGaN/GaN heterostructures. However, published )

results show that the interface scattering is not a MVa _ T

function of temperature and, therefore, has naetfe 2 (5)
the temperature dependence of electron mobility. [20 ) ) ]
Various publications identify phonon scatteringteess Where k is the Boltzmann constant. With a linear
dominant mechanism that determines the mobilitf&Pendence of phonon scattering cross-sectionen th
values at high temperatures [3]-[5],[7],[8]. Regagl absolute temperature [7],

the background carrier concentration, publishedltes O, =AT (6)

show that the carrier concentration increases with ) _ ) )
temperature, thereby increasing the carrier derisity WhereAs is a temperature-independent proportionality

the GaN layer. However, this increase in the carri&onstant, (4)—(6) lead to the power law of mobility
density is small and is unlikely to significantiypact versus temperature and the expected power coeifficie
the measurements of electron mobility [11],[16]][18 value of 1.5:

Finally, regarding the quality of the AlGaN and GaN 7
layers, the high electron mobility (1747 N's) u=AT™® (7)
recorded at room temperature on these samples

demonstrates that the quality of the grown GaN a - . .

AlGaN is very high. Therefore, it is safe to comtgu nphe coefficientin (7) is:
that the electron mobility is dominated by phonon A=

q
scattering at high temperatures. N, A 'm’ 2k

The relationship between the electron mobility (

and the average time between two phonon-scatteringThe expected power-coefficient value of 1.5 is

events {,n) can be expressed as experimentally observed in Si devices, which is
consistent with the temperature independence of all

_ar,, 3 L . . .

=— guantities, including the effective mass, that @ppe

m (8). As distinct from Si, recently published resul

wherem’ is the effective mass. The phonon-scatteringhow that the effective mass of electrons in

time can be expressed in terms of the phonon-scajte AlGaN/GaN ~ heterostructures  changes  with

cross-sectiondso), the concentration of phonons asemperature [21]. One possible mechanism for this

behavior is due to the quantum confinement effect i

(8)

U
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the AlGaN/GaN heterostructure [22]. The measurettmperature. The increase is from the usual phonon-
values of the effective mass at sub-room tempegatur scattering value of = 1.5 to the value gf= 2.8, which

published in [21] are plotted by the grey symbais iis experimentally observed in numerous papers and
Fig. 2. These measurements were performed up t¢onfirmed in this paper by a different measurement

room temperature only, because the measuremenethod.

methods (cyclotron resonance and Shubnikov-de Haas
oscillations) were limited to high mobility valufl].

Rearranging the variables in (7) and (8), the ¢ffec
electron mass can be expressed as

* q
m=—_
2KA N p’T®

2

Queensland Node of
(9) Fabrication Facility, a company established under t

Acknowledgements

This work was performed in part at the
the Australian National

National Collaborative Research Infrastructure
Strategy to provide nano- and microfabrication
Australia’'s researchers. We also

The value of\; in (9) can be obtained by substitutingfacilities  for

the values of the measured mobility (this paped)the  acknowledge the financial support by the Australian
effective electron mass [21] at room temperatUuo@ Research Council (DP130103145).

with the known values of the remaining variabled an
constants. The obtained valuefis= 6.6x10?° n?/K.
Based on (6), this value corresponds to the saagter
cross-section ofsc= 1.98 x1@8 cn?, which is in the [1]
range of expected values for the scattering cross-
section of phonons in semiconductor devices [7].

Using the determined value for the constantthe
concentration of atoms in GaN as the concentratfon
phonons Nsc = 8.9x16? cni®), and the measured
electron-mobility values, (9) can be used to caltal [3]
the effective electron mass above room temperature.
The obtained results are presented by the blaclesir
in Fig. 2. It can be seen that the obtained high4]
temperature values from the mobility measurements i
this work follow the trend of the published restitis
the temperatures below 300 K.

Inserting the electron mobility from (7), whichtie
power-law dependence of mobility on temperature,
into (9) results in the following equation: [6]

(2

(5]

qZAZ
2KAN]

(2y=3)

(10)
[7]

(8l
Equation (10) shows that the effective electron snafg]
also follows a power law at high temperatures, \With
power coefficient being equal to= 2y-3 = 2.6. The
slope of the effective-mass increase with tempesatu
on the log—log plot in Fig. 2 (the black circles)qual

. [10]
to the power coefficiert= 2.6.

CONCLUSION [11]

In this paper, we have demonstrated that the
effective mass of electrons in AlGaN/GaN 2DEG
increases with temperature. Furthermore, we ha\;lezl
demonstrated that this increase is according to the
power law at temperatures above 300 K, and that tr[11%
power-law coefficient i = 2.6. This effect accounts
for the increased coefficient in the power-law
dependence of the phonon-limited mobility on

107

REFERENCES

R. S. Pengelly, S. M. Wood, J. W. Milligan, S. Theppard,
and W. L. Pribble, “A review of GaN on SiC high et®n-
mobility power transistors and MMICS|EEE Trans. Micro.
Theory Tech.vol. 60, no. 6, pp. 1764-1783, 2012.

S. Dimitrijev, J. Han, H. A. Moghadam, and A. Améitiokhti,
“Power-switching applications beyond silicon: Statand
future prospects of SiC and GaN devic@dRS Bull, vol. 40,
no. 5, pp. 399-405, 2015.

0. Katz, A. Horn, G. Bahir, and J. Salzman, “Elentmobility
in an AlGaN/GaN two-dimensional electron gas |—iearr
concentration dependent mobilityPEE Trans. Elec. Devices
vol. 50, no. 10, pp. 2002-2008, 2003.

A. F. M. Anwar, S. Wu, and R. T. Webster, “Temperat
dependent transport properties in GaNG& N, and IRGa;.
«N semiconductors,JEEE Trans. Elec. Devicesol. 48, no. 3,
pp. 567-571, 2001.

M. N. Gurusinghe, S. K. Davidsson, and T. G. Anslens
“Two-dimensional electron mobility limitation meafiams in
AlxGal-xN / GaN heterostructures?hysical Rev. Bvol. 72,
pp. 045316-1-045316-11, 2005.

A. Aminbeidokhti, S. Dimitrijev, A. K. HanumanthappH. A.
Moghadam, D. Haasmann, J. Han, Y. Shen, and X‘Gate
voltage independence of electron mobility in power
AlGaN/GaN HEMTSs,”IEEE Trans. Elec. Devicesol. 63, no.
3, pp. 1013-1019, 2016.

S. Dimitrijev, Principles of Semiconductor Deviceand ed.
New York, NY, USA: Oxford Univ. Press, 2011, pp43226.
H. Morkoc, Nitride Semiconductor Devices: Fundamentals
and ApplicationsGermany, Wiley-VCH, 2013, pp.140.

D. Pandey, A. Bhattacharjee, and T. R. Lenka, “$tad
temperature dependence scattering mechanisms abidityno
effects in GaN and GaAs HEMTs,in Physics of
Semiconductor  Devices (Environmental Science and
Engineering), Springer, 2014, pp. 67-70.

N. Maeda, K. Tsubaki, T. Saitoh, and N. Kobaya$High-
temperature electron transport properties in AlGzaN
heterostructures Appl. Phys. Lett.vol. 79, no. 11, pp. 1634-
1636, 2001.

I. H. Lee, Y. H. Kim, Y. J. Chang, J. H. Shin, Bnd, and S.
Y. Jang, “Temperature-dependent hall measurement of
AlGaN/GaN heterostructures on Si substratek,”Korean
Phys. Sog vol. 66, no. 1, pp. 61-64, 2015.

S. Arulkumaran, S. L. Selvaraj, T. Egava, and @ld, “Sheet
carrier density enhancement byNgi passivation on nonpolar
a-plane (1120) sapphire grown AIG&4N heterostructures,”
Appl. Phys. Lettvol. 92, no. 1, pp. 092116-1-092116-3, 2008.
R. Menozzi, G. A. Umana-Membreno, B. D. Nener, &ish,
G. Sozzi, L. Faraone, and U. K. Mishra, “Tempertur
dependent characterization of AlIGaN/GaN HEMTS: Tinedr
and source/drain resistancesBEE Trans. Device Mater.
Reliab, vol. 8, no. 2, pp. 255-264, 2008.



CHAPTER 5: The Power Law of Phonon-Limited Electron Mobility

[14] A. Saxleret al, “Characterization of an AlGaN/GaN two-
dimensional electron gas structuré,’Appl. Phys.vol. 87, no.
1, pp. 369-374, 2000.

[15] H. Tokuda, J. Yamazaki, and M. Kuzuhara, “High tenapure
electron transport properties in AlIGaN/GaN hetetastres,”

J. Appl. Phys.vol. 108, no. 10, pp. 104509-1-104509-5, 2010.

[16] M. J. Wang, B. Shen, F. J. Xu, Y. Wang, J. Xu, 8aht, Z. J.
Yang, K. Xu, and G. Y. Zhang, “High temperaturpeledence
of the density of two-dimensional electron gas in
Al0.18Ga0.82N/GaN heterostructureffpl. Phys. Avol. 88,
no. 4, pp. 715-718, 2007.

[17] T. Egawa, H. Ishikawa, M. Umeno, and T. Jimbo, ‘Esed
gate AlGaN/GaN modulation doped field-effect tratmmis on
sapphire,”Appl. Phys. Lett.vol. 76, no. 1, pp. 121-123, 2000.

[18] z. H. Liu, S. Arulkumaran, and G. I. Ng, “Tempenau
dependence of Ohmic contact characteristics in NiGaN
high electron mobility transistors from 50 to 20@;” Appl.
Phys. Lett vol. 94, 142105-1-142105-3, 2009.

[19] A. Aminbeidokhti, S. Dimitrijev, J. Han, X. Xu, GWang, S.
Qu, H. A. Moghadam, P. Tanner, D. Massoubre, and G.
Walker, “A method for extraction of electron mohyjlin power
HEMTS,” Superlattices Microstruct.vol. 85, pp. 543-550,
2015.

[20] S. B. Lisesivdin, A. Yildiz, N. Balkan, M. Kasap, Szcelik,
and E. Ozbay “Scattering analysis of two-dimendiona
electrons in AlGaN/GaN with bulk related parameters
extracted by simple parallel conduction extractioethod,”J.
Appl. Phys.vol. 108, no. 1, pp. 013712-1-013712-7, 2010.

[21] T. Hofmannet al, “Temperature dependent effective mass in
AlGaN/GaN high electron mobility transistor struas,” Appl.
Phys. Lett.vol. 101, no. 19, pp. 192102-1-192102-4, 2012.

[22] A. M. Kurakin et al, “Quantum confinement effect on the
effective mass in two-dimensional electron gas I@aN/GaN
heterostructuresJ. Appl. Phys.vol. 105, no. 5, pp. 073703-1-
073703-6, 2009.

108



CHAPTER 6: SPICEMOSFET
EQUATIONS AND PARAMETERS AS
POWER HEMT M ODEL

This chapter is the following paper:

Amirhossein Aminbeidokhti, Sima Dimitrijev, Jisheng Han, and Hamid Amini
Moghadam, “SPICE MOSFET equations and parametepewer HEMT model,” to
be submitted tdicroelectronics Reliabilityournal.
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CHAPTER 6: SPICE MOSFET Equations and Parameters as Power HEMT Model

In previous chapters, two methods to measure gwreh mobility of the HEMT in the
2DEG region were presented and the parameterstiaffeihe value of the mobility were
analysed in detail. In this chapter, it is explditieat the measured mobility can be used for
modelling of the HEMT. HEMT models can be used$&1CE simulation of this device for
circuit simulation purposes.

The HEMT includes the field-effect and reasistsections. The field-effect section
can be modelled by modifying the MOSFEEVEL 3 model. Therefore, equations and
parameters of the MOSFET can be used for modetiitpe HEMT. The drain current of the
MOSFET is explained by:

— _ 2 . .
Iy = [B(Ves ~VI0)(Vos ~ Rsl g - Rdlp) = (L+ Fg) DS RS'; Rdlp)”, Triode region (1)

__ B 2 Saturation region (2)
lp = ———— -Vt

D 2(1+FB)(VGS 0)

Here,lp is the drain curren¥/cs shows the gate-to-source voltay& is the threshold voltage,
Vbs represents the drain-to-source voltage, Rsdand Rd are source and drain constant
resistances. In both of the equatimlays an important role and its value changewv#hee

of the drain current in both triode and saturatiegions. This parameter is calculated as

follows:

_,, fox W

B = Qg

Here, Yo is the low-field mobility,cox shows the permittivity of the oxide, which is the
permittivity of AlGaN in case of AIGaN/GaN HEMTox represents the thickness of the oxide,
W is the gate width anidert is the effective length of the gatex, tox, W, and Less are related to
the characteristics and dimensions of the AlGaldaf the HEMT, however the value of the
Mo needs to be measured. Therefore, using the vdltieedHEMT mobility, which can be
measured by the presented methods in chapters &, &alds to calculate the valuefofThis
issue shows the importance of the mobility measergnm modelling of the HEMT. When the
value of the mobility is not known, transconduceamarameterP) needs to be extracted
through the transfer characteristic of the HEMTtr&stion of all of the required parameters

for SPICE modelling of the HEMT are explained inaidlein this chapter.
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Abstract- Simulation-based analysis and design of circuith WIEMTs is becoming increasingly
important, but the device library in the standardwt simulator (SPICE) does not include a HEMT
model. To address this problem, this paper presemgthod for overcoming the relevant difference
between the HEMT and MOSFET device structureshabdpecifically selected MOSFET equations
and parameters in SPICE can be used as a mod#idarurrent—voltage characteristics of power
HEMTSs. The proposed method, which includes tectesdor determining the values of the selected
device parameters, is demonstrated and verified nisasured transfer characteristic, output
characteristics, and gate capacitance of fabricteMTs. Using the selected MOSFET parameters
and determining their values by the proposed tegles, circuit designers can simulate circuits with
power HEMTs without the uncertainty associated withunknown parameters and equations in newly

developed subcircuit-type HEMT models.

Keywords- Power high-electron-mobility transistor (HEMT), SPICE simulator, parameter

extraction method, SPICE parameters.
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CHAPTER 6: SPICE MOSFET Equations and Parameters as Power HEMT Model

|. Introduction

Design and analysis of power electronic circuits asually performed by the simulation
program with integrated circuit emphasis (SPICH)icl is adopted by the electronic industry
as the standard analogue electronic circuit sirau[a{. The standard SPICE library of devices
was developed at the time when the focus was ooldHpunction transistors, junction field-
effect transistors, and metal-oxide—semiconduadsbd-Effect transistors (MOSFETS), and it
does not include a library model for the high-el@atmobility transistor (HEMT). However,
there is a growing demand to use HEMTSs in poweatedaic circuits [2-5], especially with the
emergence of GaN-based HEMTs that offer blockinggages well above silicon-based
MOSFETs and offer both power efficiency and switchifrequencies above SiC-based
MOSFETs [6].

To enable simulation of circuits with HEMTS, se\grapers have proposed HEMT models
[4], [7-10] that could be incorporated into SPIC¥defining external sub-circuits. This is a
complex process for the circuit designers withatalelished parameter-extraction techniques,
which can also adversely impact the simulationsadidress this problem, we show in this
paper that properly selected equations and parasnieten the standard MOSFHIEVEL 3
model in SPICE can be used to match the currentg®icharacteristics of GaN HEMTs. The
paper also presents parameter-extraction techniuegetermine the values of selected

parameters from measured HEMT characteristics.

Il. SELECTION OF SPICE EQUATIONS AND PARAMETER EXTRACTION

A. Selection of Equations and Related Parameters

Figure 1 (a) shows that the two-dimensional elecyyas (2DEG), connecting the source and
drain contacts of a HEMT, consists of three segmehé source-to-gate segment whose length

is Les the segment under the gdte)that is subject to the field-effect control by thate, and
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the gate-to-drain segmericp) [11]. Figure 1 (b) illustrates that the main diince between

a HEMT and a MOSFET is due to the resistive regaurside the gate (gate to drain resistance,
Rd, and gate to source resistans), which do not exist in the case of MOSFETSs. Hoavev
MOSFET models in SPICE inclug@arasiticresistanceRs andRd as parameters. This enables
HEMTs to be modeled by the equivalent circuit shawrkig. 1 (b) and this model to be
implemented in SPICE through selected MOSFET egnstiand parameters, along with

properly set values for the parametessandRd.

Source Gate Drain
| 7 | T
Lss LG Lep
2DEG
(a)
Ve

e T

VDS 0

(b)

Fig. 1. HEMT cross section showing that the decitannel (2DEG) consists of three sections
(a), which can be modelled by an equivalent circaitsisting of two resistors and a MOSFET

(b).

There are different sets of equations, called méeledls in SPICE, with corresponding
eguation parameters. MOSFEEEVEL 1model is based on the rudimentary device equations
It employs a simple MOS capacitor model for theletgpn-layer charge, which ignores the

effects of the source and drain depletion regidigese effects are included in MOSFET
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CHAPTER 6: SPICE MOSFET Equations and Parameters as Power HEMT Model

LEVEL 2model in a mathematically complicated way [1]. Simakes the model inefficient
and convergence issues are frequently encountacerdingly, LEVEL 2model has been
superseded by MOSFETLEVEL 3 model, which is more robust (it rarely encounters
convergence problems) and is both simpler and raoceirate thalEVEL 2 model [1].
Therefore, MOSFETEVEL 3model is utilized in this work. In SPICE, a paraerdabeled
asLEVEL is assigned to MOSFET devices, which can be seE&EL =3 to activate the set
of equations that corresponditBVEL 3model.

The equations of MOSFEOEVEL 3model that include and define the selected parnsiet

in addition to the already describBd andRd parameters, are as follows [12]:

_ _ 2 . .
lp =[B(Ves -Vto)(Vps — Rslp —Rdlp) - 1L+ Fg) (Vps = Rslp ~Rdlp) ] Triode region (1)

2
I, = L(VGS ~Vto)? Saturation region (2)
21+ F,)
L
Gamma
- (4)
® 2JPhi

In Eqgs. (1)-(4),Ves andVps are the applied gate-to-source and drain-to-souoitages,
respectively,lp is the resulting drain current, and the remair@RJCE parameters are the
threshold voltageyto, the transconductance parameid?, the channel widthjV, the channel
length,L, the body factorGamma, and the surface potential in strong inversiem,

In addition to the described DC parameters, ACipatars are required to enable meaningful
simulation of circuits' time responses. These patans, which should be specified to avoid
the use of zero-default values by SPICE, areedlat the parasitic capacitances. The equation,

which is used in SPICE to calculate the gate caépace Cy), is as follows:
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C, = (Cgdo xW ) + (Cgso xW) )

In Eqg. (5), Cgdo andCgso are the relevant SPICE parameters, which aredctile gate-to-
drain and the gate-to-source overlap capacitaneeshannel width, respectively.

The channel width and lengtW andL, are geometric-design parameters, whereas all the
other selected parameters can be considered amtegltal parameters. The default values of

the selected technological parameters in MOSEEVEL 3model are shown in Table. 1.

TABLE 1
SELECTED PARAMETERS FROM THIMOSFETLEVEL3 EQUATIONS TO BE USED AHHEMT MODEL.

Cgso
g Cgdo

Selected parameters (LEVEL = 3) Vto (V) KP (mA/V?) Rd (Q) Rs (Q) Phi (V)  Gamma (VY?)

nF/m

(nF/m) (nF/m)
Default values [12, 13] 0 0.02 0 0 0.6 0 0 0
Parameter values Before nonlinear fitting -2.2 0.5 5.25 5.25 2 0.28 87.6 87.6
to match the
measured HEMT

After nonlinear fitting -2.2 0.65 7 7 2 0.28 87.6 87.6

B. Device Fabrication

The values of the selected SPICE parameters sheulétermined from the current—voltage
characteristics of a representative HEMT. Measuhedtacteristics of typical circular HEMTs
are used to present techniques for determinatiaimefparameter values in this paper. The
HEMTs were fabricated from undoped AlGaN/GaN layegmown on semi-insulating SiC
wafers. First, wafer was cleaned by Piranha follbwg native oxide removing by HCI. Next,
Ti/Al/Ni was sputtered over 25-nm-thick #d:Ga.7d\, followed by annealing process at 800
for 30 seconds in Nambient, to form the source and drain Ohmic costaeerforming

photolithography on the sample led to pattern svard drain Ohmic contacts. Following the
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CHAPTER 6: SPICE MOSFET Equations and Parameters as Power HEMT Model

formation of the source and drain contacts areaphojolithography, Ni was sputtered and
selectively etched to define the gate electrode. Jdte-to-source and gate-to-drain distances
of the measured devices were 5 um, whereas thelgaggh was 15 um. DC and AC

measurements have been performed by Agilent poexecel analyzer B1505A.

C. Parameter Extraction: Techniguesto Obtain the Values of the Selected Parameters

The values oWto, Rs andRd can be determined from measured transfer chaistatesf a
corresponding HEMT. The transfer characteristichef HEMTs fabricated by the process
described in the previous section is shown in Eid-his transfer characteristic is measured at
Vbs= 100 mV. SmallVps value is used during the measured to ensure tha{lf can be

simplified to the following linear form:

Measurement

Drain Current (mA)
N

T T 1

1 / T T
-3.0 25 7/ 20 -1.5 -1.0 -0.5 0.0
Gate Voltage (V)

Fig. 2. Extraction of oKP, Vto, RsandRd from measured transfer characteristic of a fabetta
HEMT, in combination with Egs. (7) and (13).

W
I, = KP— -Vto)(V.. - Rsl, — RdlI
D L (VGS O)( DS S D D) (6)

Furthermore, for small currents, the termsRslp andRdIp are also negligible, which results
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in the linear segment of the transfer charactenstiih the slope oKP(W/L)Vbs:

(7)

D

I, = KPVI\_/(VGS Vi)V,

Equation (7) corresponds to the dashed line inEidf.can be seen that the intercept between
the dashed line and th&;s axis corresponds to the threshold volt&tje, whereas the slope
corresponds t&KP(W/L)Vps. The parametekP can be calculated from the determined value
of the slope, the known values of the geometriapa@terda/V andL, and the value of s&ps
voltage. It should be noted that any seWb&ndL values can be used if the actual values are
not known because the current voltage characiesidepend on the combined telia(W/L).

For the case of the measured HEMTs with the tracsi@racteristic in Fig. 2, the intersection
between the extrapolated linear section of theattaristic and th¥ssaxis is aVto=-2.2 V.
The slope of the linear section is 2.54 mA/V, whadtresponds t&KP=0.5 mA/\2 for the
specific case 0¥ps=100 mV,W=770 pm, and.=15 pum.

The solid line in Fig. 2 corresponds to the follogiequation:
D = ﬁ(VGSO _VtO)VDSO (8)

wheref = KP(WI/L), Vbs=Vbs-(Rst Rd)Ip. From Eq. (8)Vesocan be expressed as

|
V.. =—2 +Vto 9)

GSO

DSO

Obviously,(Rd+Rs)Ip is negligible for smallp currents, an¥ss&=Vesin the region where the
measured linear segment of the transfer charatite(tee solid line) and the dashed line
overlap. For highelp currents, howeve(Rd+Rs)Ip is not negligible an¥¥cs>Vasois required

to achieve the sanie current. Given that
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|
V. =—2 +Vto (10)

GS
DS

the following equation for the differenee/c=VsesVesg which is illustrated in Fig. 2, can be

obtained from Egs. (9) and (10):

N (11)

AV (i
VDSO V

-
B

DS

ReplacingVpso=Vos-(Rs+Rd)Ip we obtain

AV :'D[ ! - 1} (12)

© B |V, -(Rs+Rd)l, V.
and
Rs+ Rd =Vos _ 1 (13)

b Loy,

DS

Equation (13) shows th&s+Rd can be determined frox\Vg, which is the difference between
the extrapolated linear segment of the transferaceristic (the dashed line in Fig.&)d the
actual measured characteristic for a gikemalue. Practically, the highest measured cuiigent
should be selected for the determinatiorRefRd, because it will result in the largeSYs
value and, correspondingly, in the smallest ervoRE+Rd.

For the specific data shown in Fig.12= 3.5 mA,AVs = 0.8 V, andRs + Rd =10.5Q. This
meansRs = Rd = 5.25Q for the case ofcs= Lep. For HEMTs with different.cs andLcp
values, the ratio between these values can betagedtitionRs+Rd into the adequates and

Rd values.
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The remaining two parametefSamma andPhi, impact the saturation current of the device
through the ternkg, as shown by Eqg. (4) [12]. The dependence of éaration currentlf)
on the gate-to-source voltagés), given by Eq. (2), can be linearizedyfl , is plotted versus

Ves

= B - 14
Vo 2y Ve TVIO) (14)

As this equation shows, tth-VGs dependence should be linear with the slope equal t

B For the case of measured HEMTSs in this papernﬂhg -Vs data are shown in
21+F)

Fig. 3. For these data, the corresponding valuesa$ equal to 0.1. Considering Eq. (4), any
set ofGamma andPhi values that result ifg = 0.1 is acceptable. If the value i is set at

2 V, which is the physically expected value of ugface potential in strong inversion, the
value forGamma that corresponds s = 0.1 isGamma = 0.28 \*2,

In order to extract the value of selected AC patanse it should be noted that there are
complex dependencies of the gate capacitance ogatieevoltage, but their modeling is not
absolutely necessary. So the most functional waynadel a capacitance is to use constant
gate-to-source and gate-to-drain overlap capa@tamer unit width @gso and Cgdo in
SPICE).

The parameters values obtained by the describegguoe are summarized in Table 1 in the
raw labeled as “before nonlinear fitting”. The ladjfferences of the extracted values from the
default values, which are also shown in Table llisttate the importance of the described

extraction procedure.
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0 . . :
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

Gate Voltage (V)

T 1

Fig. 3. Determination d¥g from the slope of the linear relationship betwdensquare root of
the drain saturation current and the gate voltage.

D. Nonlinear Fitting

The differences between the default values anéxtracted values, shown in Table 1, are so
large that the default values are not reliable eagthe initial values for a possible nonlinear
fitting of the selected equations and the measdeg¢d. However, the extracted values can be
used as the initial values to improve the matctween the selected equations and the measured
data by nonlinear fitting. The parameter valuesraibnlinear fitting are also shown in Table
1. As can be seen, the values of extracted parasrafter nonlinear fitting are very close to

the initial values obtained by the previously déssat parameter-extraction procedure.

l1l. V ERIFICATION BY SPICE SIMULATION

Setting the values of the selected parameters IrfSKET LEVEL 3 model, the simulated
transfer characteristic, output characteristic, gate capacitance are compared with the
measured results of the fabricated HEMT. Figure@yand (b) show that an excellent

agreement between the SPICE simulation and measuatassults is obtained, demonstrating
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that the selected MOSFHIEVEL 3 equations and parameters can be used as the foode

HEMTs in SPICE. In addition, the measured and sateal gate capacitance of the HEMT as

a function of gate voltage is shown in Fig. 5, ihiehh Cgdo andCgso have constant values.

Due to simplicity of this approach and the famitiaof circuit designers with the standard

MOSFET model in SPICE, this approach is ideallyestifor analysis and design of circuits

with HEMTSs.
4 =
Measurement
o  SPICE Simulation
— 3 | V,. =100 mV
<3 DS
E
c
o
527
O
£
fu
Q1 -
0 T r . T )
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 LEVEL =3
Gate Voltage (V) L =15pum
W=770 um
Vto=-22V
(@) 2
KP = 0.65 mA/V
Rd=Rs=7Q
60 - Measurement Phi=2V
o  SPICE Simulation V.=0V Gamma = 0.28 V2

Drain Current (mA)

Drain Voltage (V)

(b)

Fig. 4. Verification of the extracted parameterd #re selected SPICE equations by measured
data: a) transfer HEMT characteristic and b) ouipaMT characteristics.
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Fig. 5. Comparison of the measured and simulaaéel capacitance.

V. CONCLUSION

In this work, a method for using standard MOSFETagpns and parameters for SPICE
simulation of circuits with power HEMTSs is presentd set of MOSFETEVEL 3equations
and parameters is selected and techniques for XtnacBon of the parameter values are
presented. The validity of this approach, includittge proposed parameter-extraction
techniques, is verified by demonstrating an exoelieatch between simulated and measured

transfer characteristic, output characteristicsl, gate capacitance of a representative circular

HEMT.
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7.1. Conclusions

Although GaN-based HEMT was successfully commadsgd| the performance of this
device required more development. For instanceAtBaN/GaN HEMT suffered from a lack
of an accurate method for measuring its electrohilitypin the 2DEG region. Typically, this
issue is attributed to the assumption that thisihpls uniform through the whole channel,
from the source to the drain. However, the HEMTidurre consists of two sections; field-
effect and resistive sections. The mobility of théwo sections needed to be separately
analysed. In addition, there were still severalap@sters, such as the gate voltage and
temperature, whose effects on the mobility of tHdBT needed identifying. Finally, the
performance of the mobility measurement in the tigraent of the HEMT, especially for the

modelling of this device, needed to be known.

In this thesis, a new method for measuring thetelaanobility of the 2DEG underneath the
gate of the power HEMT is proposed. The mobilityaswwement by the new method is
performed by taking into account the possible effexf the gate voltage on the value of
mobility. Also, the new method avoids any errorssed by the resistive sections of the 2DEG.
Applying this method to the fabricated HEMTs shosimilar values for the mobility
underneath and outside the gate.

HEMT is a prominent power device for high-temperatapplications. Therefore, a method
capable of measuring the mobility at temperatutes/a the room temperature is presented.
This method requires only the HEMT sample, andé&sdnot include any assumptions about
the dependence of the mobility on the gate voltéige.experimentally demonstrated that the
electron mobility of 2DEG is independent of theegabltage at various temperatures. In
addition, the mobility reduction caused by incragdhe temperature follows a function with
the power-law coefficient of.25, which is higher than the common phonon-scatjevalue
of this coefficient (1.5).

Increasing the temperature causes a reductioe ivetlne of the mobility. The only scattering
mechanism affecting the mobility at high temperasguis the phonon scattering. However, it
was found that the rate of the mobility drop by theperature for the GaN-based devices is
different from the case where only normal phonaaitscing is involved. It is demonstrated
that this different rate of decrease is becaudbetffective mass of electrons in the 2-DEG

section of the AlGaN/GaN, which is increased byeaasing the temperature. This unexpected
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value of the power coefficient for the GaN-basedides was found in several other papers

and is experimentally confirmed by a mobility measoent method.

The application of the measured mobility for depehg the performance of the HEMT is
investigated. It is shown that the mobility canused for the modelling of the HEMT. SPICE,
which is the most common circuit simulation softejatacks any models for the HEMT.
Therefore, a new model for SPICE simulation ofdineuits is introduced. This model uses the
standard MOSFET LEVEL 3 equations and parametarsifoulation of circuits with the
power HEMTs. The technique to extract the valuthefparameters is explained in detail. In
addition, this model is experimentally verified lapplying it to the fabricated HEMT.
Comparison of the DC and AC simulated and measutetacteristics of the HEMT
demonstrates an excellent agreement between thesést

7.2. Suggestions for future research

Power AlIGaN/GaN HEMT is the newer technology in gamson to the Si, GaAs and SiC-
based power semiconductor devices. Gate leakagentisurface defects, traps, and normally-
ON operation of this device are some of the maimidrs for commercializing the HEMT.
Increasing the temperature makes these undesit@ttsemore prominent. Therefore, taking
into account the effects of the following phenomerita temperature helps to more accurately
understand the behavior of the HMET:

» Gate leakage currents

* Trapping effects

» Designing and fabricating normally-ON HEMTs withaatlucing its parameters

» Variation of the source and the drain resistanads thve temperature

In chapters 4 and 5, the effect of the temperabaréhe electron mobility of the 2DEG
region of the HEMT was analysed in detail. The fetwork can include investigation of the
methods to decrease the gate leakage and trapfiexseat high temperatures. Also the
variations of the source and drain resistances teitiperatures need to be studied.

In chapter 6, a new model for simulating the HEMithvthe SPICE was proposed. The
device fabricated for this purpose was normally-Gbivever, the circuit designers prefer to
use normally-OFF devices. Several structures anggsed for the HEMT to make it normally-
OFF. Furthermore, there is evidence suggestingddstading a MOSFET with the HEMT
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makes the device normally-OFF. However, furthedigtsl are needed to determine which
structure leads to the normally-OFF structure wittaegrading the other characteristics of the

HEMT, such as its breakdown voltage and high pavessity.
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