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Abstract

Achieving higher energy efficiency and more compact size in electronic
devices is the perpetual theme in the power electronics field. In the recent
decade, Ga2O3 has attracted a lot of attention and is deemed to be the next
generation ultra-wide bandgap (UWBG) power semiconductor to revolutionize
the entire field , owing to the high critical strength and hence high Baliga's
figure of merit (BFoM). In this thesis , a record high performance ff-gallium
oxide (/J-Ga2O3) metal-oxide-semiconductor field effect transistor (MOSFET)
with breakdown voltage Vbr= 1975V and on-resistance R an= 520mO·cm2 has
been reported. It has one of the highest power figure of merit (PFoM) among
the recently reported ~2kV devices and marks an important milestone towards
the realization of high performance /J-Ga2O3 MOSFETs. The device used SiO2
as gate dielectric to improve high temperature performance. Therefore, the
properties at SiO2/ Ga2O3 interface, including conduction band offset and
interface state density, are systematically studied here. The spin-on-glass
(SOG) doping technique is used to form a low resistance ohmic contact in the
source and drain electrode, the procedures, conditions , and results in the
experiments are reported as well. For the device, a field plate is used to
improve the breakdown voltage of the Ga2O3 MOSFET. Simulation is
performed to reveal the optimum design for the field plate. The field plated

P-

Ga2O3 MOSFET is fabricated with both SOG source/ drain (S / D) doping

xx

technique and using an S / D ohmic capping layer. The breakdown in the
device is found out to be extrinsic in the device ambient instead of the
avalanching breakdown inside the Ga203 channel, much lower than what's
expected from the simulation. A theory describing the extrinsic breakdown
mechanism is then proposed to explain the breakdown data.
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Chapter 1
Introduction

The past decade has seen a rapid development of Ga 2 0

3

(gallium oxide)

crystal growth and device technology. The first Ga 2 0 3 transistor demonstrated
by Higashiwaki et al. in 2012 showed promising switching characteristics [1] ,
which jump-started the collective pursuit for the ever-increasing performance
in the Ga 2 0 3 transistor. To many's surprises, the ohmic contact to a highly
doped Ga 2 0 3 substrate is fairly easy to obtain compared to other oxide
semiconductors. The doping technique is similar to that of GaN. Both
contributing to the fast developing pace of Ga 2 0 3 transistors. Owing to its
intrinsic large bandgap of ~4.8e V and the potential high breakdown electric
field strength, more researchers are turning their eyes to this 'new' and
interesting semiconductor, meanwhile realizing more problems and challenges
in the way. With much hope and excitement , Ga 2 0

3

has been categorized as

the fourth or next-generation power semiconductor, along with several other
ultra-wide-bandgap semiconductors, having the potential to revolutionize
power semiconductor industry. In Dr. Higashiwaki and Dr. Jessen's words , we
are looking at the 'dawn of gallium oxide microelectronics' [2].
In this introduction chapter, the fundamentals of Ga 2 0 3 and power

1

CHAPTER 1. INTRODUCTION
semiconductor applications will be covered. The related research will be
reviewed, laying out the background for this work. The content of the entire
thesis will be outlined in the end.

1.1

Ga203 and Ultra-Wide-Bandgap (UWBG) Semiconductors
UWBG semiconductors are a group of semiconductors that have very

wide bandgaps, usually wider than 3.4eV of GaN (gallium nitride) [3] , thus
are transparent in appearance with a slight tint of other colors depending on
the impurities or dopants in the material. The ultra-wide bandgap is
especially desirable in power switching applications as the Baliga's figure-of
merit scales exponentially with the bandgap. The Baliga's figure-of-merit ,
sometimes referred as power-electronic figure-of-merit is named after Dr. B.
Jayant Baliga, indicates how suitable it is for a semiconductor to be used in
power electronics applications in terms of power loss [4]. This is expressed as
(1.1)
where

£

is the dielectric constant, µ is the mobility and E br is the breakdown

field strength of the semiconductor. Because E br in turn scales roughly as the
square of the bandgap of semiconductor Eg, the BFoM actually scales
approximately as the sixth power of Eg. Compared to 3.4 e V in GaN , the 4.8
eV Eg of Ga 2 O 3 has an increase of 4.8/ 3.4= 1.4 folds and the BFoM has a
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Table I. BFoM and related properties of Ga 2 O 3 and other semiconductors
Si

4H-SiC

GaN

/J-Ga2O3

11.8

9.7

9.0

10

E lectron Mobility µ (cm2V-1s- 1 )

1,400

1,000

1,200

200-300

Bandgap Eg (eV)

I.I

3.3

3.4

4.5-4.9

Breakdown field Ebr (MV/ cm)

0. 3

2.5

3.3

7-8*

BFoM

1

340

870

2,000-3,400

BHFFoM [5]

1

46 .3

100.8

142.2

Dielectric Constant

*Breakdown

£

field for Ga2 0 3 is empirically

predicted , not measured , t hus could be

potentially higher t han 8 MV/ cm [3].

boost of 1.46;:::; 8 t imes. T able I shows t he BFoM for Ga 2O 3 against several
commonly seen wide b andgap (WBG) semiconductors. Figure 1. 1 shows a plot
of constant BFoM line wit h specific on-resistance

R oN

against breakdown

voltage ½r- In t he figure, /J-Ga 2 O 3 , AlN , diamond, and c-BN , all

,.-
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F ig. I.I. Contours of constant BFoM for several W B G semiconductors. T he right
bottom corner is t he desired location where on-resistance is minimum and
breakdown voltage is maximized.
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wit h higher t ha n 3.4 eV b andgap , are t he next- generation UWB G
semiconductors. Out of all t hese UWBG semiconductor s, Ga 2 O 3 stands out
due to its good bulk substrate availability , which has t he potent ial to lower
t he final product price, m aking it much more realistic and competit ive in t he

-

200mm

Silicon
SiC
B
Ga203
Diamond
AIN

Source: Yole Dbeloppement

6"

4"

2"
I"

0

1950

1960

1970

1980

1990

2000

2010

2020

Fig . 1. 2. Bulk wafer diam eter scaling speed of various semicon d u ctor m aterials .
The scale up sp eed of G a 2O 3 (sh own in green ) is t he fastest while diam ond
(sh own in light gray) is t h e slowest . (Source : Y ole Developpmen t)

m arket. Usually , t he wider t he b andgap becomes for a m aterial, t he harder it
gets to grow bulk in terms of size and quality. However , for Ga 2 O 3 , t he speed
of bulk wafer size scaling is much faster compared to other UWBG
semiconductors as shown in Fig. 1.2. The fast development progress of Ga 2 O 3
substrate is one of t he prime stimuli and foundation for t he rapid device
research effort. Single-crystal Ga 2 O 3 bulk has been grown by various bulk
growth methods including Czochralski [6], [7], t he floating-zone (FZ) [8], [9]and
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Fig. 1.3. Photography of 4-inch wafer produced by EFG method in different
orientations.

the edge-defined film-fed growth (EFG) method [10]-[12]. To date, the EFG
method has been proved to be the most advantageous bulk growth method for
/J-Ga 2 0 3 regarding bulk size[13], producing 4"- diameter high-quality singlecrystal wafer in multiple orientations as shown in Fig. 1.3 [10], [13], making
Ga 2 0 3 the largest bandgap material with a bulk wafer 2:4". Meanwhile, all
other UWBG semiconductor materials suffer from poor bulk crystal
availability and quality. The dislocation density in the EFG grown bulk
Ga 2 0 3 is measured to be on the order of 103 /cm and the half-maximum peak
width of the x-ray diffraction rocking curve (XRC) measured to be only 17
arcsec [10], comparable to the best values in GaN. Moreover, Ga 2 0 3 is the
only wide bandgap material that can be grown by a melt-growth method such
as EFG, in contrast to the more demanding methods such as sublimation,
5
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vapor phase epitaxy and high-pressure synthesis used in SiC (Silicon Carbide)
and GaN [13]. The high-quality bulk also enabled the growth of high-quality
epitaxy layer on top. In fact, the technology of bulk Ga 2 0 3 substrate is so
mature that researchers are experimenting with growing other materials such
as GaN layer on a Ga 20 3 substrate. Highly quality epitaxy layer of Ga 2 0 3 can
be grown by MBE and HYPE with various shallow donors. The conductivity
can be modulated by growth condition within the order of 10 15 [2] with
unintentional doping as low as lxl0 13 /cm 2 for HYPE [14] and lx10 16 /cm 2 for
ozone-MBE [15]. All these advantages together painted a promising roadmap
for the development of Ga 2 0 3 based semiconductor devices, especially for
power switching applications.

1.2

Power Switching Applications
The large bandgap of Ga 2 0 3 is especially of interest for power switching

applications, where high current and voltage operation is required. For
example, in electric vehicles, one of the key parts of the electric power train
control system is the main inverter which converts DC from battery to high
power AC and output to the load motor. The voltage is usually around 200600Y, an illustration of such part is shown in Fig. 1.4. In such a system, the
power loss needs to be minimized and the size of the inverter is desired to be
as small as possible to increase the energy efficiency. The size of the inverter
system is usually dominated by the passive component such as filtering
capacitors and inductors and the cooling components. By using a MOSFET
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+

L1

01

+
DC
Output

Cl

(a)

Load

1voor> v,N

Square wave

driving switch

Switch

A view inside the power
electronics box enhanced
by GE's SiC technology

(1) (2) (3)

(3)

Power MOSFET

Fig. 1.4. (a) shows a circuit diagram of a typical boost converter in which the
MOSFET is the main switching component. (b) is an illustration inside the
electric vehicle power electronics box by General Electric, which encloses the
main inverter. The six SiC MOSFET dies are shown in the brown packaging
board. The illustration on the right shows a discrete packaged SiC power
MOSFET and its electric symbol. According to IHS , more than 70% of the
revenue is generated by integrated SiC modules sales and the rest by discrete
device sales.
instead of an alternative IGBT and operating at a much higher frequency , the
size of passive components can be drastically reduced. The cooling demand,
also determined by the power loss , can be alleviated by reducing on-resistance
of the semiconductor device. During the operation, the majority of the power
loss comes from the conduction loss when the device is on and conducting
current, thus making a low on-resistance in the device paramount for both
size and efficiency. Therefore, the BFoM is also purely derived based on the
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minimization of the Ran• The Ran, derived by assuming a I-dimensional abrupt
junction in a diode, is expressed as [4]:

R
on-

where

Vir is the breakdown voltage,

E:

4V: 2
br
E3'

&µ

(1.2)

br

is the dielectric constant, µ is the

mobility and Ebr is the breakdown field strength of the semiconductor. It is
shown in the Eq. (2) that using a material with higher Ebr will lower the Ran
exponentially. This is because, with higher Ehr, the depletion/drift region
width required to maintain the same

Vir will be lower, thus making the

resistance in the current path lower. The Ebr roughly scales as the square of

Eg. Theoretically, the Ran of Ga 2 O 3 transistor is much lower compared to SiC
and GaN giving the same voltage rating, which enables significant
improvement in performance.
Besides the conduction loss from R

0

n,

a small percentage of power loss

comes from the switching phase, when the voltage/current simultaneously
changing from high/low to low/high or vice versa. Because of the finite speed
of switching, there will be an interval where both voltage and current is high,
the product of the two is called switching loss. This switching loss in one cycle
is contributed by R

0

n and

input capacitance

Gin- Cn

is associated with

depletion/drift region width which is thinner for Ga 2 O 3 , thus the higher

Cn

partially counters the optimization from Ram making the high-frequency
switching of Ga 2 O 3 less attractive than low-frequency switching (as
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Fig. 1.5. Power loss of power semiconductor devices vs. BHFFoM at different
frequencies. The different curves on the graph signal different frequency with the
lowest power loss curve at 1MHz [4].
shown in Table. I- BHFFoM- Baliga's High Frequency Figure of Merit , which
characterizes the switching loss). But the same is valid for all WBG
semiconductors. Also, the higher the frequency , the higher the switching loss
will be, simply due to the more number of switching cycles. Fig. 1.5 shows the
switching loss vs. BHFFoM in different frequencies [4].
Whenever high power electric flow and control is needed, the power
semiconductor device is necessary. The power electronics system mainly
consists of a power converter such as the inverter shown in Fig. 1.4,
modulates the form and amplitude of the voltage/ current to satisfy various
needs. Switching is the core functionality in the converter and can only be
performed by a 3-terminal semiconductor switching devices. There are mainly
four categories of 3-terminal switching devices: MOSFET with highest
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0. 1 G Hz

1.0GHz

10 G Hz

100GHz

Fig. 1.6. Application areas of various semiconductor technology in terms of power
vs. operation frequency. Above lkW application is not possible before Ga 2O 3 • [5]

operating frequency but lowest power rating (usually :S lkW); IGBT
(Insulated-gate Bipolar Transistor) operating below 100 kHz but capable of
handling power up to lOkW; the less known GTO (Gate Turn-off Thyristor)
and the Thyristor with below 1 kHz operating frequency and 10-100 MW
power capacity usually seen in electric power grids. With Ga 2 O 3 , the power
MOSFET now have a chance of maintain its high operating frequency while
pushing the power capacity up to lOkW, replacing the functionality of IGBT
and opening up new areas of application where ultra-high power and
frequency operation is needed (shown in Fig. 1.6 [5]).
The majority of the revenue nowadays in the power electronics market
is generated by applications with voltage less than 1.7kV , according to Y ole
Development , with the strongest growth rate in 1.2kV -1.7kV application
range. In this application section, more than 75% of the sale is done on the
product in the form of power modules. Out of that, electric vehicles ,
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photovoltaic inverter and motor drives take up to 90% of the entire share. It
is estimated that the global power semiconductor market excluding power ICs
will exceed $30 billion dollars in 2025. With the control of power being more
and more important in the future , the demand for high power , high efficiency,
and super compact power electronics system will only increase. Although
silicon still dominates the market now, UWBG semiconductors especially
Ga 2 0 3 , as the next-generation power semiconductors with their superior
performance, will likely become the mainstream in the future and exert broad
economic impacts over various sectors of the industry and people's daily life.

In addition to applications in the power electronics industry, Ga 2 0 3
transistors can also find its application in smart power grid integration,
military such as high-power radar , extreme environments such as high
pressure/ temperature/ radiation environments where Si device fails and
optoelectronics industry as UV LED and solar blind photo-detectors.

1.3

A Review of Related Research
The first demonstration of Ga 2 0 3 transistor is published at 2012 by

Dr.Higashiwaki from NICT, Japan [1], showing a MESFET (metalsemiconductor field-effect transistors) with nice switching characteristics. Sndoped MBE (molecular-beam epitaxy) epi layer on an Mg-doped semiinsulating substrate is first used as the active channel layer with n-type
conductivity. The MESFET achieved a drain output current Id of 15 mA at

Vgs- +2V and a Vir of 257 Vat Vgs- -30V. Because no gate dielectric is used
11
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in the device, the gate leakage is high especially in the forward bias region. As
a result, the on/ off ratio is only 104 •
In this paper, the high BFoM in Ga 2 O 3 is first brought to light as being

four times higher than that of GaN. The Ehr of Ga 2 O 3 , also interpolated from
an Ehr vs. Eg plot of several other extensively researched WBG materials,
comes out to be 8 MV/ cm. In addition, a few key fabrication processing
techniques are introduced that are used heavily in the following research and
also in this work regarding the ohmic contact to Ga 2 O 3 • Ti/ Au contact is first
used to make ohmic contact to Ga 2 O 3 due to the low work function and
superb adhesion of Ti. A BCh and Ar based RIE (reactive ion etch) is used to
change the surface property of Ga 2 O 3 surface in favor of ohmic contact, the
contact with this RIE treatment measures much higher current and exhibits
very linear IV relationship compared to the one without. This paper has
paved way for Ga 2 O 3 to become the next star in power semiconductor
research.
In 2013, the same group published the first Ga 2 O 3 MOSFET (metal-

oxide-semiconductor field-effect transistors) with an AbO 3 gate dielectric [16].
Benefitting from the high dielectric constant of Al 2 O 3 , the gate modulation
effectivity is significantly improved and the gate leakage current is reduced.
An on/ off ratio of 10 10 is achieved with an on-state drain current of 39
mA/ mm for Vgs= +4V and a ½r of 370 Vat Vgs= -20V (as shown in Fig.
1.7) , both a huge advance from the previous report. The temperature stability
of the MOSFET is also reported, the switching characteristic is maintained up
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Fig. 1. 7. (a) shows the cross-section schematic view of the Ga 2 0 3 MOSFET with
a 20nm Ab0 3 gate oxide. (b) is the top view optical image of the fabricated
device. (c) shows the output IV characteristic of the device.

to 250°C with an acceptable degradation in drain leakage current and on/off
ratio. This the first experimental indication of the great potential of Ga 2 0 3 for
high-temperature environments owing to its large Eg. Also, the postmetallization-annealing of Ti/ Au contact at 470°C for 1 minute is first proven
to be an effective method to improve source/drain contact current and
linearity. This method turned out to be the most widely used technique
regarding forming an ohmic contact in the subsequent literature.
One of the most fundamental techniques to improve ½r is by using
field-plate in the gate oxide structure. The field-plate oxide is usually much
thicker than the gate oxide, thus it is necessary to form a trench in the oxide
stack to modulate the gate. By extending the gate electrode to the top of
field-plate oxide, much closer to the drain electrode, the electric field in the
semiconductor channel can be redistributed (evened out) and significantly
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Fig. 1.8. (a) left shows the cross-section schematic view of the field-plated Ga 2 O 3
MOSFET. (b) left is the top view optical image of the fabricated device. (a) right
and (b) right show the output IV and the breakdown characteristic of the device.

decreased.
Wong et al. from NICT reported the first field-plated Ga 2 0 3 MOSFET
in 2016 (structure shown in Fig. 1.8)with the then record

Vir of 755 V [17],

which has been the record for more than two years. The Si+ ion-implanted n+
regions under the source and drain are first used to improve the output
current to approximately 80 mA/mm. The gate-drain spacing
which is one of the main parameters determining the
the higher

Lgd

is 15 µm,

Vir - the bigger

Lgd

is,

Vir is. The drain-extension of the gate electrode on top of the field
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plate oxide

LFP,D

is determined to be 2.5 µm, where the simulation shows peak

electric field at gate edge saturates beyond
On the other hand, if

L gd

LFP,D

= 3 µm.

is minimized in a lateral structure MOSFET ,

the average breakdown field can be pushed towards the upper limit of the E hr
Later in 2016, Green et al. from AFRL (air force research laboratory)
reported a high 3.8 MV/ cm average breakdown field in Ga 2 O 3 with an

L gd

of

0.8 µm , exceeding the theoretical limits of GaN and SiC. The maximum field
from the simulation is 5.3 MV/ cm. This is a major milestone towards the
realization of ultra-high power and efficiency Ga 2 O 3 MOSFET.
Vertical power MOSFET- the holy grail for the power transistors has
long been the goal for many researchers. With vertical MOSFET structure,
while maintaining the

L gd,

the resistance between this large distances can be

drastically reduced due to the ample current spreading space. In addition,
large

L gd

can be scaled vertically instead of laterally, reducing the device size

for same voltage rating and increase power density. But due to the ineffective
current blocking layer in Ga 2 O 3 regardless of many trials [18], [19], the
transistor characteristics is far from ideal. On/ off ratio, subthreshold swing
and transconductance suffer a lot from the huge off-state drain leakage
current. In 2018, Hu et al. from Cornell University bypassed this problem by
using a tall fin of Ga 2 O 3 as channel (shown in Fig. 1.9) and modulate the
conductivity from two sides [20], measuring a
expected

Vir is

Vir of 1057 V.

The lower than

caused by the field crowing introduced by the fin structure at
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Fig. 1. 9. shows (a) the cross-section schematic view and (b) the SEM image of
the Ga 2 O 3 vertical FinFET.

the fin foot corner. The realization of high power vertical Ga 2 O 3 MOSFET is
one of the hottest ongoing pursuits in the field.
Simultaneously, researchers have been exploring the special 2D-like
behavior of the Ga 2 O 3 crystal. Due to the quasi-2D nature of the Ga 2 O 3
crystal, thin-flakes or nano-belts of Ga 2 O 3 can be mechanically exfoliated with
tape similar to the method used to produce graphene. Hwang et al. from
University of Notre Dame first demonstrated Ga 2 O 3 nano-belt FET with
breakdown more than 70 V which is a big increase compared to MoS 2 FET on
the same platform with

Vir of 10-15 V.

The exfoliated Ga 2 O 3 is transferred

onto a thick SiO 2 layer on a p-type silicon substrate, forming a back gate
structure with a small source-to-drain distance Lsd of 3 µm. However, the
device suffers from a high on-resistance, thus measures a low current about
only 1 µA. The extremely high on-resistance is likely due to the big contact
resistance and the depletion of the thin channel layer of the Ga 2 O 3 nano-belt.
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Fig. 1.10. (a) top shows the cross-section schematic view of the Ga 2 O 3 n ano-belt
FET. (b) top is the top view optical image of the fabricated device. (a) and (b)
at bottom show the output IV and transfer characteristic of the device.

The nano-belt FET although is not a scalable and practical model, it is a
cheap and easy way to study the transport and characteristics of the device.
By using a similar method, Zhou et al. from Purdue University have
achieved a record current of 600 mA/ mm in early 2017. The huge boost of
current comes from a combined effect of a higher doping of 2. 7x 1018 / cm3,
better contact and a smaller Lsd of 0.9 µm. The record was quickly refreshed
by the same group later that year to a high 1.5 A / mm ( device shown in Fig.
1.10) , which is comparable to the drive current from GaN HEMT. The doping
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is further increased to 8. 0 x 1018 / cm3 and it is also reported that the higher
doping has reduced the contact resistance much further. In addition, the huge
increase also benefited from the even smaller Lsd of 0.3 µm and partially from
the high saturation velocity

Vsat=

2Xl0 7 cm/ s [5]. The

Vir

measured in both

devices are lower than lateral devices due to the overlapping of gate-drain
electrode. Nevertheless, these reports have shown the potential of Ga 2 O 3 in
high-current and high-frequency applications.
The first RF (radio frequency) Ga 2 O 3 MOSFET is published mid-2017
by Green et al. from AFRL. A promising current gain cut-off frequency fr of
3.3 GHz is measured with a high output current of 150 mA / mm and
transconductance of 21.2 mS / mm. The high transconductance and gain are
achieved by using a high doping of 1.0xl018 / cm3 in the channel and a small
gate length Lg of 1.6 µm, as well as the low contact resistance, benefited from
the highly doped ohmic capping layer in source and drain region.
In addition, alloyed (AlxGa 1_x)2O 3 is developed and grown in MBE [21]-

[23] on Ga 2 O 3 substrate, similar to the AlGaN in GaN technology. Modulation
doping at the (AlxGa 1_x)2O 3 / Ga 2 O 3 interface has been confirmed with multiple
demonstrations of transistors [24], [25] in the hope of achieving much higher
mobility than in conventional devices. However, this is not the case since
mobility in Ga 2 O 3 is severelly suppressed by another mechanism, which will be
discussed in Chapter 2.
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1.4

This Work
In this thesis, our experimental work on high voltage Ga 2 O 3 MOSFET

will be discussed. The second chapter gives a brief introduction about the
material property of the Ga 2 O 3 , as well as a summary of the pros and cons in
the properties, to pave the way for discussion in later chapters. The
potentially peculiar breakdown mechanism is introduced in 2.4. In chapter
three, the band-alignment of SiO2/ Ga 2 O 3 interface will be discussed. The
various measurement techniques and the corresponding results of the interface
state density will also be included. For each technique , the detailed operation
procedure and precautions are described. The fourth chapter will focus on the
spin-on-glass doping technology, which is used to reduce contact resistance
and increase the on-current. The progress on the ohmic contact to the Ga 2 O 3
substrate is also reviewed for comparison.
Finally, the design, fabrication , and characterization of the high
voltage Ga 2O 3 MOSFETs in various stages of the research are discussed in
chapter five. The composite-field-plated Ga 2 O 3 MOSFET with 1975V
breakdown voltage will be presented. The processing techniques used for
Ga 2 O 3 are described as well as the process flow. The significance and
implication of the results for future research are also explained.
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Chapter 2
Material Property of P-Ga203

Ga 2 O 3 have five crystalline phases, namely a,

/3, y, i5 and c:-Ga 2O 3 •

Out of

all possible phases, /J-Ga 2 O 3 is the only thermally stable phase up to 1800°C
[1] , thus is used in almost all the ongoing device research. Therefore, all the

melt-growth produced bulk crystal is in this /J-Ga 2 O 3 form due to the high
temperature involved in the process. Other phases of Ga 2 O 3 can be obtained
by varying the temperature and substrate orientation during the epitaxy
growth, but will all transform into

/3 phase at

elevated temperature. In this

chapter, the material properties important to the performance of /J-Ga 2 O 3
power MOSFET will be discussed in detail.

2.1

Crystal and Band Structure
The unit cell of single crystal /J-Ga 2 O 3 is monoclinic and highly

anisotropic as shown in Fig. 2.l(a). The largest interatomic separation
appears along a axis, which is about 2-4 times higher than that along b and c
axis. The highly asymmetric crystal structure gives rise to 30 phonon
vibration modes in a 10 atoms primitive cell [2]. As a result , the mechanical,
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F ig. 2.1. (a) Crystal structure of /J-Ga 2 O 3 and t he lattice constants along different
axis. (b) Band structure of /J- Ga 2 O 3 wit h an Eg of 4.86 eV.

opt ical a nd electrical propert ies of G a 2 O 3 exhibit big dispersion wit h various
crystal orientations. Most prominent ly, t he opt ical b andgap Eg measures
different ly from different crystal directions, varying from 4.5 e V ( along c axis)
to 4.9 eV (along b axis) as shown in Fig. 2.2 [3]. This is because t he opt ical
polarization of t he light used to probe t he crystal is varying along different
directions and t hey interact different ly wit h t he phonon modes [4]. Note t hat
electrical b andgap might be different from opt ical b andgap s. Moreover , t he
t hermal conductivity in (010) direction is 2.5 t imes higher t ha n t hat in (100)
direction . A recent t heoretical study also shows t hat t he breakdown field Ebr
along a axis (10.2 MV/cm ) is also much higher t ha n t hat along t he other
directions [5] , surprisingly even higher t ha n t he empirically predicted 8
MV/ cm . The a nisotropy in crystal also makes t he exfoliation of 2D flakes by
tape possible because of t he weak bond for ce along a d irection , enabling a
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host of research and applications based on /J-Ga 2 O 3 nanobelt. It is also because
of this layered structure observed in Ga 2 O 3 that it is being called a quasi-2D
material even though it is not a van der Waals material. However, the
effective mass and mobility do not show much dispersion regarding crystal
direction.
The band structure, calculated from DFT (density function theory), is
shown in Fig. 2.1 (b). The bandgap is ~4.86 e V , making Ga 2 O 3 transparent to
the entire visible spectrum and its absorption/ emission edge well into the
DVU (deep ultra-violet) region. This opens up an entire spectrum of optical
applications in DUV and longer wavelength regime. According to the DFT,
the CBM (conduction band minimum) is associated with hybridized Ga-sand
O-p states and VBM (valence band maximum) with the O 2p states.
Although the fundamental bandgap is indirect, the direct transition only takes
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29 meV more energy, making the bandgap appear direct under a slightly
higher carrier density and temperature [4]. The calculated band curvature at
CBM is significant, giving an isotropic electron effective mass of 0.28- 0.34m0
[6],[7]. On the other side, It can be seen that the valence band is extremely
flat, which gives a massive hole effective mass and low hole mobility. It's
predicted that the holes in Ga 2 0 3 are immobile and will form localized hole
traps once generated [8]. It also poses a big problem for realizing p-type
conductivity in Ga 2 0 3 , which is predicted to be unlikely [8]. One experimental
report on /J-Ga 2 0 3 solar-blind photodetector suggested the existence of selftrapped holes , which enhanced the photoconductive gain [9].
The bandgap of Ga 2 0 3 can be altered by incorporating high content
(2:3%) of other elements to replace Ga sites while maintaining the C2/ m space
group crystal structure. For example, adding Tungsten and Iron narrows the
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bandgap [10], [11], while incorporating Aluminum and Magnesium widens the
bandgap [12], [13](shown in Fig. 2.3). The difference in the bandgap value can
be utilized as a barrier for electron confinement as well as for optical
emission/absorption tuning. Device quality (AlxGa 1_xhO 3 films were
successfully deposited by PLD (pulsed laser deposition) and MBE [14], 2D
electron charge is observed at (AlxGa 1_x) 2 O 3 /Ga 2 O 3 interface [15], [16]. Because
the closely matched lattice between ( AlxGa 1_xhO 3 and Ga 2 O 3 , giving a high
quality interface and effective electron confinement, RF application of Ga 2 O 3
transistors becomes a possibility.
In addition to alloyed doping in /J-Ga 2 O 3 , a recent theoretical study

suggests that reducing the dimension of /J-Ga 2 O 3 material will also have a
significant impact on its bandgap and electrical properties [17]. It is predicted
with DFT (density function theory) calculations that H-passivated /J-Ga 2 O 3
monolayer and bilayer nanobelt show larger indirect bandgaps of 6.42 and
5.54 eV, respectively. In addition, by applying uniaxial strain to the 2D
nanobelt of /J-Ga 2 O 3 , the bandgap variation and indirect-to-direct bandgap
type transition can be induced. This theoretical study provides an interesting
design path for /J-Ga 2 O 3 nanobelt and flexible electronics.

2.2

Dopants and their Properties
The intrinsic Ga 2 O 3 is a good insulator with extremely low intrinsic

carrier density. However , impurities are unavoidable. Even the purest /J-Ga 2 O 3
27
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single crystal grown by EFG method gives a background impurity of carbon,
hydrogen , silicon, iridium and chlorine exceeding 10 16 atoms/cm3 • These
impurities usually come from the growth environments and their
concentration are affected by growth conditions. For example, hydrogen and
silicon from the melting source material, as hydrogen is the most abundant
element in the universe and silicon is added in the source powder. These
impurities take various energy levels in the middle or at the edge of the
bandgap , exhibiting various luminescent in the Ga 2 O 3 crystal. For example,
the green emission from the presence of Cr[18], Be, Ge, Sn, Li, Zr, and Si [19]
and yellow-ish emission from Mg, Al and Ce doped bulk crystal [20], [18].
Note that the blue and UV emission is attributed to the combination of free
carrier and self-trapped holes , and is impurity independent [21]. The Si
impurity becomes unintentional n-type doping by donating an electron to the
conduction band. The defects in Ga 2 O 3 can also contribute to the
unintentional doping, some researchers have suggested the oxygen vacancy as
donors , often contribute to the unintentional doping in low Si substrate.
One of the earliest used n-type dopants is Sn. In the EFG growth
method, different ratios of SnO 2 powder are added to the Ga 2 O 3 powder and
melted together in the furnace. The ratio of added SnO 2 powder determines
the doping density as shown in Fig. 2.4. A high temperature annealing in
either N 2 or 0 2 is performed after the growth to study its effect on the doping
density. It is reported that the annealing conditions, such as time,
temperature and ambients (N 2 or 0 2 ), drastically affect the effective carrier
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density in the bulk after growth. Many factors including the generation of
defects and diffusion of species contribute to the change. It is also reported
that extremely high temperature annealing 2: 1100°C in N 2 ambient introduce
oxygen vacancies which are n-type dopants [22] . The high temperature is
probably associated with the high ionization energy (2: leV) [23] of the oxygen
vacancies. Silicon dopant can also be intentionally incorporated in the same
fashion for n-type doping. It is reported that by the floating zone method, the
resistivity can be controlled within 10-2- 102 0 /cm with a doping density
ranging from 10 16- 1018 /cm 3 (as shown in Fig. 2.5). A recent study has
demonstrated similar n-type conductivity with Nd as dopant with optical
floating zone method [24]. The doping density and conductivity modulation
range is similar to that of Si doping. Nevertheless, Si content is usually the
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domina nt residue in t he UID (unintent ional doped ) sample t hat gives t he
uncont rolled n-type conductivity.
The b ackground n-type doping can be neutralized by adding F e or Mg
doping in t he mid to high 1018 / cm 3 range during t he bulk growth [25], [3],
which m akes t he bulk substrate semi-insulating. The activation energy level of
F e is calculated to be lying about 780 -860 meV below CBM [22],[23], acting
as deep acceptors, trapping t he electrons from t he unintent ional doping. The
activation energy of Mg determined by van der P a uw measurements is 1.1 eV,
also m aking it a deep trap . The semi-insulating substrate is essent ial for t he
effective modulation of conductivity and realization of various electronic
devices, such as M O SF E T s a nd photodetectors. The F e-doped semi-insulating
/J-Ga 2 O 3 substrate is now commercially available from Novel Crystal
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Technology, with resistivity more than 10 10 0 /cm. Other dopants , such as Zr,
Cu, Cr have been added to the bulk for optical and magnetic study, either for
bandgap engineering or adding other energy levels within the bandgap to
create longer wavelength absorption/emission peaks [3].

In epi layer , the same n-type dopants can be added during MBE,
HVPE or MOCVD growth. Sn, Si and Ge have been experimentally and
theoretically verified as shallow donors in /J-Ga 2 0 3 with an activation energy
of ~30 meV for Si and Ge [27] and 60-80 meV for Sn [25]. Given good growth
quality, at room temperature, almost all the dopants are ionized, giving a
carrier density similar to the doping density (shown in Fig. 2.6).
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One of t he m ajor disadva ntages of bulk Ga 2 O 3 is t he lack of p-type
doping despite m a ny efforts. Resear cher s have t ried to use Mg and N as ptype dop a nt as predicted by t heory, but it only lower s t he conductivity
wit hout showing a ny signs of p-type conductivity [28]. This is likely due to
t he m assive hole effective m ass evident from t he ext remely flat VBM,
indicating hole self-trapping t hat's common in oxide semiconductors. W it hout
p-type doping, t he forming of current b arrier in M O SFET can be a challenge
t hat might hinder t he development of /J-Ga 2 O 3 power semiconductor devices.
The measured electron mobility in bulk and epi films of /J-Ga 2 O 3 at
room temperature is about 10-130 cm 2 /(V·s) (shown in Fig. 2.7(a)), which is
much lower compared to G aN at roughly 1000 cm 2 / (V · s) . It is also largely
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independent of dopant species. By using ab jnjtjo calculations, Ghosh et al.
found that the low electron mobility at room temperature is mainly limited by
the 21meV polar optical phonon mode in /J-Ga 2 0 3 [29]. The theory agrees well
with experimental data (Fig. 2.7(b)). It is reported that at room temperature,
the electron mobility is limited below 220 cm2 /(V ·s) by polar optical phonon
scattering at doping density of 2xl0 18 /cm 3 • At higher doping density
2:1Xl0 17 /cm 3, the electron mobility decreases due to impurity scattering. And
as the temperature decrease, background impurity scattering and interface
roughness scattering will become dominant as reported in [15]. A high electron

hetero-structure FET at a low 50K temperature, where interface roughness
scattering is the dominant limiting factor for mobility. Although 8 doping
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technique similar to that in GaN technology is used here, the mobility
constraint set by the low energy phonon scattering is still in effect at room
and higher temperature. Su et al. recently published a theoretical study based
on DFT that predicted 20- 160 times higher anisotropic electron mobility in
2D monolayer and bilayer /J-Ga 2 0 3 nanobelts [17] (shown in Fig. 2.8) ,
possibly due to the reduction of polar optical phonon scattering in the bulk. It
is interesting to note that the reported hole effective mass ratio in monolayer
Ga 2 0 3 is 3.11 , only a few times higher than monolayer GaN.
The saturation velocity in /J-Ga 2 0 3 also calculated by Ghosh et al. with
a combination of ab jnjtjo and Monte Carlo calculation techniques is
predicted to saturate at 2x10 7 cm/ s in a field of 200kV / cm, comparable to the
number in GaN. This is one of the drivers for high-frequency power transistor
applications of Ga 2 0 3 since the Johnson's (high frequency) figure of merit is
dependent only upon saturation velocity and breakdown field strength of the
material.
A recent high-field theoretical study published by Ghosh and Singisetti
revealed interesting anisotropic breakdown fields in /J-Ga 2 0 3 [5]. It is reported
that Ehr in a axis is 10.2 MV/ cm, which much higher than empirically
predicted 8MV/ cm, while Ehr in band c axis are 4.8 and 7.6 MV/ cm. This big
dispersion of Ehr versus the crystal direction fundamentally stems from the
anisotropicity of crystal structure described in section 2.1. The authors,
therefore, suggested that the electron transport along a axis is more favorable
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for high power applications as it provides the highest BFoM. In /J-Ga 2 O 3 ,
another interesting aspect is the immobility of the holes. In impact ionization
breakdown, the electron-hole pairs are generated and multiplied thus creating
avalanching. However , the holes in Ga 2 O 3 has massive effective mass and
hardly moves. It is been suspected that the hole will become localized
positively charged traps once generated, potentially having a huge impact on
the intrinsic breakdown characteristics of /J-Ga 2 O 3 • The problem of massive
hole effective mass is not studied before, nor does it exist in any commonly
studies semiconductors. It might require new physics to shine more light on
this matter. In addition, Tsao et al. have pointed out that as WBG
semiconductor having higher and higher bandgap, the electron affinity gets
comparably smaller. This implies that the electron needs to have more energy
than affinity to get impact ionized, before which the electron is already free

[30].
The low thermal conductivity is another big drawback of /J-Ga 2 O 3 and
is mainly attributed to the strong acoustic phonon scattering [31]. The
thermal conductivity is also highly anisotropic and almost independent of
doping properties as shown in Fig. 2.9 [32] . The room temperature value
ranges from lowest 10. 9 W / m ·K in [100] direction to the highest 27 W / m · K
in [010] direction. These values are much lower than that of GaN, which is
roughly 210 W / m·K at room temperature. However , with a larger bandgap in
/J-Ga 2 O 3 , it should withstand higher operation temperature without any
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significant degradation of device performance. Careful structure and thermal
design need to be implemented to mitigate this problem.
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Chapter 3
Interface Properties between Si02 and Ga203

In a metal-oxide-semiconductor field effect transistor (MOSFET), the

oxide-semiconductor ( OS) interface plays a major role in affecting the device
performance. The choice of gate dielectric oxide directly determines the
conduction band-off (CBO) set at the OS interface. For MOSFET to work
properly, CBO has to be a positive value to form an effective barrier. This
criterion eliminates many oxide candidates for Ga 2 O 3 MOSFET application,
due to the already large bandgap of Ga 2 O 3 • The dielectric usually needs to
have much wider bandgap than Ga 2 O 3 • Commonly used oxides for /J-Ga 2 O 3
reported before including AhO 3 , SiO 2, and HfO 2 , ranked by the popularity.
AhO 3 is the most popular choice, due to the maturity and good availability,
high quality oxide film and interface can be deposited with relative ease. It
also has a decent dielectric constant and a moderate CBO. HfO 2 is a more
exotic oxide with a very high dielectric constant and low CBO.
In this chapter, we present the first report and study on SiO 2 as gate

oxide for /J-Ga 2 O 3 MOSFET. Although SiO 2 has a lower dielectric constant
which is not desirable in MOSFETs. The CBO turned out to be the biggest
value ever reported. This means more positive bias can be applied to the gate,
potentially cancels some of the disadvantages from a lower dielectric constant.
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3

In addition, the high CBO enables ultra-low gate leakage current during the
operation, under high voltage and temperature stress, potentially making the
device more reliable under those circumstances. Especially for high
temperature and extreme environment applications. However, for this to
happen, the interface property between Si0 2 and Ga 2 0

3

has to be studied.

Mainly the interface defects, including interface and border traps or states.
Sometimes, oxide trapped and mobile charges can also have detrimental
effects on the device performance. However, they are mostly affected by the
material property that can be mitigated with optimizing oxide deposition
conditions. Interface properties, on the other hand, sometimes depends more
on the surface treatment in addition, and can vary significantly according to a
particular fabrication process, independent of the deposition condition. Thus,
requiring more careful work to be done.

lll!l!1'il:itu1 ,....-

....Olli_

Fig. 3.1. Band alignment between two semiconductors with different bandgaps.
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3.1

Conduction Band Offset
Conduction band offset, or CBO, denoted as ~Ee, is the energy level

difference between the conduction band of semiconductor and oxide. As
shown in Fig. 3.1, the conduction band energy level for semiconductor A,
Ec(A), is lower than the conduction band energy level for semiconductor B,
Ec(B). Thus , when the two semiconductors are brought together , electrons will
see a barrier of ~Ec(AB) going from A side to B side but will experience no
barrier from B to A side. This barrier determines the flow of current and
ultimately the type of application for such a junction. If the B is gate oxide,
and A is a semiconductor, then the semiconductor and gate electrode will
have not electron exchange. This configuration is called metal-oxidesemiconductor or MOS structure and is desired for MOSFET. However , if A
is gate oxide and B is the semiconductor, then electrons will travel freely
between the gate electrode and semiconductor, giving no barrier. In this case,
the configuration is not a MOS structure, rather an ohmic contact.
In the MOS structure, like any potential barrier, the electron tunneling

probability is exponentially dependent on the barrier height , i.e. CBO, and
barrier thickness , i.e. oxide thickness. This electron tunneling current is the
gate leakage current, ideally, it should be zero so that no electrons escape
from the semiconductor side, which causes a series of problems during the
operation of MOSFET. To reduce the tunneling current from semiconductor
to the metal side or vice versa, the CBO and oxide thickness should be
reasonably high. However , as oxide thickness gets thicker, the gate channel
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modulation gets weaker, lowering output current and transconductance of
MOSFET. Thus, trade-off has to be made between oxide thickness and
channel modulation. On the other hand, CBO has no such trade-off. The
bigger the CBO, the better. Among all commonly used gate dielectric choices,
SiO 2 has one of the largest bandgaps. Thus, making it an obvious choice to
maximize CBO with /3-Ga2O3.
For our experiment, the substrate is a 9xl0 18 / cm3 Sn-doped bulk /JGa2O3 crystal grown by edge-defined film-fed growth (EFG) process at Novel
Crystal Technology, Japan. The surface is cut along (201) plane and
chemical-mechanical polished to a mean roughness of 0.2-0.3nm (shown in
Fig. 3.2). Plasma-enhanced atomic layer deposited (PEALD) SiO 2 is used as

0.0

5.0µm
-938.6 pm

Fig. 3.2. Surface atomic force microscope (AFM) measurement of (-201) /J-Ga 2 0 3
bulk sample grown by EFG method.
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the oxide layer. The layer is deposited by an Oxford FLEXAL system under
300°C temperature and lOmT pressure, with trisdimethylaminosilane
(3DMAS) and 02 plasma at 250 W. A 3 nm of SiO 2 is deposited on one
sample for X-ray photoelectron spectroscopy (XPS) measurement and another
sample with 40nm of SiO 2 is used for electrical measurement. Both
measurements are used to extract the CBO.
XPS is a power quantitative surface analysis tool fundamentally based
on Einstein's discovery of the photoelectric effect. A high energy electron
beam is injected into the sample surface. The intensity of photo-electrons
reflected from the sample surface is then detected at a wide range of energy
levels (shown in Fig. 3.3). An analyzing tool is then used to fit the signal peak

Photo-Emitted Electrons (< 1.5 kV)
escape only from the very top surface
(70 • 110A) of the sample
ectron
ollection
Lens
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0
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from a Silicon Wafer

Fig. 3.3. The composition and working principle of an XPS system.

energy levels to the orbits of electrons in an atom inside the material. Thus,
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the elemental composition of the material can be identified. The detection
sensitivity of atoms in the material is around parts per thousand range. The
technique only works at sample surface limited by the penetration of the
incoming X-rays and the fact that only photo-electrons near the surface can
escape from the material. Both intensities decay exponentially with respect to
depth. The depth limit is usually 3-10 nm. Also, the profile only describes
valence band in semiconductors. The photo-electron energy observes the
conservation of energy and is described as:
E binding = E photon

where

Ebinding

- (£kinetic

(3.1)

+ <p)

is the binding energy of electron, which is the amount of energy

required to free it from the attraction of the core, usually counting from the
fermi level where

Ebinding-

0 eV. For example, the relative binding energies of

electrons in atom U are shown in Fig. 3.4(b). In this way, binding energies of
all electron levels below the fermi level can be mapped at the material surface,
rendering a structure of the valance band. In our experiment, 3nm of SiO 2 is
located at the surface, plus the /J-Ga 2 O 3 right below can both be measured
simultaneously on the same sample. XPS measurement is performed on a
Physical Electronic PHI VersaProbe 5000 equipped with a hemispherical
energy analyzer. And measured data is fitted with a Gauss-Lorentzian band
type with Shirley background subtraction. More details can be found in [1].
The measured SiO 2 and /J-Ga 2 O 3 valence band maximum levels are shown in
Fig. 3.5. By comparing the two energy levels , valance band offset can be
extracted as 0.43 eV. The difference of bandgap is 4.06 eV and thus
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the conduction band offset can be calculated as 4.06 eV -0.43 eV= 3.63 eV.
The band alignment at SiO 2 /Ga 2 O 3 interface is thus illustrated in Fig. 3.6.
Electrical tests, mainly capacitance-voltage (CV) and current-voltage
(IV) measurements are also carried out on the 40 nm SiO 2 on Ga 2 O 3 sample.
The Ti/ Au top contact is first defined by conventional photolithography and
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Fig. 3.6. Calculated band alignment at SiO2/Ga2 O 3 interface.

deposited withe-beam on the oxide layer. The oxide layer around the deposited
top contact is then removed by a CF 4 /O 2 RIE. The bottom Ti/ Au contact is
formed with the same method followed by a 300°C 1 hour annealing to reduce
contact resistance. The final device cross-section schematic is shown in Fig. 3. 7.
Top Ti/ Au contact, 40nm of SiO 2 and semi-conducting /J-Ga 2 O 3 substrate
together form the MOS structure necessary for MOSFET. However, the
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Fig. 3. 7. Cross-section schematic of fabricated MOS CAP structure.
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Fig. 3.8. CV characteristic of the fabricated MOSCAP.

substrate does not have the proper channel layer definition. Thus , it is only a
MOS capacitor

(MOSCAP) instead of MOSFET, useful for oxide, interface

and modulation tests. The gate voltage is applied to the top contact , and
capacitance is then measured at each bias across top and bottom contact.
Because the doping in the Ga 2 O 3 substrate is n-type, as gate bias becomes more
negative, depletion region depth increases and capacitance decrease. The CV
profile is measured with an Agilent 4294A impedance analyzer and is shown in
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Fig. 3.8 (a). From the CV profile, the doping of the semiconductor can be
extracted by using:

(3.2 a)

(3.2 b)

where n(Tf; is the carrier density with respect to the depth W from the metal
oxide surface, Ks is the relative permittivity, A is top contact area,

£0

is the

permittivity of vacuum, C is the voltage dependent capacitance value. The
effective carrier density is extracted to be 9.7xl0 18 / cm3 •
IV measurement is done in the positive bias region to detect the
tunneling current associated with electrons tunneling through the conduction
band barrier to the gate electrode side (schematic shown in Fig. 3.9(a) inset.).
This tunneling mechanism is named Fowler-Nordheim (F-N) Tunneling,
which happens at medium electric field level (at a lower electric field , other
tunneling mechanisms dominate) , and its IV characteristics is described by:
3

2

l

x (M
J= q m0 E ax. exp -81r,J2m
---8Jr hmox M c
3h q Eox

)~z J

0

c

(3.3)
'

where J is the F-N tunneling current density, q is the electron charge, h is the
Plank's constant , m 0 and m

0

x

is the free electron mass and the effective
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Fig. 3.9. Forward IV characteristic of the fabricated MOSCAP.

electron mass in oxide, and E

0

x

is the electric field strength in the oxide. The

IV measurement data is shown in Fig. 3.9(a). By plotting ln(J/E x 2 ) vs 1/ E
0

0 x,

shown in Fig. 3.9(b), we can measure the slope (S) on the curve, which is
expressed as:

S

Jj
l
l
~
~J ~ - ,Jz;;;;:
d ln - J2
E
(
1

d -

8n 2m
3hq

3

(Lili,

F ~cons/.~ -3.1488 x !0W

(3.4)

Eox

, and is only dependent on L1Ec. And thus, L1Ec is calculated to be 3.76 eV
(m

0

x

is assumed to be 0.4m 0 [1]). This value is in a good agreement with the

value extracted from XPS, which is 3.63 eV.
This conduction band offset of ~3_5 eV between SiO 2 and Ga 2 O 3 is still
the largest value in /J-Ga 2 O 3 MOS structure to date [2], making SiO2/Ga2 O 3
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interface especially attractive for high power, high temperature and extreme
environment applications, which is the strength of Ga 2 0 3 devices.

3.2

Interface State Density (Dit)
Interface states, or sometimes referred as interface traps, are the

electron/hole states that have energies distributed in the middle of
semiconductor bandgap, located at the semiconductor-oxide interface. The
energy levels inside bandgap stem from the discontinuity (or dangling bonds ,
shown in Fig. 3.lO(a)) between the two materials at the interface, which
disturbs the bulk properties of each material, creating states that are not
allowed in the bulk (shown in Fig. 3.lO(b)). The density of these interface
ComBond process is
described on atomic scale

Slow interface traps
(N,rs, empty)

Fast interface traps
(N11,, empty)

Over-occupied
slow interface traps

(N1rs_oc)

Fast interface traps
(N,,,, occupied)
Slow Interface traps
(N;,., occupied)

(a)

(b)

Fig. 3.10. (a) Illustration of d angling bond in molecular structure . (b) Schematic
of interface states at or near interface across the semiconductor bandgap.

state is called the interface state density, denoted as Dit, with a unit of
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/ cm2 ·eV. Recent reports has indicated that the

D it

in Ga2 O 3 likely stems from

the oxygen vancacies at the sample surface [3].
Interface states are one of the major factors determining the
performance of a MOSFET. Depending on its charge polarity, it can either
accumulate or deplete the charge near the interface. Higher Dit will have a
stronger influence on the effective carrier density. For example, with the ntype channel in Ga 2 O 3 , if there is a high density of negatively charged
interface state, then the channel will be depleted, giving an effective carrier
density much lower than the doping density. If very high, it can pinch off the
channel at 0V gate bias, shifting the threshold voltage towards the positive
side, effectively making the device enhancement mode. However, if the same
Dit exists in the un-gated region, then they will not be modulated away can
create very high sheet resistance in the channel can drastically decrease the
output current. Thus , it's vital to the DC-IV characteristics of the MOSFET.
In addition, when the electric field at the interface is very high at high drain
voltage, these trapped state can be excited, become hot carriers that will have
negative effects on gate insulation and breakdown voltage.

Dit is usually dependent on energy levels. Very often, the Dit could be
much higher near the conduction band, and decay as the energy level goes
deeper towards the mid-gap, creating a U-shape profile in Dit vs e t (interface
state energy level) plot. Dit is also significantly affected by particular
processing techniques. The deposition method and conditions for the oxide,
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the Ga 2 O 3 surface orientation, and pre-deposition treatment can all affect the
surface chemistry, thus changing the density and distribution of D it·
There are many ways to characterize Dit, usually involves CV and GV
(conductance-voltage) AC measurements. DC-IV measurements are generally
avoided because the tunneling current can be overwhelming for Dit detection,
which generates signals with much lower magnitude. Among the CV methods ,
commonly used techniques are the Terman method and Hi-Lo method with
quasi-static CV (QSCV) measurement. The conductance method simply
measured conductance frequency dispersion at various gate biases. A more
complete list of D it characterization methods can be found in [4]. An
equivalent circuit model of interface states is shown in Fig. 3.11. When a
small AC signal is applied to gate, subsequently on the interface, the energy
level near fermi level fluctuate slightly accordingly. This signal will naturally
change the occupancy of the dopant DOS near the surface, generating a
capacitance

C dos•

In addition, this small energy perturbation charges and

discharges the interface states within the energy range and generates a small
capacitance (Ct) and conductance (GP) signal (shown in Fig. 3.l(b)) that's in
phase with the applied AC signal. Thus , can be measured with an impedance
analyzer. The impedance analyzer , however , generally assumes a different
general circuit model as shown in Fig. 3.ll(c) , with only a paralleled
capacitance ( Cm) and conductance( Gm)- Thus , the measured capacitance( Cm)
and conductance( Gm), neither are the pure response from the interface state
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Fig. 3.11. (a) Energy band diagram for electron DOS and interface state density.
(b) Circuit schematic of interface state response. (c) Circuit assumed when
measuring with impedance analyzers.

and need to be converted to

Gt and GP by:
Gp
OJ

mc:xGm
G~ + m2 ( Cox - Cm )2

,

(3.5)

where C x is the oxide capacitance and w=2nf is the angular frequency in the
0

measurement.

54

CHAPTER 3. INTERFACE PROPERTIES BETWEEN Si0 2 and Ga 2 0

3

The frequency chosen for the Djt characterization is critical to
accuracy. As shown in Fig. 3.lO(b) , Djt has a profile distribution across the
bandgap , usually count from the conduction band edge where interface state
energy level E jt or ilE

O eV. The deeper it goes into the bandgap , ilE

increase accordingly, and the time it takes for electrons to transition between
the state and the conduction band gets longer. This time constant is described
by Shockley-Read-Hall statistics of capture and emission rates:

(3.6)

where the response time constant r=2rc / m= 1/f, k is the Boltzmann constant
and Tis the temperature in Kelvin, cr is the capture cross section, Vt and N
are the thermal velocity and effective density of state of the majority carrier.
Because Ga 2 0

3

has no proven p-type conductivity, the majority carrier across

the thesis refers to electrons. The statistic equation shows that for each
energy level ilE, there is a corresponding minimum response time Tor a
maximum frequency f, beyond which the interface state won't be able to
respond due to the insufficient time. And as ilE gets bigger , the time it takes
for states to response increases exponentially, some deep states in WBG
devices can take years to respond. However , by increasing the temperature,
the time constant can be drastically reduced. For example, 2x the
temperature and 2x ilE will cancel each other and give the same time
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constant as no change in temperature and at iJE. Thus, by increasing the
measurement temperature, deeper states can be probed with reasonably high
frequency. To give a graphical description of Eq. (3.6) , we assume effective
electron mass to be 0.28m0 , and capture cross section as lxlQ- 15 cm2 • As a
result , the frequency vs. energy level for Ga 2 O 3 at various temperatures are
shown in Fig. 3.12.
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Fig. 3.12. Interface states response (maximum) frequency vs. the corresponding
energy level.

To make an accurate capacitance/ conductance- voltage (C / G-V)
measurement , the C / G signal need to be sufficiently high. This can be
achieved by either increasing the AC oscillation level or by using a higher
frequency. In another word, at sufficiently low frequency , the interface state
response signal will be too low to detect and be lost in a flood of other signals.
This limits the measurement frequency above lkHz for normal impedance
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analyzers. Sometimes, 100 Hz is doable with very high oscillation level and
good noise isolation. Even then, the error introduced by inaccurate
measurement at a lower frequency can be big. But < lO0Hz measurement is
generally not possible with conventional measurement techniques. If lkHz is
set as lower bound for C/ G-V characterization, it can be seen that at room
temperature, only states with LJE < 0.45eV can be detected in Cm and Gm. This is
OK for silicon because its halfbandgap is only - 0.55 eV, and LJE< 0.45eV covers
80% of its bandgap. However, for UWBG materials , especially Ga2O 3 with a
bandgap of~4.8 eV, only 9% of the bandgap is covered. This is not sufficient
data to interpret the behavior of the interface states. Thus, special techniques
involving high temperature and extremely low frequency AC measurement is
required for Ga2O3.

3.3

Dit

Extraction by Terman's Method

One of the earliest developed methods to characterize interface state
density is Terman's method. It simply uses a measured high frequency CV
(HF-CV) and compared it with an ideal CV generated with computer
simulation or calculation. Assuming the HF signal is high enough (usually
1MHz) so that all interface states cannot follow , thus no increase of
capacitance will be observed. However, those state will follow the slow DC
sweep of gate bias (usually 2: 2 s/ V), so that the entire CV profile will be
horizontally stretched out compared to the ideal CV with no Dit· The
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horizontal shift of gate voltage at each capacitance will be proportional to the

Dit at the corresponding energy level. The underlying principle also assumes
that at the same HF capacitance level, even on different CV curves , regardless
of Dit, the surface potential would be the same. Surface potential

((Js

is the

amount of band bending from applied gate voltage , inside semiconductor at
the interface.
Thus, to make sure the Terman's method produce accurate results, the
measured CV has to be performed with very high ac frequency so that states
don't respond to ac signal and also with very slow de sweep so states can
respond to de signal. Any interface states that does not satisfy both
conditions will be cut out from the extracted data spectrum. At the same
time, the theoretical or ideal CV has to be an accurate simulation of the
relative device. In reality, the measurement conditions can be made
sufficiently close, however , the theoretical CV simulation can vary drastically
depending on the method and parameters used. This is one of the main reason
Terman's method is high critiqued, especially for characterization of WBG
devices, where the CV simulation is not mature compared to Si.
For the purpose of Dit characterization, the same wafer used in
conduction band offset extraction is used. However , instead of 40nm oxide,
20nm ALD SiO 2 is used for MOSCAP fabrication. The Ti/ Au top-gate
contact is first defined by conventional photolithography, e-beam deposition,
and lift-off procedure. The silicon dioxide layer around the top contact is then
removed

58

CHAPTER 3. INT ERFACE PROPERTIES BETWEEN Si0 2 and Ga2 0 3

(a)

■

Gate

F ig. 3.1 3. (a) Cross-section schematic and (b) SEM image of the fabricated
MOSCAP.
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The extracted

D it

from (a) by using T erm an 's method.
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with CF4 / O 2 RIE. The bottom contact region is again defined by
photolithography. A BCb/ Ar RIE is performed to reduce the contact
resistance before Ti/ Aue-beam deposition and lift-off. After which, a 470°C 1
minute annealing is done to further enhance the ohmicity of the bottom
contact. In addition, to study the effects of surface treatment on the

Dit·

Before the oxide deposition, the /J-Ga 2 O 3 surfaces on 3 different samples are
individually treated with 1 minute HF dip, 1 minute HCl dip and DI water.
The schematic and SEM image of the fabricated device is shown in Fig. 3.13.
The C-V measurement is performed at 1MHz on an Agilent 4294A impedance
analyzer and the data is shown in Fig. 3.14(a).
Qualitatively speaking, it can be seen that the calculated CV curve
with no

D it

has the steepest profile, which indicates the most effective gate

carrier modulation. With measured data on no surface treatment sample, the
CV curve is already flattened out horizontally, signaling the hindering of
modulation by depleting of the interface state. HCl and HF treated sample
CV gradually flattens more, showing stronger interaction from the interface
state. The

D it

can be quantitatively characterized by:

(3.7)

where C x and C, are oxide and semiconductor capacitance respectively,
0

((Js

is

surface potential and L1 Vg = Vg(measured)- Vg(calculated) at each surface
potential level. From Eq. (3.7) , we can see that the task is to find the L1 Vg
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vs.

((Js

curve and differentiate it.
To do it, we start with the ideal CV calculation, where at each given

((Js

value (manually chosen to sweep across the upper half of the bandgap for ntype semiconductor) , Vg( calculated) is calculated based on the potential drop
across oxide and semiconductor considering dielectric constant on both sides.
This will generate Vg(calculated) vs.

((Js

curve. At the same time , a

semiconductor depletion width is calculated at each

((Js

and thus the

semiconductor capacitance too. As a result , an HF capacitance value is
calculated combining oxide capacitance and semiconductor capacitance at the
given
the

((Js

value. This will give the

CHF-

((J s curve,

CHF

locate the same

vs.

CHF

((Js

curve. Then, for each

value on the measured

the corresponding Vg(measured) can be linked to a
Vg(measured) vs.

((J s curve.

Vg( calculated) vs.

((Js

((Js value,

CHF

CHF-

level on

Vg curve,

generating a

Finally, subtracting it with the already generated

curve, the LI Vg vs.

((Js curve

is calculated for the final Dit

analysis. The extracted Dit result is shown in Fig. 3.14(b).
The original extracted data has Dit energy levels spanning from
conduction band (0 eV) all the way to the midgap (-2.4 eV). However , due to
the mentioned constraints imposed by ac and de frequencies of the HFCV
measurement. The useable data range has been narrowed down to -0.4 e V to 0.2 eV. Any states above -0.2 eV would be able to respond to the 1MHz ac
signal and any states below -0.4 eV won't be able to follow the 0.33 s/ V de
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sweep used in the experiment, neither satisfy the Terman's method extraction
criteria.

3.4

Dit

Extraction by Conductance Method

The conductance method, different from Terman's method, requires the
interface states to respond to the ac frequency. While responding to the ac
signal, the interface state is being filled and depleted repeatedly, which is a
lossy process and can be detected by an increase of conductance Gp( co , ((Js) as
shown in Fig. 3.ll(b). Gp(co , ((Js) is dependent on frequency in the
measurement and also on the surface potential

((Js

which is modulated by

varying gate voltage Vg. Thus, in the conductance measurement , to single out
the signal from an interface state at a specific energy level, the DC voltage is
static (not sweeping). So that only states with energy L1E near the fermi level
corresponding to the given

((Js or

Vg can respond. At the given Vg, the

conductance Gm is instead measured across a wide range of frequencies to
pinpoint the exact energy level of the state L1E. The range of frequency is
manually chosen by utilizing Fig. 3.12. If measuring at room temperature,
assuming fmax= 1 MHz and frmn= 1 kHz constrained by the noise level, then
the energy L1E detection limit is from 0.3 e V to 0.45 e V. If the L1E of the state
selected by the given Vg falls within 0.3 eV to 0.45 eV range , then a peak will
show up in the GP-fprofile, where the GP has to be first converted from
measured conductance Gm by using Eq. (3.5). The peak indicates that the
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response of the interface state with LJE is in phase with the peak frequency J;,.
And by using Eq. (3.6) , the LJE for the particular state can be calculated and
the density of the particular state can be estimated by:

D

u

~3_2lGP
J
A
q

OJ

peak

(3.8)

'

where w=2nf, A is the area of the MOSCAP and q is the electron charge, more
details and derivations can be found in [X-MS thesis]. As a result, one G:fcurve
generates one pair of (LJE, Dit) data, this is fundamentally due to the fact that
the static Vg has selected just one LJE value. Now, by varying Vg
incrementally, other pairs of (LJE, Dit) data can be generated, eventually
giving a Dit vs LJEprofile. As Vg increases, for n-type semiconductor, the LJE
level sweeps towards the accumulation region, requiring higher frequency J;,
for resonance and thus smaller LJE. Because the moving of GP peak in the
frequency domain with respect to changing gate voltage can only be explained
by the response of Dit, thus GP signal is dominated by Dit capture and
emission. This method requires many measurements of G-fcurves at various

Vg, the more Vg values measured, the denser Dit vs LJE profile will be. This is
the most laborious measurement among all methods. In addition, finding the
conductance peak sometimes can be challenging and requires trial and error.
For example, at room temperature , if Vg is set to be a large negative value,
selecting interface states in deep depletion region with LJE >> 0.45 eV, then no
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peak will show up in GP-fprofile with !from lkHz to 1MHz, because these
states require much lower ac oscillation frequency, which is not measurable
due to the immense low frequency noise.
For the experiment, the same sample used in the last section is also
characterized by the conductance method. At difference gate bias, selected
based on Fig. 3.14( a), with parallel capacitance and conductance (Cm-Gm)
measurement model selected, Agilent 42941A impedance probe kit and
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Fig. 3.15. (a) Measured GP/ w- !profile of MOSCAPs at various gate bias for
surface with ALD SiO 2 • (b) The extracted

D it

from (a)

by using conductance method.

Agilent 4294A impedance analyzer is used for the measurement from 1 kHz to
1 MHz. Using Eq. (3.5) , the measured GP/ w- !profile and extracted
spectrum is shown in Fig. 3. 15. Any

Dit

Dit

value around 1x10 12 / cm2 ·eV is

moderate, and anywhere below this value is considered low. Thus none-
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treated surface has a very good interface quality with low Dit, meaning the
dangling bond at the interface is very less or is properly terminated. However ,
with the HF and HCl treatment, the oxygen at the surface may have been
depleted, creating oxygen vacancies that can act as negative charges at the
interface, giving rise to a high D it·
In addition, a few techniques to reduce conductance measurement noise
is implemented. Because the conductance signal to be measured from D it
response is usually in the range of 1-10 uS on our samples. Such small
conductance values require that the measurement noise be minimized.
Measurement needs to be made in an EM-shielded box and on a levitating
platform to reduce environment interference and mechanical vibration noise.
Reverse probing is also extremely helpful when the stage is heated and at very
low frequency. Apply bias at the substrate (back contact) is much better than
apply bias at gate metal contact in terms of leakage and SNR. When
sweeping the DC bias, the bias magnitude cannot exceed a high enough value
so that oxide leakage current is dominating. Moreover, harmonics of the ac
signal due to the non-linearity of the CV characteristic of the MOSCAP can
give rise to an extra conductance. To keep harmonics of the signal frequency
low, only signals of small amplitude can be applied. The ac small signal
oscillation level can be experimentally determined [5]. In the other hand, the
oscillation level also should be big enough to eliminate low frequency noise by
increasing SNR, usually measuring CP-G between lk-lMHz, 500mVis good.
Fig. 3.16 (a) shows the comparison of the extracted Dit spectrum between
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using Terma n 's method a nd using t he cond uctance method. F ig. 3. 16 (b)
shows t he CV d isper sion of non-treated sample under room temperature wit h
a bias sweep rate of 0.05 V /s . Very low disper sion is observed , indicating a
low interface state density and good inter face quality.
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3.5

D it

Extraction by Hi-Lo Method with QSCV Measurement

T he Hi-Lo method is t he most straight forward method , directly
measuring t he inter face state's capacit ive response during t he capt ure a nd
emission . It 's a nother CV method , completely ignoring t he conductance data.
And also unlike t he T erma n 's method , which avoids traps ac response, Hi-Lo
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3

method requires complete traps ac response as deep as the measurement can
probe, meanwhile, avoiding de stretch-out effects utilized in Terman's method.
In this method, two CV curves- one HFCV and one LFCV, hence Hi
Lo, are measured either one after another or simultaneously. Ideally, in the
HFCV measurement, traps will exhibit no ac response but have de stretch out
just like in Terman's method. And in the LFCV measurement, all traps will
not only have ac response but also have de stretch out. And two CV curves
are then subtracted to isolate the pure ac response from traps. To make sure
the de stretch out is properly eliminated during the subtraction, the two CV
curves have to be measured with exactly the same de sweep rate, so that the
stretch out is the same and can be canceled out at each gate bias. Between
the two CV measurement , the more critical one is the LFCV measurement.
This is usually performed with quasi-static capacitance-voltage (QSCV)
measurement. This technique can make ac capacitance with lmHz frequency,
and the voltage is almost static hence the name.
The instrument used in this experiment is a Keithley 595 Quasistatic
C-V Meter (K595 for short). It measures capacitance value with below lHz
frequency by using a slowly varying square-wave as excitation. In this
measurement, capacitive charge transfer amount is measured during the
square-wave transient. The amplitude of the charging current is extremely
low, thus requiring very low leakage current disturbance throughout the de
Bias range. Usually, the accumulation region has the maximum leakage
current thus is hardest to extract QSCV data accurately. For example, in
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Fig. 3.17. K595 capacitance measurement range, accuracy and corresponding
maximum leakage tolerance. Q / t measures non-equilibrium effects and leakage
current in device under test (DUT).

K595 , the capacitance measurement limit and corresponding leakage current
tolerance are listed in Fig. 3.17. For example, at 200pF setting, leakage
current cannot exceed 90pA under all measuring bias, otherwise, the
equipment will be overloaded and giving a constant 200pF output which is
incorrect. The 90pA maximum Q / t limit usually requires the device under
test (DUT) having an HF conductance below lOuS range. And this limit also
can be sometimes reached at accumulation due to DC leakage. Giving DUT
leakage is still manageable, use 2nF setting can overcome this problem. The
need to measure a big positive bias (accumulation region) can be eliminated
by using a lower doped sample.
For QSCV measurement , the doping of the sample and the oxide
thickness need to be selected carefully to satisfy the low leakage conditions.
Suppose the doping in the /J-Ga 2 O 3 substrate is reduced, with the same oxide
material, thickness , and MOSCAP structure, although at same bias the de
leakage is still the same, however , because the CV slope is increased, the
entire profile can be measured within less bias range, this can avoid the
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possibility of leakage overloading in positive bias. Thus giving a more
complete CV profile than the higher doped substrate. For this reason, the
optimum doping density would be 1-2Xl0 16 / cm3 [6][7]. The tradeoff would be
the increasing difficulty to make an ohmic contact and increased series
resistance , which give rise to the distortion of HFCV data and making the
time of charge transfer longer due to larger RC constant. However, this
difficulty can be overcome by proper ohmic contact engineering. The range of

LJE detected will not be affected by doping density as long as the range of Cm
is not affected and thus

((Js

range also not affected. However , the sensitivity of

the method will increase with lower doping density (Nd), because lower Nd
gives bigger depletion region thus lower Cn at midgap.
Although the necessity to measure at big positive bias is avoided, we
still need to measure CV around 0V. Still, the leakage has to be extremely
low, only the best quality oxide with almost no leakage current is useable.
This requires the MOSCAP to have a very thick oxide layer (75-lO0nm).
Because the oxide thickness is increased, the area of the MOSCAP gate also
has to scale up the same factor to put Cm in a reasonable range.
Thus, for this experiment , big area MOSCAPs (200 µmx225 µm) with
70 nm of ALD SiO 2 gate oxide is used. The SiO 2 deposition technique is the
same as what's described in previous chapters. The substrate is an
unintentionally doped n-type (UID) /J-Ga 2 O 3 with 2-5Xl0 17 / cm3 doping grown
by Tamura Corporation. The 70 nm ALD SiO 2 is first deposited on the
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substrate. The bottom contact is then defined by conventional
photolithography, where the exposed region oxide is first removed by CF 4 / O 2
RIE followed by the Ti/ Al/ Ni/ Au contact deposition. To reduce the series
resistance in the contact, two steps rapid thermal annealing of 470°C/ 1
minute+ 600°C/ lminute is performed under nitrogen ambient. The resistance
in the contact needs to be minimized so that the dissipation factor for the
capacitor is low enough. A high dissipation factor will cause the measured
capacitance value to deviate significantly from the real value [8] . At last , the
Ti/ Au top contact is realigned to the MOSCAP.
In K595 , two measurement modes are available for QSCV test:

Staircase mode and Square-wave mode as shown in Fig. 3.18. Vi is the voltage
set by voltage source bias level. In staircase mode , the voltage ramps in steps
specified by the program and continues increasing to the upper limit of
voltage , measuring a capacitance value once at each bias, giving a CV curve
at the end in one sweep. In square-wave mode, the voltage steps up then steps
down to the original voltage source bias level and then continues to repeat the
same sequence until the voltage is turned off.
In square-wave mode, during every step, before the voltage steps up, it

measures one charge value Qi; after the voltage step-up happens , it waits for
delay time (until the capacitor has completely responded and charge transfer
in the MOSCAP has ended) and then measures another charge Q 3 • Difference
between Qi and Q 3 is the charge transferred to the MOSCAP , thus the
Cx=measured capacitance=(Q 3-Qi) / Vstep• Just before taking the measurement
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Fig. 3.18. (a) K595 measurement modes illustrated by signal amplitude. (b) The
detailed procedure of square wave measurement mode.

of Q 3 , it also measures one Q 2 , ideally, Q 2 should equal Q 3 because the
MOSCAP charge transfer is supposed to have finished by Q 2 sampling
moment. If Q 2 < Q 3 , then we know there is a long-lasting non-equilibrium
charging effect going on, most likely is from the leakage current. And Q 3-Q2/t 0
is the leakage current charging rate, subtract the leakage charge from the Q 3
value will give the corrected Cx. This leakage current charging rate has to be
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very low to allow an accurate Cx measurement. The leakage compensation
function should be always turned on no matter how good the oxide is.
Momentarily after the measurement of Q3 , the voltage steps down to the
initial bias. The entire sequence repeats itself indefinitely until voltage off
command is sent to the instrument. Thus, generating the same Cx many times
depend on how long the voltage is turned on. Ideally, all the Cx value should
be identical. If there is a small discrepancy , which is expected, an averaging
algorithm should give the most accurate result taking advantage of the
multiple measurements on the same variable. However , this mode just
measures one capacitance value at one particular bias point V 1 .
In staircase mode, the voltage step-up keeps going with an increment
without ever stepping down until the voltage reaches the upper limit. Thus,
measurement is only taken once at each bias, due to the initial nonequilibrium effects and random noise, taking one measurement at each bias
will not rendering usable data.
As a result , the only solution is to use square-wave mode to measure Cx
at one bias for many times, then average the measured values to give a more
accurate Cx at this bias , then turn off voltage, move to the next bias and turn
on repeat for next bias. A customized Labview program is thus designed to
automate this entire process. In the Labview program, for at each desired
bias, the bias value is first entered into the voltage source level, then squarewave of Ystep is generated with 50% duty ratio and an on-time specified by
delay time. For example, if the delay time is set to 2s, then one period will be
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2s of V 1 followed by 2s of V 1+ Y

step ,

a total of 4s is used to generate one Cx

data. And because the entire cycle takes 4s , the frequency of the measurement
is 0.25 Hz. Measure this 14 times (14 cycles) , throw away the first two data
due to initial non-equilibrium effects, then throw away data that deviates too
much from averaged measurement value that's due to noise or vibration. Get
an averaged Cx at the end of this bias measurement sequence as the final Cx
for this bias. Then programmable moves to the next bias specified by the
voltage source bias level, repeat the whole sequence of 14 cycles for next bias
Cx data, so on. In the end, a complete Cx-V profile can be finally generated.
For gallium oxide MOSCAPs fabricated in this work, a delay time of
2s is selected and tested to give an accurate enough result while minimizing
the total measuring time. As can be seen from Fig. 3.19, choosing a delay
time too short will underestimate the capacitance. In the image , only after
about 40s, the corrected capacitance Cx is finally converging to the correct
Cox value of 192 pF. In our test , this happens after 2s.
After the QSCV curve is measured, HFCV can be measured easily by
just setting the frequency on impedance analyzer to 1MHz. The HFCV curve
should be measured at exact same bias points as the bias used in QSCV
measurement since the calculation later requires subtraction of Hi-Lo
capacitance at the same bias. Sometimes, mobile charge Qm can distort the
HFCV profile by giving rise to a CV horizontal shift (or V lb shift). To
eliminate this effect , repeat the voltage stress, the voltage is swept up 5 times
to eliminate the effect. Most importantly, the HFCV should have the same de
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sweep rate as the QSCV sweep for the reasons mentioned at the beginning of
this section. If the voltage bias points are selected the same, then HFCV
should have a point delay of 4s.
When both QSCV (Lo) and HFCV (Hi) profile are available for the
sample, the

D it

can be calculated by using:

(3.9)

where Cox is the oxide capacitance, CLo is the QSCV data and CHi is the
HFCV data at the given bias Vg. Each Vg value can be one to one mapped to
a LIE value, by comparing a calculated CHF vs cps curve with the CHF vs Vg
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curve measured here (details mentioned at the end of Section 4.3- Terman's
method). Finally, a Dit vs. iJE spectrum is generated.
As can be seen from Fig. 3.12 even with Hi- 1 MHz and Lo- 0.25 Hz ,
only iJE from 0.3-0.65 e V can be probed. Thus, elevated temperature QSCV
tests are also carried out with a heated stage at 100°C, 200°C and 300°C to
probe deeper state up to 1.4 e V. In addition, the Dit is also measured across 3
different samples with three different surface crystal orientations, namely

(201) , (010) and (001). Theoretically, different surface orientations have a
different amount of dangling bonds giving rise to different Dit· It is helpful to
find out which surface orientation has the lowest Dit·
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Fig. 3.20. (a) The measured Hi-Lo CVs for different samples at room
temperature. (b) The extracted
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spectrum from (a).
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The representative measured room temperature CV data is shown in
Fig. 3.20(a) and the extracted data is shown in Fig. 3.20(b). It is obvious that
(201) plane has the largest

D it

while the (010) plane has the lowest

D it

close

to the band edge, This is consistent with the simulation results reported in
[9]. Fig. 3.21 shows the CV profiles measured at higher temperatures. The
horizontal spread out or ledge is the evidence of the stronger

Dit

response at

the higher temperature. The bump of QSCV curve at 200°C is due to the
lateral charge motion when switching bias polarity [10]. The extracted Dit
profile at higher temperatures for all 3 samples is shown in Fig. 3.22. It's
observed that likely due to the high temperature annealing effect taken place
during the long QSCV measurement ,

D it

is reduced in the overlapping data

region. In Fig. 3.23, HFCV frequency dispersions are shown from 1MHz to
lO0Hz. Reasonably low dispersion is showing, indicating that most of the
interface state response stem from the states with resonant frequency from
0.25Hz to lO0Hz , these states are called slow states or traps due to the
extremely low resonant frequency. Fig. 3.24 shows the comparison between Dit
extracted from conductance method and Hi-Lo method (with QSCV) , the
conductance data grossly underestimates the

Dit

in this case due to the

negligence of the majority of the slow state as it only goes down to lkHz. Far
from the 0.25-lO0Hz range of slow states. However , these slow states also
affect MOSFET DC-IV characteristics, including output current and
threshold voltage, and can not be left out of the analysis. At last , Table II
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lists the comparison between all the

D jt

characterization techniques used in

this chapter.
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Table II. Comparison between various

D jt

characterization techniques

Terman's

Conductance

Hi-Lo Method

Method

Method

with QSCV

Measurement

One HFCV

Multiple G-f

One HFCV+

Data

curve

curves

one LFCV

DC stretch-out

AC conductance

AC capacitance

AC

D C,AC

D C,AC

capacitance

conductance

Dit

Signal Source

Extinguished

Dit

Signal
Elimination

High frequency

Static D C ,

Constant D C

Technique

in CV

capacitance

sweep rate ,

measurement

measurement

conductance

not used

data not used

Easy

Complex

Medium

measurement ,

measurement

measurement ,

medium

and data

easy processmg

processmg

processmg

Energy Range

Medium

Low

High

Accuracy

Bad

Medium,

Good

Complexity

underestimation
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Chapter 4
Spin-on-Glass Doping for P-Ga203 Ohmic
Contact

In any kind of electronic devices, effectively collect electrons and
current from the device is of critical importance. The metal contact is a prime
way to form the interface between the semiconductor device and peripherals.
The metal-semiconductor contact is required to have extremely low contact
resistance in both directions ideally. However , this is usually a big challenge
for WBG semiconductors as they have extremely large bandgaps and smaller
electron affinity, which is usually much smaller than the work function of
metals. This special property often results in a schottky-like contact behavior,
which exhibits rectification of current and high resistance at least in one
direction. To overcome this problem, the contact surface in semiconductor
side is generally doped very high (degenerate doping) by using various
techniques, to drastically reduce the schottky barrier height , so that electron
can tunnel through the barrier without much resistance. In this case, the
current voltage characteristic of the contact will become linear obeying ohm's
law and resistance will be relatively low, almost behaves like a low value
resistor. Hence the name, ohmic contact.
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One advantage of /J-Ga 2 O 3 is the relative easiness of making good
ohmic contact by degenerate doping[l]. This, to many researchers from oxide
electronics field, is a pleasant surprise as it's not the case for many other
oxide semiconductors. However , the quality of the ohmic contact depends on
both the doping level and doping junction depth. There is still a long way to
go to optimize the ohmic contact to /J-Ga 2 O 3 , in terms of electrical property
and processing complexity.
Ti/ Au contact is first used on /J-Ga 2 O 3 to make ohmic contact as it's
one of the most commonly used contact scheme in IIVV semiconductor
systems [2]. A post-deposition annealing (PDA) is usually done after
metallization to further decrease the contact resistance. Ti and Al both have a
very low work function, which tends to form lower barrier contacts with
UWG semiconductors. EDX measurements done at the Ti/ Au interface also
suggest that the annealing has diffused Ti into the Ga 2 O 3 and formed other
Ti-O compounds which have intermediate bandgap between Ti and /J-Ga 2 O 3
[3]. The lowest contact resistance is reported on a degenerate doped /J-Ga 2 O 3
with a Ti/ Au annealed contact and the specific contact resistance is 4.6x1Q- 6
O·cm2 [1]. In our experiment , we found that as doping in the contact region
drops from mid-10 19 / cm3 range , the linearity and contact resistance slowly
deteriorate. While at around lxl0 19 / cm3 doping range , an ohmic contact with
linear IV characteristic and relatively low contact resistance is easily obtained
by a simple Ti/ Au metal deposition and a 470°C rapid thermal annealing
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Fig. 4.1. IV characteristics of contacts on /J-Ga 2 O 3 with various combinations of
deposited metal stack and PDA procedures.

(RTA). However , at a doping of 2xl0 17 /cm3, it's almost impossible to make an
ohmic contact with linear IV behavior (shown in Fig. 4.1). Thus, selectively
degenerate doping of /J-Ga 2 O 3 becomes the most crucial step for successfully
making a low resistance ohmic contact. Ion-implantation and epitaxial-grown
highly doped layer have been used before to make very good ohmic contact[4],
but these techniques require complex procedures and high cost.

In this chapter, we discuss the first attempt at using spin-on-glass
(SOG) doping technique to accomplish the same goal. As will be discussed
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later, the SOG doping technique can drastically reduce the complexity and
cost of degenerate doping in /J-Ga 2 O 3 •

4.1

Spin-on-glass (SOG) chemistry and application
As the name suggests, spin-on-glass is a thin layer of glass that can be

applied to a surface by the spin-coating technique. Usually, a curing stage is
required to transform it from a liquid to solid phase after the coating step.
When solidified, the glass layer contains a high density of metal ions that can
diffuse into the adjacent material or environment under sufficiently high
temperature. This high-temperature annealing step is often called drive-in
annealing, to describe its functionality. The SOG under investigation here is
purchased from desert silicon, model Sn-365. This is a typical silicate based
tin-doped glass, which gives the thinnest coated layers compared to other
types [5]. SOG is chemically produced by a mixture of silicon alkoxide
(mostly, TEOS or Si(OC 2H 5 ) 4 , water, IPA to activate reaction and a dopant
associated catalyst to incorporate doping and control reaction. The catalyst to
generate spin-on-glass without dopant is usually HCl, and the result is a
network of Si-O bound after curing, a simplified representation is shown in
Fig. 4.2(a). When HCl is replaced by ortho-H 3 PO 4 , phosphorus doped SOG is
generated after curing, as shown in Fig. 4.2(b). The Tin (Sn) dopant can be
incorporated in the same fashion as well as all other available dopants. And
the dopant density in the SOG can be as high as 4xl0 21 atoms / cm3 , which is
preferred for degenerate doping.
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Fig. 4.2. A simplified molecular structure representation of SOG after curing (a)
without any dopant and (b) with phosphorus as dopant.

SOG in liquid form is first spin-coated on to the low doped Ga 2 0 3
surface. The coated SOG layer thickness can be controlled by varying spinspeed (shown in Fig. 4.3 for Sn-365) just like the usual photoresist procedure.

In this experiment, we have chosen 3500 rpm for a targeted thickness of 170
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Fig. 4.3. Cured SOG thickness vs spin speed for Sn-365 from desert silicon.

nm after curing. Immediately after coating, the solution goes through a notwell-understood irreversible phase called sol-gel transition, where the viscosity
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of the layer drastically increase and a solid phase is created in the solution.
The result is an alcogel with liquid and solid phase. This sol-gel transition
occurs quickly and with no change of volume. Then, the liquid phase in the
alcogel is removed by evaporation or a baking phase, a 200°C 5 minutes bake
is recommended. The film can usually be dried very quickly due to its
thinness. Afterward, the result is a dried gel of porous oxide. During this
process, the weight and volume of sol and gel are reduced by more than 50%
only in the vertical direction, thus no cracking will happen. To turn the film
from a sticky gel into a solid gel, the curing stage of 250°C 30 minutes baking
is performed. The optical image of the film after curing is shown in Fig. 4.4,
where the variation of thickness is visible. During the curing phase, as the
temperature goes higher , the solid glass film gets denser and the micro-pores
shrinks. At about 600°C , the film is already a good oxide barrier. If the

(a)

(b)

Fig. 4.4. Optical image of SOG film on Si after curing at (a) center and (b) edge
of the sample. Because of the nature of spin-coating, a radial pattern is formed on
the sample , where different shades of color indicate varying thickness on the film.
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temperature reaches 1000°C, the pores can be completely eliminated. It's
recommended from desert silicon, that the curing temperature should be as
high as any following thermal treatment temperature. However, high
temperature curing can initiate unwanted diffusion before the designed dopant
drive-in, thus the curing temperature here is kept at 250°C.

4.2

SOG Film Patterning and Dopant Drive-in
When the blanket SOG film is solidified and stable, it needs to be

patterned for selective area doping. Conventional photoresist (PR) and photolithography procedures are used to pattern the SOG first. Because the film is
basically composited of glass or amorphous SiO 2 , commonly-used SiO 2 etching
techniques can then be utilized to pattern SOG easily. Wet etch using HF and
dry etch with reactive-ion etching (RIE) are both experimented here. HF

(a)

(b)

Fig. 4.5. Optical image of SOG pattern on Si after (a) HF patterned etch and (b)
RIE patterned etch. The bright blue area is SOG and dark brown area is silicon.
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removes SOG very quick even with a low concentration of HF 1:50, and
sometimes over-etches easily, creates under-cut , or even removes PR pattern.
Thus, it's not preferred for a high tolerant window process. Alternatively, RIE
with CF4 / O 2 chemistry is used to controllably etch the SOG in the exposed
regions. The result of patterned SOG with HF and CF 4 / O 2 RIE are both
shown in Fig. 4.5 , if done correctly, both show similar results. The SOG
pattern should only be left at regions where degenerate doping is desired.
The next step is the drive-in-annealing, during which high temperature,
usually exceeding 700°C, is applied to the sample, so that the dopants inside
SOG have enough energy to diffuse into the substrate, generating a doped
junction whose depth is exponentially dependent on the temperature[6]. From
past reported literature, it's commonly known that 700°C is the threshold
above which the diffusion of atoms becomes significant. To minimize the
number of trials, we choose a high enough temperature, namely 1000°C, to
start with so that diffusion can be observed immediately for modeling and
further prediction. A blanket SOG doping experiment is done on a Fe-doped
semi-insulating substrate to roughly estimate the effectivity of the SOG
doping scheme. After the blanket drive-in annealing in N 2 ambient , the SOG
film is removed with HF and Ti/ Au contact deposition followed by a standard
PDA is performed. It's discovered that at 1000°C, there is no sufficient
conductivity at the surface after the doping. The current only starts to
increase after 1050°C, so 1100°C is chosen as the standard drive-in annealing
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(a)

(b)

Fig. 4.6. Optical image of SOG pattern on Ga 2 0 3 wafer after (a) HF patterning
etch and (b) 1100°C 5 minutes drive-in annealing. The change of color indicates
the change of thickness.

temperature for this process. It's possible that high density of Fe dopant
already presents in the substrate compensated for the doping after 1000°C
drive-in-annealing, making it ineffective. It's observed that after the 1100°C
annealing, the film thickness further decreased from around 170nm to around
130nm, as shown in Fig. 4.6 indicated by the change of color. As the film
reduces thickness , it also gets much denser , requiring more aggressive removal
etch. Drive-in annealing test is also done at 1200°C, this is the only sample we
were able to obtain a secondary ion mass spectroscopy(SIMS) measurement
data(shown in Fig. 4.7). It can be seen that the annealing not only diffused Sn
into the substrate but also has redistributed the doping profile of Fe, creating
a highly Fe concentrated surface, which is detrimental for contact test.
However, such a problem should not exist for samples with n-
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Fig. 4. 7. SIMS measurement data for the SOG Sn-doped Ga 2 O 3 substrate with

1200°C 5 minutes drive-in annealing.

type doped channel layer. With this data, we were able to model the thermal
diffusion behavior of Sn in /J-Ga 2 0 3 , by matching the simulation generated
curve with SIMS profile of Sn. Assuming a single positive charged interstitial
diffusion model, which is commonly done in Si technology, the temperature
dependent diffusion constant is described by [7]:

D(T)

=

D
D 0 exp( - __E_)
kT

(4.1)

where D(T) is in the unit of cm2/ sec, Do is the pre-exponential factor , DE is
the activation energy , k is Boltzmann constant and Tis the absolute
temperature. To match the SIMS data, Do is determined to be 0.8 and DE is
4.2 eV. Using this data, the Sn diffusion profile can be generated for other
temperatures and annealing durations (shown in Fig.4.8). It's later on
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Fig. 4.8. Simulated profile of Sn dopant in the SOG doped Ga 2 O 3 substrate with
various drive-in annealing conditions.

observed that 1200°C annealing has potentially irreversibly damaged the
crystal quality in that it has generated defects- most likely gallium vacancies
[8], [9] that effectively increased carrier density. On a sample with 2xl0 17 /cm 3
Sn doping, after SOG doping with 1200°C 5 minutes drive-in annealing on the
selected area, the area without SOG doping appeared to have a doping of
3xl0 18 /cm 3 from capacitance-voltage(CV) analysis. After annealing at 1200°C
for 5 minutes one more time, the apparent carrier density further increased to
lxl0 19 /cm 3 • Both carrier density is too high for a 200nm channel to modulate.
Thus, making 1200°C the upper limit for thermal treatment on /J-Ga2 0 3
sample. The operation window, therefore , has been narrowed down to
1000°C< T( drive-in annealing)< 1200°C, which is very small. For all the
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following discussion in this thesis, 1100°C 5 minutes drive-in annealing is used
as default.

4.3

Electrical Characterization of SOG Doped Contact
From the diffusion simulation, we can see that when performing drive-

in annealing at 1100°C for 5 minutes, the doping junction depth is
approximately 20nm, giving lxl0 19 /cm 3 is the lower bound doping of
degenerate doped region. Because the most highly doped region appears to be
at the surface of the semiconductor, no etching is necessary. Unlike what is
required for the ion-implantation doped junction, etching is usually needed to
reach the highly doped region below the surface [4]. Therefore, Ti/ Au contact
can be deposited on the surface immediately followed by 470°C PDA. The
4
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Fig. 4.9. IV characteristic of (a) Fe-doped semi-insulating substrate (b) with SOG
doping.
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Fig. 4.10. Comparison of IV characteristics between SOG doped contact and
alloyed contact on a 2xl0 17 / cm3 Sn-doped /J-Ga 2 O~ sample.

current-voltage(IV) characteristics of contacts on Fe-doped semi-insulating
substrate without and with blanket SOG doping is shown in Fig. 4.9.
Selective area SOG doping test is also carried out on a 2xl0 17 / cm3 Sndoped epitaxial layer. The result IV curve is compared with a Ti/ Al/ Ni/ Au
alloyed contact on the same sample without SOG doping, as shown in Fig.
4.10. For both blanket doping and selective area doping experiment, improved
conduction in the metal-semiconductor contact is evident. On the blanked
SOG doped sample, rectangle TLM structure (shown in Fig. 4.ll(a)) is also
fabricated to measure the contact resistance (data shown in Fig. 4.11 (b).).
The specific contact resistivity, linear contact resistance, and the sheet
resistance are extracted to be 2.1±1.4xl0-5 O·cm2, 3.4±0.17 O·mm and
1.0±0.lxl04 0 / sq respectively.
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Fig. 4.11. (a) SEM image of the rectangle TLM test structure and (b) measured
total resistance vs. contact spacing on a SOG blanket doped Fe semi-insulating
substrate.

4.4

P-Ga203 MOSFET with SOG Doped S/D Contact
Simple lateral MOSFET is fabricated on a lxl0 18 / cm3 Sn-doped 200

nm /J-Ga 2 O 3 epitaxial layer to demonstrate the integration of SOG doping
technology in the MOSFET fabrication process. The epitaxial layer is grown
by ozone molecular-beam epitaxy(ozone MBE) at Novel Crystal Technology,
Japan. And the layer is grown on top of a 200 nm undoped layer , sitting on
top of a Fe-doped semi-insulating substrate. The 200 nm undoped layer in
between the active channel layer and the semi-insulating substrate is used to
prevent Fe diffusion into the channel during any potential high temperature
treatment in the device fabrication stage [10]. The sample is first spin-coating
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with Sn-365 SOG at 3500 rpm to form a 170 nm layer. A 200 °C 5 minutes
evaporation bake and a 250 °C 30 minutes curing bake is performed to solidify
the SOG layer. Then the SOG is patterned by conventional photolithography
with negative photoresist(PR) (Fig. 4.12(a)) and etched with buffered HF
(1:50) for 20 seconds, so that only source/ drain (S / D) region would have SOG
layer remaining (Fig. 4.12(b)). After the PR removal, a 1100°C 5 minutes
drive-in annealing in an N 2 ambient is performed to dope the S/ D region (Fig.
4.12(c)).
After the S/ D region SOG drive-in annealing, the S/ D pattern is
realigned by photolithography with positive PR so that exact region of S/ D is
exposed (Fig. 4.12(d)). Another buffered HF (1:6) dip is used to remove
remaining SOG inside the S/ D window(Fig. 4.12(e)). It's observed that the
1100°C annealing has created an interfacial defect layer that's 10nm thick.
Thus, a BCh/ Ar etch is used to remove this layer. Followed by a
Ti(50nm) / Au(lO0nm) S/ D contact e-beam deposition (Fig. 4.12(f)) and a
470°C PDA in N 2 ambient. At this point, S/ D ohmic contact has already
formed. Photolithography images in each step are shown in Fig. 4.12.
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Fig. 4.12. Step-wise optical image of device during the SOG S/ D doping process.

97

CHAPTER 4. SPIN-ON-GLASS DOPING FOR /J-Ga 2 O 3 OHMIC CONTACT
Followed by the S / D ohmic contact formation, a 20nm SiO 2 gate
dielectric is deposited with plasma enhanced atomic layer deposition
(PEALD). Ti/ Au gate contact is then defined by photolithography and
deposited bye-beam. The oxide layer covering S/ D contact is then removed
by a short CF4 / O 2 etch, the complete fabrication process flow and final device
structure are shown in Fig. 4.13.

....
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SOG Strip

CF/0 2

SID Depostion

RTA
ALO Si0
. . 2 )G ate

Drive-In Diffusion
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Depos1t1on

....

Top View

S/0 Etch
Open
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Fig. 4.13 (a) Fabrication process flow ,(b) cross-section schematic and (c) SEM
image of the fabricated lateral /J-Ga 2O 3 MOSFET with SOG S/ D doping.
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Fig. 4.14. Output IV characteristics of simple lateral /J-Ga 2 O 3 MOSFET (a) with
(described in this section) and (b) without (not described in here) SOG S/ D
doping. Both device have similar design, similar sample parameters and used
20nm PEALD SiO 2 gate dielectric.

Current-voltage(IV) characteristics of the fabricated MOSFET reveals
much-improved output current and trans-conductance compared to the
previous MOSFET fabricated without SOG S/D doping on a similar doping
and thickness sample (shown in Fig. 4.14. [11], [12]). However, due to the
similar dimensions, the breakdown voltage remains the same, boosting the
FoM more than 1000 times. The transfer characteristics are shown in Fig.
4.15(a), while the threshold voltage is extracted to be -10 V and the on/off
ratio is 108, which is one of the best values by the time of publication. Pulsed
IV measurement (Fig. 4.15(d)) revealed a slight heating issue in the DC
measurement as can be seen by the lowering of current. Temperature
dependent IV tests are also carried out to characterize the high temperature
stability of the device as /J-Ga 2 O 3 is also proposed as a strong candidate for
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F ig. 4.1 5. (a) and (b) shows the transfer characteristics of simple lateral /J-Ga 2 O 3
MOSFET with SOG S/ D doping. (c) shows the scaling of transconductance
versus the gate length. (d) shows the comparison between pulsed and D C IV
measurement.

high temperature electronics. As expected, t he on-current a nd
transcond uctance both decreased (shown in Fig. 4.16) due to t he pronounced
lattice scattering, which negatively affected mobility, increasing sheet
resistance in t he channel. T he same trend can be interpreted from
temperature-dependent circular T LM resistance measurement data also
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Fig. 4.1 6. (a) shows the output IV characteristic in 25°C and 300°C. (b) shows the
dependence of transconductance on temperature .

(shown in F ig. 4. 17) . It's observed t hat t he sheet resistance is dominating in
t he total resistance. As t he temperature goes up, t he sheet resistance
increasing is also dominating, as indicated b y t he increase of slope in Fig.
4.1 7(a), while t he intercept on t he y-axis (i.e. contact resistance) only cha nged
slight ly. W hile t he increase of sheet resistance is expected, t he mecha nism
governing t he decrease of contact resistance as temper ature increases is not
well under stood .
At last, t he decrease of breakdown voltage when tem perature increases
are also obser ved , contrary to t he t heory of ionization breakdown . The
tradit ional impact ionization t heory indicates a posit ive temperature
coefficien t on t he ionization factor [13]- [15]. At higher temperature, d ue to
t he increased population of phonon in semicond uctors, carriers get scattered
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more often , reducing its kinetic energy , m aking avalanching less likely to
happen . However , as shown in Fig. 4. 18, t he breakdown voltage decreases
monotonously wit h increasing temperature and experienced a drastic drop at
300 °C. Similar t rend in breakdown voltage is also ob served in other reports

on Ga 2 O 3 M O SFETs [2]. This is most likely not a n impact ionization
breakdown , rat her a n extrinsic breakdown t hat happens outside t he channel.
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doped MOSFET vs temperature.
Most likely in the oxide or in the air [16]. As will be discussed in chapter 5,
the breakdown in the air is pinpointed as the cause in this case.
With many advantages of SOG doping, such as easiness of processing,
low budget for the equipment and high doping at the surface, also comes one
of the biggest disadvantage- the extremely high temperature treatment,
necessary for the drive-in diffusion. This high temperature treatment as
mentioned previously has a very small processing window from 1000°C to

1200°C. And any fluctuation outside the window caused by equipment or
environment can be detrimental to the device and material and are usually
irreversible. What is worse is the fact that all dopants diffuse in the same
fashion. At the same time when Sn is diffusing from SOG into the channel
due to the concentration gradient, the Sn dopant already inside the channel
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also diffuses into the UID layer due to the concentration gradient. And the
two diffusion process, except
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Fig. 4.19. (a) Measured CV profile of the /J-Ga 2 O 3 MOSFET with SOG S/ D
doping and (b) the extracted effective carrier density profile from (a).

for having two different gradients , share the same diffusion coefficient,
temperature, and other parameters. This out-diffusion of the channel dopant
will decrease the effective carrier density near the interface, redistributing the
channel dopant profile into a decaying function instead of a well-defined box
profile initially(shown in Fig. 4.19). This unwanted and uncontrollable dopant
out-diffusion and redistribution is the main downfall for the SOG doping
technique. For example, as shown in Fig. 4.19 , the extracted carrier density
profile is not uniform across the 200nm epitaxial layer. In addition, the initial
doping density is l xl0 18 / cm3, the extracted average doping density in the
channel turned out to be a much lower 2xl0 17 / cm3 . The lower doping density
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coincidentally falls in the operable range for the 200nm channel. If carrier
density is lxl0 18 / cm3, the MOSFET would not turn off properly according to
the simulation and many tests. If the initially doping density is 2xl0 17 / cm3,
which is the desired channel doping value, then after SOG S / D doping
process, the effective channel carrier density will end up much lower than
2xl0 17 / cm3 , giving lower current than designed for.
To overcome this problem, the key is to maximize the SOG dopant indiffusion but minimize the channel dopant out-diffusion. Instead of using Sn
as SOG dopant, Si or Ge, both effective n-type dopants for /J-Ga 2 0 3 , can be
used. These two alternative atoms have lower atomic mass and smaller size,
both contribute to a more effective diffusion under the same temperature for
interstitial diffusion model. This can potentially reduce the temperature
needed for the drive-in diffusion to below 1000°C, where Sn diffusion is
negligible. More investigations are necessary for not only the diffusion tests on
the proposal but also the preparation for such a SOG solution. Only until
then, SOG doping process can become the perfect choice for processing
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Chapter 5
Field-Plated P-Ga203 MOSFETs

Undoubtedly, the main advantage of using Ga 2 O 3 is its potential ability
to achieve much higher breakdown voltage

ClO kV)

intangible for other

materials, benefitting from the large bandgap. In MOSFET , the breakdown
voltage ultimately is restricted by the impact ionization in the channel. When
a high enough electric field (critical field) is present in the channel, the
electron inside channel will accelerate and gain enough energy between each
collision so that it will knock another electron out from valance band to
conduction band, generating an extra pair of conducting electron and hole
(illustrated in Fig. 5.1). Thus , the number of electron-hole pairs increase
exponentially, resulting in a sudden surge of current when the device is turned
off. This process is also figuratively being named avalanching. Sometimes, the
avalanching is non-destructive and can be reproduced many times on one
device. But more often, it can have catastrophic effects on the device. A large
amount of current will generate very high localized heat , and the heat will
vaporize and blast away adjacent metal structures, creating crater looking
holes on the device surface. Usually, the gate will lose the insulating property
and the device stops working. The details of the destructive breakdown of
power MOSFET is still mostly an unknown field.
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Fig. 5.1. Illustration of the impact ionization process in semiconductors under
high electric field.

It is important to point out that avalanching breakdown happens due
to the high concentration of electric field in the channel instead of the high
voltage being applied across drain and source. The two is inevitably linked,
however, is not necessarily always proportionally. The trick for increasing the
breakdown voltage is to have the channel electric field stay the same or
decrease while drain voltage is increasing. Half of the effort to advance the
power semiconductor field is put on discovering new techniques to achieve this
goal. The other half is to minimize the on-resistance. These two parameters,
namely breakdown voltage

Vir and on-resistance R n, together determine the
0

measured Power Figure of Merit (PFoM) for power MOSFETs as:

PFoM = Vb}
R on '

(5.1)
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usually in the unit of MW/cm 2 • This is the quantity to describe how good the
power device is and commonly used in device benchmarks.
Both

Vbr

separation

and R
L gd·

0

n

of a particular device are strongly dependent on gate-drain

If the device processing techniques are optimized and do not

play a major role in affecting the two variables , then
completely determined by

L gd

Vir and R n are
0

and electric field engineering, given the

breakdown is limited by the avalanching breakdown. As will be mentioned
later, an undesirable parasitic breakdown can happen before the actual
avalanching breakdown and is determined by other extrinsic factors outside
the semiconductor channel. When

L gd

increases , the gap between the applied

high voltage on drain electrode and the approximately ground voltage applied
on gate electrode becomes bigger. This naturally allows more voltage to be
applied across the gap with the same upper limit for electric field strength
between gap. However, in the meanwhile, the separation between the source
and drain also increases proportionally to the increase of

L gd·

This is because,

to maximize the current output and gain, gate and source electrode are
usually placed as close as possible with separation much lower than the gate
and drain spacing. Because of the increase of drain-source separation

L ds

along

the current flow direction, the resistance of the channel also increases
proportionally, considering a simple resistor cross-section model. In the end,
the increase of

Vir and the increase of R n cancel each other , giving no
0

increase of PFoM.
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This means by simply increasing

LgdJ

even though the breakdown voltage

increased, the device runs less energy efficient and eventually is not improving
overall performance. In addition, for a lateral device,

L gd

is also proportional

to the device area. More separation between source and drain simply implies a
bigger device area and die size, making the device less cost-efficient too. This,
however, is not a problem for vertical devices as its drain-source separation
scales vertically with a constant lateral device area (shown in Fig. 5.2). But

p

Bod

channel

(b)

(a)

Fig. 5.2. Cross-section schematic of (a) lateral and (b) vertical MOSFET. In
lateral MOSFET , electrons flows from source to drain laterally. Whereas, in
vertical devices, electrons flows from source on the top to drain in the bottom
vertically. Thus, for vertical device, increasing source-drain separation requires
thicker channel layer instead of more lateral area.

the vertical

L gd

scaling is much more difficult due to the fact that epitaxial

film of equivalent thickness has to be deposited on the substrate first. The
state of the art technology right now can only guarantee 10 µm of high
quality epitaxial film, limiting

L gd

below this value for vertical /J-Ga 2 O 3

devices.
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To make matters worse, the increase of

L gd

is more likely to reduce the

PFoM due to the non-uniform distribution of the electric field that will be
covered in the following section. For example, when

L gd

doubles , the

Vir

usually end up becoming lower than 2 Vir- The situation is even worse taking
into consideration the extrinsic breakdown effects. However, the Ran will
definitely double at least. This is also the reason why high voltage power
MOSFET is so challenging to realize.
To effectively increase PFoM,

L gd

should not be increased indefinitely.

Rather , the efforts should be focused on electric field engineering. To do this,
new device structures can be designed to mitigate the high field inside the
channel. One of the most commonly used electric field management technique
is using a field plate. The simulation and fabrication of field-plated /J-Ga 2 0 3
MOSFETs are presented in this chapter.

It is worth noting that both lateral and vertical /J-Ga 2 0 3 MOSFET
research is advancing as the hottest fields in the Ga 2 0 3 world. Lateral
MOSFET technology is more mature and vertical technology has more
potential as it is being called the holy grail of power devices. If successful,
vertical MOSFETs will have the lowest possible R

0

n

while achieving the same

breakdown voltage or potential higher compared to lateral device. All these
advantages come at an even cheaper price due to the fact that

L gd

is not area

dependent for a vertical device. But vertical devices for /J-Ga 2 0 3 is especially
difficult to realize not only because of the mentioned limitation of epitaxial
layer thickness, which can be overcome by more research, but also due to the
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lacking of current blocking layer , mainly because of the lacking of p-type
doping in /J-Ga 2 0 3 • Recently there are reports on vertical Fin /J-Ga 2 0 3 power
MOSFET with state-of-the-art PFoM [1], which overcomes the problem by
simply removing the material where the current blocking layer is supposed to
be. However, in this thesis, all work being done are on lateral devices, where
L gd

scaling is easier. In addition, considering the high critical strength of the

/J-Ga 2 0 3 , the necessary

L gd

to achieve 10kV

Vir is much lower than other

WBG materials. This can potentially be realized with a low

L gd

on Ga 2 0 3

laterally, making lateral Ga 2 0 3 MOSFET more competitive than any other
vertical technologies of WBG device. For example, lOkV vertical power
MOSFET is demonstrated on SiC with a 100 µm

L gd

[2], considering SiC

having a critical strength of 2.5 MV/cm , which is 3 times lower than /J-Ga 2 0 3 ,
ideally, the same V br can be realized in /J-Ga2 0 3 with

L gd

of 33 µm. Thus ,

lateral /J-Ga 2 0 3 MOSFET has immense potential that we have barely
scratched the surface of.

5.1

Device Simulation with Electric Field Profiling
Before any device fabrication, to verify the viability with simulation

first is critical to minimize the workload and financial budget and generally
the success of the final device. Simulation is usually used in two aspects:
verification and optimization. Verification will test the functional design of
MOSFET, including the device structure, doping density , and channel
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thickness, to make sure the MOSFET will work properly with effective
modulation. Optimization can be used to test the new structures for field
management and other abnormalities in the devices to maximize PFoM. The
simulation is performed with the TCAD (technology computer-aided design)
software packages produced by Silvaco [3]. The main package being used is
the 2D Atlas device simulation framework. The 3D simulation framework is
also available from the package. However , the MOSFET being fabricated can
usually be viewed as the 2D slice represented in Fig. 5.3, and can be scaled
uniformly perpendicular to the 2D plane by gate width Wg, whereas the size
of the gate electrode in the 2D plane is gate length Lg, measured in the same
direction as L sd· Thus , 3D simulation won't give more useful information and
are more time consuming, is unnecessary.

Fig. 5.3. Schematic of a basic /J-Ga 2 O 3 MOSFET with SiO 2 gate dielectric.

Fig. 5.3 shows the prototype of an n-type /J-Ga 2 0 3 MOSFET. The
vertical thickness of the epitaxial (epi) layer is the channel thickness and is
initially being determined as 200nm by the rule of thumb. A doping density of
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2xl0 17 / cm3 is also selected. Due to the lack of p-type dopant , the channel is
uniformly n-type doped without any region of depletion. This makes the
device depletion mode because it is normally on (device conducts when gate
voltage is 0V), and negative voltage needs to be applied to the gate to turn
off the device. The only available technique to make /J-Ga 2 O 3 MOSFET
enhancement mode is to reduce the channel thickness and increase the density
of negatively charged Dit to deplete the channel below the gate. As a result,
the positive voltage has to be applied to the gate to accumulate charge under
the gate and make the channel conductive. However, care needs to be taken
for the ungated region (the channel region that's not under the gate
electrode), since if they are depleted, there is no way to accumulate any
charge back to the region and device will be permanently off. Due to the early
stage of the Ga 2 O 3 device development and a lack of understanding about the
interface states, in this thesis, all the work is done on depletion mode only.

In device TCAD simulation, the first thing to specify is the meshing,
which is of great importance. Mesh is a web of individual dots mapped to
each location on the 2D design plane. The spacing between the dots is
specified by the simulation commands. Calculations are only made and
equations are only solved at these limited points to approximate the device
performance in reality. Thus, it is critical that the density and locations of
mesh are properly set up. Very often, when the simulation doesn't converge
(cannot render consistent results), it is because the meshing is not done
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correctly. Generally, the mesh spacing must be smaller than any important
features on the device plane. These include doping region size, material
thicknesses, and device structure sizes. However, if the mesh is too dense, the
simulation will take too much computation resources and makes the process
inefficient. It is worth noting that the electric field strength given in the
simulation varies slightly according to the size of mesh chosen for the
simulation, which is to be expected due to the different resolution.
Nevertheless, it gives a good approximation to the actual value. Moreover, it
serves as an important and useful guide for design optimization when size of
the mesh is unchanged throughout the modification. The trend given by the
simulation is accurate. The simulation structure and meshing for the device
shown in Fig. 5.3 is shown in Fig. 5.4.

In Fig. 5.4(a), the purple region with y> 0 µmis the 200nm /J-Ga 2 O 3
channel layer with 2xl0 17 / cm3 doping density and the blue region with y< 0
µm is the SiO 2 region. The semi-insulating substrate region is not included in
the simulation because there are no carriers in the region and thus no electric
behaviors to be simulated. The device has an Lsd= 30µm , Lsg= 3µm, Lg= 2µm
and Lgd= 25 µm. The source and drain contact metal thickness is 170 nm and
the gate metal start at y= -0.02 µm and ends at the top bound, giving an
oxide thickness of 20 nm. It also can be seen from Fig. 5.4(b) that the
meshing density clearly varies across the entire device plane. Generally, it is
the densest at locations where the structures are most fine and crowded, and
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these locations usually are the most critical functional regions regarding the
operation of MOSFET. For our design, the finest spacing is the gate oxide
thickness which is 20nm, and it is minute compared to the 30µm lateral size
of the entire structure. And more specifically, the region directly under the
gate electrode and near the gate towards drain side will have the most
concentrated electric field, thus needs to be resolved with very fine mesh. Just
like the Nyquist sampling theorem for Fourier transform, the sampling mesh
size needs to be denser than 2x the maximum spatial frequency. Thus, for
20nm gate oxide, a 10nm vertical meshing size inside the gate oxide region is
necessary. It gradually relaxed into 50nm towards the top to reduce
computation stress. The lateral mesh is densest at gate electrode edge towards
drain side and is 10nm, which is relaxed into 400nm at drain side and into
200nm at source side. The simulation used a published /J-Ga 2 0 3 material
property from Silvaco example package, and the code is listed below:

material material=Ga2O3 user.default=GaN
user.group=semiconductor affinity=4.0 eg300=4.8
nc300=3.72e18 nv300=3.72e18 permittivity=l0.0 mun=118
mup=50 tcon.const tc.const=0.13

The electron affinity is 4 eV, bandgap at 300K is 4.8 eV, Ne and Nv are
the effective density of states at conduction and valance band edge.
Permittivity is 10. Electron and hole mobility is set as 118 and 50 cm2 / V·s,
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which are most likely optimistic values. Thus, a higher current is expected
from the simulation. Interface states and high contact resistance are also not
simulated, which will contribute to even higher simulated current. The
simulated IV characteristics are shown in Fig. 5.5, the drain current value is
scaled to 1mm W g. As will be shown in later sections, the maximum output
current of 100 mA / mm is not realized in experiment. This concludes the
verification simulation stage for the prototype device. It can be seen from Fig.
5.5(b) that the device can be modulated properly and is demonstrating the
characteristics of a working MOSFET.
In addition, for the optimization stage, the electric field profile is
simulated to pinpoint the potential breakdown location in the channel. Note
that the simulation does not simulate the impact ionization process even when
the peak electric field has surpassed the critical strength of Ga 2 0 3 • This is
because no impact ionization parameters are included in the command neither
is the function enabled in the program. Only electric field is calculated for
field engineering purposes. The device is first turned off at Vg= -30V, then the
drain voltage is swept from 0V to lkV. The electric field profile under lkV
drain voltage is shown in Fig. 5.6. It can be seen from Fig .5.6 (b) that the
electric field is very concentrated at the gate electrode edge towards the drain
side. Even though the high voltage is applied between the drain and source
electrode, the spacing between gate and drain plays the main role in affecting
the breakdown of MOSFET. This is because not only gate is between source
and drain, and thus closer to the drain side, but also gate
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voltage is usually lower than 0V in the source to turn the device off. As a
result, the potential drop between the gate and drain is higher coupled with
the lower separation, the high field will always be concentrated at the gate
electrode edge closer to drain side. From the color bar, it can be seen that the
peak field is 22.8 MV/ cm inside the gate dielectric and is 9 MV/ cm, in the

/J-

Ga2O3 channel layer, exceeding the predicted field strength of Ga 2O 3 at 8
MV/ cm. This means the device, in reality, would have already experienced a
breakdown, and the drain voltage could not have been swept up to lkV. The
maximum voltage can be applied to the drain in the experiment will be
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Fig. 5. 7. Electric field profile along the cutline y= 0.001 µm and x= 4 to 9 µm.
approximately the voltage that gives a peak field of 8 MV/ cm in the channel.

In addition, it is also evident that the electric field in the channel
surface from gate to drain side is not distributed uniformly. A cutline is
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drawn at y= 0.001 µm and from x= 4 to 9 µm, examining the electric field in
the channel near the surface where the peak field is present. The cutline
electric field profile is shown in Fig. 5. 7, a very sharp peak exceeding 8
MV/ cm is observed right at the gate electrode edge. A uniform field
distribution is always preferred but is never the case in reality. If instead of
the sharp profile, the profile is a box shape with an upper limit at 9 MV/ cm,
then the area below the curve is maximized, accommodating the most
potential drop with the given critical field strength and at a given distance.
Conversely, given a box profile, but a fixed potential drop at a given distance,
compared to the sharp profile, the peak field is much decreased. Thus, to
indefinitely approaching the ideal limit of a box profile inside the channel is
the essence of electric field engineering in power MOSFET.

ALD/PECVD SiO 2
400nm

Fig. 5.8. The cross-section schematic of a /J-Ga 2 O 3 MOSFET with gate connected
field-plate.
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For this to happen, one idea is to split the main peak in the profile into
many peaks of lower strength, thus getting closer to a flat top box profile.
The way to realize this is to use the field plate structure. A gate-connected
field plated MOSFET is shown in Fig. 5.8. The only difference here compared
to Fig. 5.3 is the addition of the top extension on the gate electrode, which
gives the gate an inverse 'L' shape. The entire inverse 'L' shaped electrode is
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Fig. 5.9. Simulation of the electric field profile in the field plated MOSFET.
Device dimensions are exactly the same as Fig. 5.6. The drain voltage is also lkV
while gate voltage is -30V. The only difference is the addition of 5 µm lFP field
plate. The hFP is varied with 100nm, 200nm, 400nm, 800nm and 1.6 µm as
indicated with the overlays of the field plate extensions. The electric profile
shown is only for hFP= l.6µm device to give a clear view.
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called the field plate, which has a height of

hFP

and a drain extension of

]pp.

The area below the field plate is all filled with oxide materials similar to the
gate dielectric.
To find a good design for the field plate, a series of simulation of /JGa2O3 MOSFET with gate connected field plate is carried out. The two
variables of the field plate- hFP and lFP are individually varied to examine their
effects on the field. First, the electric field is simulated with 5 different hFP
values with fixed lpp= 5µm as shown in Fig. 5.9. And the field profiles for all 5
variations of hFP along both channel cut-lines (Echannel cutline) and field plate
cut-lines (EFP cutline) are shown in Fig. 5.10. Echannel cutline slices the field
profile inside channel near the surface. EFP cutline slices the field profile inside
field plate oxide. In Fig. 5.lO(a), all the channel field profiles for field-plated
MOSFETs are also compared with the same profile on non-field plated
MOSFET from Fig. 5.7. It is clear that the addition of field plate has
drastically reduced the channel peak field from >8MV/ cm to <5MV/ cm with
only hpp= 100nm. As hFP reaches 1.6µm , the channel peak field decreases
further to <3MV/ cm, which means more voltage can be applied to this
structure. As a result, the lkV drain voltage not possible in the non-field
plated device is now possible for the field plated MOSFET. To find out the
maximum voltage that can be applied to the drain for a particular hFP, just
increase the drain voltage until the channel peak field reaches 8MV/ cm. In
addition, the channel peak field location has moved from gate edge to fieldplate edge. When hpp= 800nm, the gate edge, and field-plate edge has
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approximately the same channel peak field strength. Even though the areas
under the curves are all the same (lkV), the field plated profiles are more
uniform and flat, thus give much lower peak fields. As hFP increase, the more
smeared out the profile becomes. It is thus preferable to use a field plate with
hFP as tall as possible. However , a tall field plate comes with high technical
difficulties. A very thick layer of oxide first need to be deposited, and the
etching through the layer to form the trench structure will be very
challenging. At last, the gate metal stack has to fill in the trench and top
without breaking at the corner. Thus, a reasonable hFP of 400nm is used for
our experiment.
Comparing Fig. 5.9 with Fig. 5.6, it is also important to note that the
peak field in the device plane did not disappear , but rather is just transferred
to a new location at field plate extension edge (profile shown in Fig. 5.10). At
this location, the peak field is not dependent on hFP· This is because of the
fact that the gate drain lateral separation never changed nor did the potential
drop between them. However, because of this transfer, the peak has been
pushed away from the channel surface to the top electrode of field plate with
separation dependent on hFP· The taller hFP is , the further away that fixed
peak field is pushed from the channel surface, the lower channel peak field
becomes. If the breakdown happens inside the channel, this design will
definitely help increase the breakdown voltage.
It is a rule of thumb that the peak field always occurs near sharp

geometric metal structures, and also between the closest possible gaps on the
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two equal potential structures (gate and drain electrode in this case). In the
non-field-plated MOSFET shown in Fig. 5.3, this location is at the gate
electrode bottom corner, however, for the field-plated structure, it is located
at the field-plate top extension edge corner, which is the closest to drain and
sharpest structure on the gate electrode. Thus, by increasing the hFP, channel
peak field is reduced, which increases the intrinsic breakdown voltage.
However, the peak field inside the field plate oxide at the field plate edge
stays constant.
Secondly, the electric field profile is also simulated with 8 different
values of lFP and with a fixed hpp= 400nm as shown in Fig. 5.11. The
corresponding field profiles along Echannel and EFP are given in Fig. 5.12. From
Fig. 5.7, it can be clearly seen that the channel field peak has a fixed width of
approximately 4 µm , 1 µm to the left of the peak and 3 µm to the right of the
peak. Beyond the peak width region, the field decays to a negligibly low
value, thus the whole area under the curve is included within the 4 µm peak
width. The same channel peak width is now present at the field plate edge for
field plated devices, as shown in Fig. 5.12(a). Because almost all the lkV
potential is dropped within the 4µm peak width, the rest of Lgd is not playing
any role in the case. So when the peak is shifted left and right along with the
lFP, the electric field profile peak and width does not change, as long as there
is enough room to accommodate the peak. This means the peak cannot be less
than lµm from the gate electrode side wall on the left, and cannot be less
than 3µm from drain electrode on the right. When lpp= 24µm, the field plate
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Fig. 5.11. Simulation of the electric field profile in the field plated MOSFET.
Device dimensions are exactly the same as Fig. 5.6. The drain voltage is also lkV
while gate voltage is -30V. The only difference is the addition of 400 nm hFP field
plate. The lFP is varied with 1, 3, 5, 10, 15, 20, 22, 24 µm as indicated with the
overlays of the field plate extensions. The electric profile shown is only for lFP=
24 µm device to give a clear view.
edge and drain separation is lµm , below the 3µm limit, the field lines are thus
squeezed or crowded, making the peak field 2x higher. This is not desirable.
On the other hand, as long as the lFP is > 0 µm or it exists , the field plate edge
will always be closer to the drain than gate bottom edge, and will attract the
peak field (shown in Fig. 5.12(b)) , making the field plate effective. As long as
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the peak field width has enough room to relax, then its profile will not
change. The same happens in the peak field near field plate edge. An lFP of 5
µmis chosen to account for the potential misalignment in the fabrication.
Therefore, by increasing lFP, both channel field peak and field plate edge field
peak stays constant, unless lFP is too small or too big to allow the room for
field peak to relax, in which case, the peak field will increase drastically.
It is also noted that peak width varies with respect to drain voltage.
Generally, the higher drain voltage is, the wider peak becomes. Accordingly,
the design limit for lFP becomes more. Fig. 5.13 shows the electric field
simulation of the same device with hpp= 400nm and lpp= 5µm under the drain
voltage of lkV, 2kV, 3kV and 5kV. Under 5kV drain bias, the channel field
peak width is 10 µm wide, more than 2x wider than lkV. In addition, for the
3kV profile, the channel peak field is below 8MV/ cm. Thus 3kV breakdown
voltage is to be expected from the design shown in Fig. 5.13.

5.2

Field Plated MOSFET with SOG S/D Doping
With the above-given field plate design combined with the S/ D SOG

doping described in Chapter 4. The newly design MOSFET aims to achieve
both enhanced breakdown voltage and maintain a high current density.
It's important to point out that all the discussion in section 5.2 is
revolved around the notion that the breakdown voltage is intrinsic and is
limited by the impact ionization in the channel, likely at the surface. With a
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field plate, the peak channel field is decreased, however, the peak field in the
oxide is still very high, which now is present at the field plate electrode top
edges (Fig. 5.12(b)). In the real device, this electrode is deposited in the last
step and is exposed to the environment, most likely air during measurement.
And it can be seen that the electric field near the field plate edge is highest
across the entire device while the dielectric strength of the surroundings are
the lowest (air has a dielectric strength of 30kV / cm, 266 times lower than

/J-

Ga2O3 in the channel and 333 times lower than the SiO 2 dielectric). It is very
likely that the breakdown will not happen inside the channel, but rather at
the top edge of metal field plate. To reduce the potential of such premature
extrinsic breakdown, the materials surrounding this region have been
reinforced in the design. Below the field plate, immediately near its top edge,
the field plate oxide is deposited with ALD SiO 2, which is the highest quality
oxide can be accessed, and usually is the slowest deposition technique.
Therefore, this high quality layer cannot be too thick, the rest of the field
plate oxide is then composed of plasma-enhanced chemical vapor deposition
(PECVD) SiO 2, which deposits in a much faster rate. Above the field plate
near the top edge, the same high quality material should be used. However, it
poses more technical difficulties, mainly the high temperature deterioration of
the MOS structure during the deposition process. Thus, the top surface is
simply covered with a dielectric liquid Fluorinert FC-770 by submerging the
entire sample into the liquid during breakdown measurement. FC- 770,
according to the datasheet, has a dielectric strength of ~150 kV/cm, although
far from the value of dielectric crystals, it is more than 5 times stronger than
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the air. If the breakdown happens extrinsically in the air, then the
measurement in FC- 770 should give higher breakdown voltages.
For the experiment, an MBE grown 200nm Sn-doped epitaxial layer
with 2xl0 17 /cm 3 doping is used. A UID buffer is used to separate the channel
from the Fe doped semi-insulating (010) Ga 2 O 3 • The selective SOG
source/drain doping described in [4] is carried out. The Ti/ Au S/D contacts
are then deposited in the doped region, followed by a 4 70°C post metallization
annealing to increase ohmicity. A total of 420 nm of composite
ALD(50nm)/PECVD(350nm)/ALD(20nm) SiO 2 layer is deposited on the
sample. The ALD SiO 2 layers are deposited by plasma enhanced ALD
(PEALD) at 300°C under 10 mT pressure, with Tris(dimethylamino)silane
(3DMAS) precursor and 0 2 plasma. The 350nm lower section of the field plate
oxide is SiO 2 deposited by PECVD at 250 °C and 900 mT using SiH4 and N 2 O
gases. A thin Al 2 O 3 layer deposited by thermal ALD also at 300 °C is used as
an etch stop layer during the field plate gate trench etch. Another thin layer
of AhO 3 is also used on the top of the entire oxide stack as the etch mask.
The top mask layer is first patterned with conventional photolithography and
an MF319 dip. Then, a highly selective CF4 based reactive ion etch (RIE) is
used to form the gate trench in the field plate oxide. Another 450°C 1 minute
annealing is used to densify the oxide stack. At last , 550nm of Ti/ Al/Ni/Au
gate contact is realigned to the trench, also serving as the field plate. At last ,
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Fig. 5.14. (a) Cross-section schematic and optical image of the fabricated field
plated /J-Ga 2 O 3 with SOG S/ D doping.

the device mesas are isolated with a BC13/ Ar RIE. The device cross-section
schematic and the optical image is shown in Fig. 5.14.
During the fabrication , the most critical and challenging step is the
gate trench etching through the field plate oxide stack. A 400nm of oxide
needs to be removed with patterning by CF4 based RIE. If the RIE power is
high and the etch rate is high, the PR can be polymerized quickly, making it
impossible to remove afterward. If the RIE power is low, the time required to
etch is elongated, and PR also will be polymerized. Moreover, the etching
necessary to remove 400nm SiO 2 requires high ICP power, which makes the
RIE chamber hot , with temperatures exceeding 100°C within 2 minutes. The
PR commonly used, for example, S1818 series, cannot survive the harsh
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conditions of the particular etching process. The only solution is to use an
oxide mask instead of PR and used PR to pattern the oxide first.
Secondly, the etch recipe has to meet the following requirements:
1. Etch rate needs to be sufficiently high >lO0nm/ min;

2. The etch should not remove the Al 2 O 3 layer on the top as the
mask and in the bottom as the etch stop but should remove
SiO 2 efficiently, which means a high selectivity of SiO 2 over
AbO3, ideally >50;

3. The etched bottom should be very smooth, with mean surface
roughness no more than 3 nm.
To satisfy all the conditions, very finely tuned RIE recipe has to be
customized. The key is called 'synergic etch' [5] , where very high ICP power is
coupled with low RIE power to create a balance between the chemical and
physical component of the etching.
RIE consists of both chemical and physical part in the process. The
non-reactive particles in the chamber are accelerated by the RIE power and
bombard the sample, removing the particles at the surface kinetically, leaving
behind a rough surface. On the other hand, the reactive particles are densified
by ICP power and then injected onto the sample by RIE, chemically reacting
with the surface and removing the material at the same time. The chemical
etching can also result in a rough surface due to favorite interface bounds.
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However , if working together with a proper ratio, the two can enhance each
other. The byproduct from the chemical reaction can be more efficiently
removed by physical bombardment , thus enhancing the chemical etching rate.
The physical component can also even out the rough surface created from
chemical etching. By achieving the synergic etch, not only the etch rate is
increased, but the surface roughness is also improved. In an ICP-RIE system,
the chemical component is directly proportional to the ICP power , whereas
the physical etching component is more related to RIE power. From [5] and
many similar reports , it has been found that the best ratio can be achieved
with ICP of 500-900W and RIE power < 60W. In addition, extremely low
pressure and low gas flow rate is also preferred. The addition of 0 2 in the CF4
is found out to increase the Al 2 0 3 etch rate, thus decreasing selectivity. For
this reason, the etch chemistry is CF4 only and the through many laborious
tests , the final recipe has been finalized as follows:
RIE= 50W, ICP= 900W, Pressure= 2mT, Temp=20°C, CF4=4 seem.
The trench etch is performed on a Trion Technology Oracle III
Inductively Coupled Plasma Reactive Ion (ICP-RIE) etcher. The etch rate is
verified to be around 200nm/ min. The recipe generates an excessive amount
of heat during operation, thus everyone one minute the sample was taken out
and the chamber was cooled down for 5 minutes until the next etching part.
The fabricated device DC-IV characteristics are measured with
HP4155B semiconductor parameter analyzer and are shown in Fig. 5.15. The
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disadvantage of SOG doping process is clearly m anifested here for t he fact
t hat CV analysis revealed effective channel carrier concentration of

1.5x 1016 /cm 3 • This value is much lower t han t he design channel doping of
2x l0 17 /cm 3 , most likely due to t he strong out -diffusion of channel dop ants
during t he SOG S/D drive-in annealing at 1100°C. In addit ion , t he

D it

ext racted from t he subt hreshold swing is 2.0xl0 13 /cm 2 ·eV , which is
unexpectedly high , due to t he mult iple unintent ional surface t reatment
administrated during t he device fabrication . This can furt her reduce t he
out put current of t he MOSFET. The unexpected big negative t hreshold
voltage is most likely also due to t his surface states which effectively increased
t he equivalent oxide t hickness (EOT).
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The t hree terminal breakdown measurem ent is per formed wit h a n HP
41 55B for gate voltage, connected wit h a Keit hley 2657A high-voltage sourcemeter for drain voltage sweep . T o test t he extrinsic breakdown t heory,
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Fig. 5.1 6. The breakdown IV characteristics of a fabricated field-plated /J- Ga 2 O 3
MOSF E T wit h Lgd= 20µm.

breakdown measurement is m ade both in air and in Fluorinert F C-770. F or a
device wit h

L g c1-

20µm , when measured in t he air , t he breakdown voltage is

only 440V. However , when t he sample is submerged in F C-770, wit hout a ny
other variables, t he breakdown voltage is measured up to 1850V. This is t he
direct evidence t hat 440V breakdown happened premat urely in t he air and is
extrinsic to t he cha nnel. The same comparison test was carried out for devices
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with varying Lgct, the breakdown voltages are shown in Fig. 5.17. The
breakdown voltage almost scales linearly with Lgd, but not exactly, especially
between Lgd= 6µm and Lgd=llum devices. It is interesting to observe that all
breakdown voltages measured in the Fluorinert are approximately 4 times the
breakdown voltage measured in air, coincidentally matches with the ~5x of
the dielectric strength of FC-770 compared to that of the air, suggesting that
the breakdown is still limited by the Fluorinert breakdown rather than
avalanching in the channel.

In an attempt to understand the mechanism behind the measured
breakdown. Two points in Fig. 5.17 is picked for simulation- Lgd= 20µm and
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12 µm. The 6 µm Lgd is measured with reverse probing technique, where the
Lgd is actually Lgs on a device, and it does not have the same field plate
structure, thus is excluded from the strict comparison. It is surprising to see
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Fig. 5.19. The red profile (from Fig. 5.18(a),
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y=0.0lµm) and the green profile (from Fig. 5.18(b),

cutline is x=2 to 28µm and
E channel

cutline is x=2 to

20µm and y=0.0lµm) is completely overlapping. While the blue profile is on the
same

E channel

cutline in Fig. 5.18(b) but when drain voltage is 1200V.

that the electric field profiles inside the channel across the same location for
Lgd=20µm and Lgd=12µm devices are exactly the same as shown in Fig. 5.18
and Fig. 5.19 cutline. This directly implies that the measured breakdown is
not avalanching breakdown inside the channel.
From Fig. 5.19, it can be clearly seen that the peak field is
approximately 5.2 MV/ cm in the 20µm device, far below the 8MV/ cm limit.
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Indicating an extrinsic breakdown outside the channel. To say the least, even
assuming the critical strength of /J-Ga 2 0 3 is 5.2 MV/cm and the breakdown is
intrinsic, as a result , the 12µm device should have exactly the same
Vbr=1850V, because the peak profile of 12µm device at 1850V is exactly the
same as 20µm device and right at the limit of critical strength. However , the
measurement shows otherwise with a Vbr=1200V for the 12µm device. If
simulating the 12µm device at Vbr=1200V, the peak field is lower than the
5.2MV/cm limit and there is no reason for such a device to breakdown. Thus ,
the intrinsic breakdown cannot explain the measured breakdown behavior.
More interestingly, regarding the intrinsic breakdown behavior, the
simulation seems to imply that the breakdown voltage will saturate beyond a
certain Lgd value. This conclusion is consistent with the prediction from Fig.
5.12. For example, assuming the critical strength of /J-Ga 2 0 3 is 5.2MV/cm and
it breaks down at 1850V as shown in Fig. 5.19. And because almost 100% of
the potential is already dropped before x=l 7µm , and the electric field profile
does not change with increasing Lgd· Putting the drain electrode any further
than x= 17µm is a waste of space. Conversely speaking, any device with drain
electrode located further than x= 17µm , will hit a peak field of 5.2 MV/cm
when 1850V is applied regardless of the Lgd· And will break down at the same
time.
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Fundamentally, this fixed profile of channel field peak with changing
Lgd stems from the unchanged depletion width under the gate. When a
negative voltage is applied to the gate, the electrons under and near the gate
are depleted, creating a depletion region to block the drain voltage. The size
of this depletion region is only dependent on V <ls , and not much on Lgd (as
indicated in Fig. 5.20). Most of the potential will be dropped across this
depletion region due to its high resistance, and thus most of the electric field
will be concentrated in this region as well. As long as the depletion width is
unchanged, the channel field peak profiles will not change. The width of the
depletion region is approximately the width of the channel field peak.
Simply speaking, intrinsic V hr will not keep scaling with Lgd after a
sufficiently large value. In this case, the limit is approximately Lgd= 11 µm.
This, however, is also not the case in the measurement. The illusion of
increasing Vbr with Lgd is purely an extrinsic effect.
A theory to describe the extrinsic breakdown in the ambient is thus
proposed here. From Fig. 5.18, it seems that the peak field near field plate
edge is also not changed much. However, unlike the semiconductor channel
material, where the same field profile implies the same V hr, liquid FC- 770 does
not follow the same rule due to the fundamental difference of the two
material. In a semiconductor, the electron concentration hence the
conductivity is modulated by the gate voltage. Different regions of varying
resistance are created, and the field is crowded in the high resistance region.
However , in the liquid, electron concentration is uniform everywhere. So
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instead, the V br simply scales with electrode separation. In this case, the
electrode separation is between field plate edge and drain edge, denoted as lFPD, as indicated in Fig. 5.14(a). The scaling of Vbr with respect to lFP-D can be
empirically described by Paschen curve. The Paschen curve describes the
relationship between breakdown voltage, pressure and gap spacing in gases ,
and is expressed as:

V.

'

=

Bpd

ln(Apd)-lnHI+

:Jl

(5.1)

where VB is the breakdown voltage, A and B are constants properties of the
material, p is the pressure and dis the gap spacing and Yse is the secondary
ionization coefficient. Plotting this function for air , with A= 15 / cm·torr , B=
365 V / cm ·torr , Yse= 4x1Q-3 and a spacing d=lOµm. The Vbr vs. p and d
functions are shown in Fig. 5.21.

It turns out that the breakdown voltage of a lOµm gap in air at atmospheric
pressure is 384.5V, whereas the breakdown voltage of MOSFET with Lgd=
lOµm measured in air is 382 Vas mentioned in Fig. 4.14. The breakdown
voltage in air is not a random value after all and can be exactly predicted
with Paschen curve. This further confirms the theory of air or ambient premature breakdown. However, different from air , Fluronert is a liquid material
and has no known values of A , B , and Yse• Thus, a Paschen curve cannot be
generated by the equation. From Fig. 5.21(b), it can be seen
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that the Paschen curve wrongly predicts an infinite Vbr below lOµm and this
is the fundamental limit of this equation. But the trend shows that the Vbr
almost increases linearly with respect to the gap, and the same is observed in
devices measured in Fluorinert. If instead of plotting Vbr vs Lgct, the Vbr is
plotted again lFP-D (field plate edge- drain separation), a modified version of
Fig. 5.17 can be generated and is shown in Fig. 5.22.
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Fig. 5.22. Breakdown voltages of /J-Ga 2 O 3 MOSFETs measured in Fluorinert FC-

770.

The Lgct=6 and 12µm data points in Fig. 5.17 that do not follow the
trend are now modified into lFP-n= 5 and 7µm according to the field plate
extension lFP of each device. The new data follows the linear trend much
better as predicted in Fig. 5.21(b). In addition, the data from [6] is also used
here because it is also measured in FC-770 and highly likely to be an extrinsic
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breakdown. The green dot data point will be introduced in the next section of
the thesis. Nevertheless, all data points fall on the same trend line with an
acceptable error. Therefore, it is clear that the V hr instead of depending on
Lgct, is actually dependent on LFP-D, because of the extrinsic pre-mature
breakdown in Fluorinert. The breakdown is not channel material dependent
but ambient material dependent. As long as FC- 770 is used and the lFP-D is
the same, Vbr will be the same regardless of the device structure, given that
the intrinsic breakdown is theoretically much higher.
To summarize, the intrinsic breakdown voltage does not scale with Lgct
after a certain number is reached. However , the extrinsic breakdown voltage
will keep scaling with lFP-D at a much lower rate when the FP structure is
fixed. It then implies that at a sufficiently large Lgd, the extrinsic breakdown

voltage will finally surpass the intrinsic breakdown voltage. This makes the
observation of avalanching breakdown inside the channel possible. For the FP
design, given a certain Lgct value, increasing hFP , helps increase intrinsic
breakdown, but does not help extrinsic breakdown. Meanwhile, increasing lFP
does not affect intrinsic breakdown, but deteriorate extrinsic breakdown. To
maximize both extrinsic and intrinsic breakdown voltage, the hFP needs to be
as tall as processing allows to minimize channel peak field and lFP needs to be
as small as the channel field peak width allows to maximize lFP-D· And the Lgct
can keep increasing, with the fixed lFP , thus lFP-D keep increasing and scales up
Vbr with a constant rate of ~1kV / lOµm rate. However, as mentioned at the
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beginning of the chapter, keep increasing Lgd does not give higher PFoM, the
current density needs to be improved at the same time.

5.3

Field Plated MOSFET with Ohmic Capping Layer
To increase the current density of our field plate MOSFET and avoid

the problem introduced during the SOG drive-in annealing, which drastically
increased the sheet resistance in the channel, the SOG process is completely
removed, where the S / D doping is achieved by a highly doped layer grown by
MBE on top of the channel layer during the material growth.
The channel is a 4x 1017 / cm3 Si-doped 200nm epitaxial layer grown by
MBE on a 200 nm UID layer and a 500 µm Fe-doped semi-insulating
substrate. At the very top , a 30 nm 1.5x 1019 / cm3 Si-doped capping layer is
grown by MBE for ohmic contact. The S/ D metal is first defined by
conventional photolithography and deposited by an e-beam evaporator,
followed by a 520°C 1 minute annealing to form the ohmic contact. The S/ D
metal stack is Ti/ Au/ Ni, where the Ni layer on the top is used a self-aligned
etch mask. A BCh/ Ar RIE is carried out to remove the 30nm highly doped
capping layer everywhere except for under the S / D contact. The device mesa
is then isolated with another BCh/ Ar etch. The channel surface is then
treated with a 5 minutes ozone clean, which is discovered to improve the S/ D
current before oxide deposition. This is most likely due to the oxygen vacancy
passivation at the Ga 2 0 3 surface[7] and yet needs to be systematically tested.
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Fig. 5.23. (a) Cross-section schematic and optical image of the fabricated field
plated /J-Ga 2 O 3 with ohmic capping layer.

The same oxide stack used in the last section is deposited here, as well as the
trench etching procedures. The gate metal is realigned to the trench and
eventually forms the field plate structure with lpp= lOµm compared to lpp=
5µm in the last section (Fig. 5.23). This turned out to be an unintentional
mistake that caused the stagnation of Vbr scaling, which can only be explained
by considering extrinsic breakdown.
Due to the trend displayed in Fig. 5.12, lFP does not change the
intrinsic breakdown voltage. Thus, is enlarged to lOµm compared to 5µm in
the previous section, for the safety of fabrication. Meanwhile, in a blind
attempt to increase the intrinsic breakdown voltage, the Lgd is increased from
20µm in the previous section into 25µm in the new run. The three terminal
breakdown IV characteristic is measured in FC-770 with a Keysight B1505A
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power device analyzer and is shown in Fig. 5.24, Vbr is measured to be 1975V
which is very close to the 1850V. Moreover, many other repeated
measurements landed closer to 1850V in the range of 1700-1900V. The 1975V
is simply one lucky device with a favorable statistic distribution due to the
unintentional misalignment. In a word, there is no increase in Vbr observed in
the new design. However, this is not due to the intrinsic non-scaling of Vbr on
Lgd, but rather due to the equivalent lFP-n=20µm(L gd)-5µm(lFP) in the previous
run and 1FP-n=25µm(Lgd)- lOµm(lFP) in the current run, resulting in a similar
extrinsic breakdown. If the lFP is made into 3µm in the new run, the extrinsic
effect should have a higher breakdown, which is exactly what happened in [6],
as plotted in Fig. 5.22 with the 1FP-n=22µm point, further confirming the
extrinsic breakdown theory proposed here.

152

CHAPTER 5. FIELD-PLATED /J-Ga 2 O 3 MOSFETS

-

E 20
E
~

§15
C:

~

u:::,

10

C:

~

5

Cl

oo

(a)

20
40
50
30
Drain Voltage(V)
10 2 r--.---.---,---...
20 .----.---"'T"""---, 2. 5

10

-

E
E 15
~
E

-a5

...
L..

Q

2

I /I

on off

= 10 8

C:

·ro

0

1.5 ~
C:

ro

10

0

1

10
Gate Voltage (V)

(b)

-10

5

'I

-5C:
0
0

0.5 ig
~

I-

,~-------~
-20

en
E

::i
(...)

Vd5 = 50 V

E
E

0

0

(c)

'

0

-20 -10
0
10
Gate Voltage (V)

Fig. 5.25. Measured IV characteristics of fabricated field plated /J-Ga 2 O 3 with
ohmic capping layer.

The IV characteristics are measured with HP4155B semiconductor
parameter analyzer and are shown in Fig. 5.25. As expected, the current is
much improved compared to the IV in Fig. 5.15. , thanks to the preservation
of the channel doping and a good source drain contact. The four probe
resistance measurement is carried out on a rectangular TLM structure and
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t he data is shown in Fig. 5.26. The extracted specific contact resistance is
2.7x 10-4 O· cm 2 , t he linear contact resistance is 55.3 O· mm and sheet
resistance is 1.lx 107 O / sq . In addit ion , temperature dependent IV tests are
carried out on t he sample too in F C-40 liquid . And t he results are shown in
Fig. 5. 27.
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In high power switching applications, t he capacitance of t he M OSF E T

is clearly one of t he m ain factors affecting t he switching speed of t he circuit .
The high voltage capacitance measurement is per formed wit h t he Keysight
B1 505A a nd a n N1272A device cap acitance selector. The results are shown in
Fig. 5.28. It can be seen t hat t he cap acitances drop init ially due to t he
expa nsion of t he depletion region. Above ~3oov, t he depletion width
expa nsion stopped. This is consistent wit h t he uncha nged depletion width
t heory presented before. Only a sm all p art of Lgd close to t he gate side is
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depleted, and this depletion width expands slowly after a certain point with
respect to both Lgd and V ds · Between the two, it is even more insensitive to
Lgd· The device PFoM reported in section 5.2 and 5.2 are both benchmarked
against other reported devices in Fig. 5.29.
To summarize, the breakdown measured in experiments are most likely
extrinsic breakdowns in Fluorinert instead of intrinsic breakdowns in the
channel caused by avalanching. While the intrinsic breakdown becomes
independent on Lgd after a certain point , the extrinsic breakdown follows a
linear dependence upon the lFP-D· The two breakdowns has fundamental
differences due to the different distribution of the conductivity inside the
breakdown material. While the intrinsic avalanching breakdown is more
understood, the extrinsic breakdown mechanism in fluids is completely
unknown territory.
To further push the extrinsic breakdown voltage, the ambient has to be
replaced with a solid material with higher dielectric strength. The better field
plate design or other alternatives of field management technique has to be
implemented to overcome the non-scaling issue of intrinsic Vbr on Lgd·
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Chapter 6
Conclusions

6.1

Achievements
The /J-Ga 2 O 3 device research has been rapidly developing since the first

MESFET report in 2012 [1]. As one of the earlier groups entering the field , we
have made numerous first-time valuable reports. First , we initially proposed
SiO 2 as an alternative to the gate oxide for /J-Ga 2 O 3 MOSFETs due to the
potential advantages of high temperature operation. The conduction band offset between SiO 2 and /J-Ga 2 O 3 is reported to be 3.6 e V[2], and still is the
highest value to date [3] . We also first reported the interface state density in
SiO 2 / /J-Ga 2O 3 interface with conductance method [4], Terman method and HiLo method (QSCV) [5] across three different /J-Ga 2 O 3 surface orientations.
The (010) plane is identified to have the lowest Dit and (201) plane with the
highest Dit· This information is helpful for future interface engineering. High
temperature QSCV measurement is utilized to probe deep states up to 1.5 eV.
Meanwhile, annealing is discovered to help to reduce the Dit· Utilizing the
SiO 2 / Ga 2 O 3 structure, the first ever enhancement mode /J-Ga 2 O 3 is reported in
2016 device research conference[6]. The enhancement mode operation is
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achieved by using a platinum gate with a high work function and a relatively
large contact resistance. Thus, the device is not detailed in this thesis.
Secondly, we have proposed the SOG doping technique and used it in
the experiment to selectively dope the source/ drain region with a high density
of dopants. This technique is tested to be effective in helping achieve a
moderate to low contact resistance. A high breakdown /J-Ga 2O 3 MOSFET
with moderate current density is fabricated [7]. However, the high
temperature and low processing tolerance window makes the process tricky to
perform. Further optimizations have to be made in the conditions and
dopants used in the technique to make it viable. Nevertheless , it has the
potential to drastically simplify the source drain doping procedure.
Finally, we have demonstrated the first lateral MOSFET with
breakdown voltage >> lkV by showing that the extrinsic breakdown in the
ambient is culpable for the low breakdown voltage. And by submerging the
device in Fluorinert , the breakdown voltage is drastically increased from
<500V to 1.85kV [8]. More than doubling the previous record of field plated
Ga2O3 MOSFET [9]. This result held the highest breakdown voltage in

/3-

/3-

Ga2O3 MOSFET for half a year. The new record surpassing this report has
simply increased Lgd, which will give a higher extrinsic breakdown, as
predicted in Chapter 5. The Vbr can keep scaling with the same trend, but it
has little value if no novel technique is proposed. To increase the current
density, and avoid the disadvantage stems from the SOG doping, a highly
doped capping layer on top of the Ga 2O 3 channel is used to form the ohmic
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contact. As a result , the on-current is increased from 1.5mA/ mm to
20mA/ mm and on-resistance reduced from 2176 to 520 mO·cm 2 • The
breakdown voltage is slightly increased from 1850V to 1975V. These data
together giving an improved PFoM of 7.5 MW/ cm2, which is still one of the
highest reported PFoM among devices with ~2kV Vbr, as indicated in Fig.
5.29.

6.2

Future Work
There is still a long way to go before the performance of /J-Ga 2 0 3

MOSFET can surpass that of state-of-the-art GaN and SiC devices. The ptype doping is not available for /J-Ga 2 0 3 , thus new current blocking layers and
depletion techniques have to be developed for both lateral and vertical
devices. Selective doping technologies for S / D contact is still an important
area. The low thermal conductivity of the /J-Ga 2 0 3 requires clever thermal
device engineering to mitigate the self-heating effects when power density is
high.
More importantly, the pre-mature extrinsic breakdown described in
Chapter 5 needs to be overcome. This problem is especially severe in Ga 2 0 3
because of the high critical strength, the insulating layers around it were
subjected under unprecedented pressure to hold even higher field strength.
Although extrinsic Vbr can still be scaled up with approximately lkV/ lOum
speed, it is not the ideal method. Advanced packaging and insulating
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techniques are required in order to reduce extrinsic breakdown potential. Also,
to increase intrinsic breakdown voltage, new device structures ( modified field
plates) , compensation doping techniques or reduced surface field techniques
(RESURF [10]) for electric field engineering is necessary. The intrinsic and
extrinsic breakdown has to be simultaneously designed and considered to
maximize the measured breakdown voltage.
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Appendix
6.1

Ga2O3 QSCV CAPs Fabrication Process Flow

Gate Oxide Etching & Metallization for Top Contact:
1.

Clean wafer with A / I/ D , standard cleaning process.

2.

115

3.

PR coating:

*LOR3B

°

Cdehydration 4 mins.

-2500 rpm/ 30s, wait 1 min, 190

°

Cbake 4 mins , cool down 1

mm
*S1813 -3500 rpm/ 30s, wait 1 min, 115
4.

°

Cl min.

Photolithography for top contact ALD-SiO 2 etching and metal

contact deposition:
*32s exposure with black background (small piece of black paper) ,
*20s development in ~3oml MF-319(in a small size baker),
*Dip in DI water for 90 sec to stop, N2 blow until dry , do not bake.
5.

Inspect under microscope, make sure no PR is remaining.

6.

RIE for thick QSCV gate oxide etching:

*RIE- 20W, ICP- 50W, Pressure=lOmT, Temp=20

°

C , CF4 / O 2 =15/ 5

seem.
*Time= 350s. (EXPECTED ETCH DEPTH~ 90+nm=Oxide gone)

7.

E-beam evaporator metal deposition for S/ D:

*Ti-20nm/ Al-100nm/ Ni-50nm/ Au-50nm, 0.5A/ s-1A/ s-0.6A/ s-0.8A/ s
8.

Lift-off:
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*Use a straw gently blow off the metal from surface until it is clean,
9.

Soak and rinse with IPA for 60sec, soak in DI water for 90sec, N2

blow till dry.
10.

Inspect, take optical microscope image. Measure step height .

11.

Two step RTA for ohmic contact:

*470

°

C / lmin + 600

°

C / lmin, Gas= N 2 only (Full Flow) , 50

°

C / ls

ramp up.

Gate Define and metallization:
1.

PR coating. (Repeat step 3 above)

2.

Photolithography: (QSCV Gate mask)

*Define exact Gate region with alignment marker.
*32s exposure with black background (small piece of black paper) ,
*14s (+4s) development in ~3oml MF-319(in a small size baker) ,
*Dip in DI water for 90 sec to stop, N2 blow until dry.
3.

Inspect under microscope, make sure no PR is remaining.

4.

0 2 RIE cleaning 30s. (Ke-O2Clean, ICP- 200W, RIE- 100W)

*10 min empty run is needed for chamber cleaning.
5.

E-beam evaporator metal deposition for gate:

*Ti-20nm/ Au-70nm, both@0.5A/ s
6.

Lift-off:

*Use a straw gently blow off the metal from surface until it is clean,
7.

Soak and rinse with IPA for 60sec, soak in DI water for 90sec, N2

blow till dry.
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8.

Inspect, take optical microscope image. Measure step thickness.

Field-Plated Ga203 MOSFET Fabrication Process Flow

6.2

Source/Drain and Marker Metallization (S1- Dayl):
1.

Clean wafer with A/ I/ D, standard cleaning process.

2.

115

3.

PR coating: (Uniform area recipe, 2.2um)

*LOR3B

°

C dehydration 4 mins.

-2500 rpm/ 30s, wait 1 min, 190

°

C bake 4 mins, cool down 1

mm
*S1818 -5500 rpm/ 30s, wait 1 min, 115
4.

°

C 1 min.

Photolithography for S/D and Marker metallization:

*32s exposure with black background (small piece of black paper),
*18s development in ~3oml MF-319(in a small size baker) ,
*Dip in DI water for 90 sec to stop, N2 blow until dry , do not bake.
5.

Inspect under microscope, make sure no PR is remaining. step= 2.2um

6.

Ozone clean 5 mins, for better contact.

7.

E-beam evaporator metal deposition for S/D:

*Use high adhesion metal as first layer contacting substrate
*Ni on the top for self-aligned recess etch.
*Ti/ 50nm/ 0.5As+Au/ 70nm/ 0.5As+Ni/ 50nm/ 0.8As. (Verified 8/ 29/ 18)
8.

Lift-off:

*Use a straw gently blow off the metal from surface until it is clean,
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9.

Soak and rinse with IPA for 60sec, soak in DI water for 90sec, N 2 blow

until dry.
10.

Inspect, take optical microscope image. Measure step height.

11.

RTA for ohmic contact for S/ D: (PTN= 14)

*lmin - 520

°

C , Gas= N 2 only (Full Flow) , 12s ramp up , 15 min cool

down.
12.

Electrical measurement to verify ohmic contact.

13.

Use AFM to verify the metal thickness and surface roughness.

Self-aligned Recess Etch and Device Isolation (S1- Day2):
1. Self-aligned etch with S/ D metal as mask: (Ke.ohmic~ 30nm/ min,
verified 9/ 5/ 18)
*Pre-conditioning for 10 mins, cool down 5 mins.
*No post-etch treatment.
*RIE- 100W, ICP- 200W, Pressure=35mT, Temp=20

°

C , BCh/ Ar=35/ 5

seem
*Time= 80s.
(EXPECTED ETCH DEPTH~ 40 nm, ohmic capping layer gone+ slightly
over)
2.

Use AFM to verify the step depth and surface roughness .

3.

PR coating for device isolation etch: (Thick etch only- 2.4um)

S1818 -3000 rpm/ 30s, wait 1 min, 115
4.

°

C 1 min.

Photolithography:

*Define device isolation surrounding regions.
*32s exposure with black background (small piece of black paper) ,
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*20s development in ~30 ml MF-319(in a small size baker),
*Dip in DI water for 90 sec to stop, N2 blow. step= 2.35um
5. Hard bake PR at 125 ° C for 5mins to harden PR. (Group Hot Plate)
step= 2.15um
6. RIE for device isolation: (Ke.ohmic~ 30nm/min)
*Pre-conditioning for 10 mins, cool down 5 mins.
*Two 210s etch separated by a 5 min manual cool down+ monitoring.
*RIE- 100W, ICP- 200W, Pressure=35mT, Temp=20

°

C, BCh/ Ar=35/ 5

seem
*Time= 210s x2= 420s.
(EXPECTED ETCH DEPTH~ 210 nm, epi layer gone)
7. Post etching treatment for isolation: Ke.O2clean-30s, HFl:50- lmin
dip.
*Ke-Chamberclean 5mins, pre-conditioning 5 mins.
8.

Put sample into a beaker, soak sample in 1165 remover at 80

°

C

overnight.
9.

Soak and rinse with IPA for 60sec, soak in DI water for 90sec, N 2 blow

till dry.
10. Measure isolation step height and perform electrical isolation test.

4 Layer Gate and FP Oxide Deposition ...
*ALD SiOr20nm, ALD Al 2 O 3-2lnm (FP etch buffer) , PECVD SiOr350nm
(FP) , ALD SiOr50nm (Enhanced FP top layer).
1. Deposit 25nm of UB ALD AbO 3 for trench etching mask.
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FP Trench Etch and S/D Opening 2 in 1 Etch (S2- Day 1):
1.

PR coating: (Thin PR to pattern AbO 3 mask- 500nm)

*S1805 -3500 rpm/ 30s, wait 1 min, 115

°

C 1 min.

2. Photolithography:
*Define FP trench+ SD opening region with alignment marker,
*10s exposure with black background (small piece of black paper) ,
*20s development in ~30 ml MF-319(in a small size baker) ,
*Dip in DI water for 90 sec to stop, N2 blow till dry.
3. Inspect under microscope, make sure no PR is remaining.
4. Dip sample in 30ml MF-319(no wiggle) at 26 ° C (35 ° C set) for 2min

30s (target 25nm) to pattern AbO3 mask.
a. Set our hot plate to 35 ° C first thing entering cleanroom to
stabilize.
b. Pour room temperature 30ml MF-319 into a room temperature
mid-sized beaker.
c. Put beaker at center of our hot plate, wait for 30 mins.
d. 30 mins later, liquid top layer temperature reaches 26 ° C(wire
thermometer) and will stay for at least 2 more hours. (26 ° C=
lOnm/ min removal of UB AbO 3, the rate need to be verified each
time after new deposition.)
5. Bath in 1165 at 80 ° C for 10 mins to remove PR completely, clean with
IPA and water.
6. 115
7.

°

C dehydration 2 mins.

RIE for FP trench and S/ D opening etch (Ke-FPetch):
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*5 min Ke.Chamberclean+ 5 min Ke.FPetch at lOmT+ 5 min
Ke ·FPetch as is+ 10 min cool down (all off).
*Split this entire etch session according to Time Parameter!
*RIE- 50W, ICP- 900W, Pressure=2mT, Temp=20

°

C, CF4 (only)=4

seem
Time= lminx2+ 30s+ [20sxi~2]. (Expected Rate~ 200nm/ min).
*Final step~= 420 nm
8. Dip sample in 30ml MF-319(no wiggle) at 43.7 ° C(60 ° C set) for 3

mins to remove AbO 3 mask at top and AbO 3 etching buffer at bottom.
*Skip this step if AbO 3 gate oxide is to be kept!
a. Same as step 4 procedures, except temperature set is 60 ° C.
b. 30 mins later, liquid top layer temperature should reach
43.7 ° C and good for use. (43.7 ° C= 8nm/min of UCSB ALD
AbO 3 removal rate, rate need to be verified each time after
new deposition)
9. Anneal Gate Oxide 450

°

C lmin (PTN=l 7) to improve oxide quality.

Gate Extension Metallization (S2- Day 2):
1.

PR coating: (Thick Metal 2.35um=0.6um+ 1. 75um)

*SFlO

-4500 rpm/ 30s, wait 1 min, 170

°

C (group) bake 3 mins , cool

down 1 min,
*S1818 -5500 rpm/ 30s, wait 1 min, 115
2.

°

C 1 min.

Photolithography:

*Define Trench Gate extension region with alignment marker ,
*34s exposure with black background (small piece of black paper) ,
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lmin 25s development in ~30 ml MF-319(in a small size baker),
Dip in DI water for 90 sec to stop, N2 blow, dehydration 1 min.
3.

Inspect under microscope, make sure no PR is remaining.

step~ =2.35um
4.

E-beam metal deposition for Gate Trench:

*Thickness has to be 50nm more than the trench step.
*Ti/ 300nm/ 0.8As+ Ni/ 100nm/ 0.8As+ Au/ 100nm/ 0.8As = 500nm
5.

Lift-off:

*Use a straw gently blow off the metal from surface until it is clean,
6.

Soak and rinse with IPA for 60sec, soak in DI water for 90sec, N 2 blow

till dry.
7.

Inspect, take optical microscope image. Measure step thickness.

8.

Measure field-plated MOSFET in Fluorinert. (20nm gate oxide

remaining on S/D Pads)

Send for Oxide Capping Layer Deposition ... ALD SiOr50nm+ PECVD250nm
1. Deposit 25nm of UB ALD AbO 3 as etch mask.

Gate/Source/Drain Pad Distant Opening (S3- Day 1):
1.

PR coating: (Thin PR to pattern AbO 3 mask- 500nm)

*S1805 -3500 rpm/ 30s, wait 1 min, 115

°

C 1 min.

2. Photolithography:
*Define G r/ S ,/ D distant opening region with alignment marker,
*10s exposure with black background (small piece of black paper) ,
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*20s development in ~30 ml MF-319(in a small size baker) ,
*Dip in DI water for 90 sec to stop, N2 blow till dry.
3. Inspect under microscope, make sure no PR is remaining.
4. Dip sample in 30ml MF-319(no wiggle) at 26 ° C (35 ° C set) for 2min

30s (target 25nm) to pattern AbO3 mask.
a. Set our hot plate to 35 ° C first thing entering cleanroom to
stabilize.
b. Pour room temperature 30ml MF-319 into a room temperature
mid-sized beaker.
c. Put beaker at center of our hot plate, wait for 30 mins.
d. 30 mins later, liquid top layer temperature reaches 26 ° C(wire
thermometer) and will stay for at least 2 more hours. (26 ° C=
lOnm/ min removal of UB AbO 3, the rate need to be verified
each time after new deposition.)
5. Bath in 1165 at 80 ° C for 10 mins to remove PR completely, clean with
IPA and water.
6. 115

7.

°

C dehydration 2 mins.

RIE for FP trench and S/ D opening etch (Ke-FPetch):

*5 min Ke.Chamberclean+ 5 min Ke.FPetch at lOmT+ 5 min Ke.FPetch
as is+ 10 min cool down.
*Split this entire etch session according to Time Paramter!
*RIE- 50W, ICP- 900W, Pressure=2mT, Temp=20

°

C , CF 4 (only)=4

seem
*Time= lmin+ 30sxl ~2. (Expected Rate~ 200nm/ min). Final step~=320
nm

172

APPENDIX
8.

Inspect, take optical microscope image. Measure step thickness.

9.

Measure field-plated MOSFET with oxide capping.
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