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Abstract

GaN has drawn much attention for high power antl figquency applications.
In order to increase the market share, the cogtsoaess have to be minimized. Gold
based metallization is usually used for GaN devarebsthat is one of the reasons
responsible for high processing cost. To replaaditional gold metallization on GaN,
copper metallization was studied. The processisy cauld be significantly reduced
with copper metallization.

Instead of the traditional Ti/Al/Ni/Au, Ti/Al/\Was used for ohmic contacts.
Different thicknesses of Ti layer and rapid thereyahealing temperatures are tested
to obtain the lowest specific contact resistivitie results were further improved
with multi-step annealing process. X-ray diffraati@tomic force microscopy and
transmission electron microscopy were used for na@nalysis. A specific contact
resistivity of 2x10° Q cnfwas obtained with excellent surface morphology.

Instead of Ni/Au, WNx/Cu was used for Schottky @mitmetal. The leakage
current of WNx/Cu gates were about one order Idan that for Ni/Au. An ideality
factor of 1.57 and a Schottky barrier height off@éwere obtained. With the special
design of mask, WNx/Cu was deposited on the tofi/éd/W ohmic contacts the
same time with gate patterning. Devices with tiadal Ti/Al/Ni/Au ohmic and

Ni/Au gate were also prepared for comparison.



The HEMT devices with copper metallization exhiditeeakdown voltage of
125V. The saturation current is 420mA/mm and th&imam transconductance is
190ms/mm. These results are comparable with gddddevices. Therefore, the low
cost process with copper metallization and notlwving gold metallurgy for

AlGaN/GaN HEMTSs are successfully developed.
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Chapter 1

Introduction

1-1 GaN based devices

Recently, the smart phone and hand mobile elecsatevelop rapidly. The
consumer demands increase in wireless industryexitttoding data transferring
needs. These needs will drive the progression kdl@ss industry from 3G to 4G.
result in the need of high performance RF and naex@ devices increasing steadily.
More power, more frequency bands, better lineaunity improved efficiency are
driving the development of RF semiconductor devaagsable of handling all these
specifications at a reasonable price.

GaN HEMT has drawn much attention becausesitingh electron mobility,
high saturation velocity and high breakdown voltagese properties make it a
strong candidate for wireless base station.ampifi@dars, high frequency and high
power devices application. The high power per with translates into smaller
devices could offer higher impedance and also niadw@® easier to make. Higher
impedance makes GaN based devices much easietdb todhe system, which is

often a complicated task with conventional GaAskadevices.

1-2 Motivation

The needs in commercial, defense, and communicayisiem keep driving the
performance of GaN based devices. Although GaNflisrieom its superior material
properties the cost structure are not as good has®id devices. In order to get higher
market share, it is imperative to minimize devitawication costs. With the

technology of growing GaN on Si substrate becomiiraaThe cost for fabrication
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was cut down significantly. There is still a bigoro for cost down with metallization
process in addition to realizing low costs for dtdies and epitaxial layers. Gold
metallization has taken a major part in processosgj. There are mainly three parts of
GaN devices with gold metallization, ohmic, gated airbridge. Finding a metal
system to replace gold will make GaN based devite® competitive at price which
helps GaN to get higher market share. Copper @od ghoice to replace gold due to
its electrical properties and cheap price. But eopyas reliability issues and need the
design of diffusion barrier. This study tried telace gold metallization with

designed diffusion barrier to reduce the manufaogucosts.



Chapter2
AlGaN/GaN High Electron Mobility Transistors

2-1 Material properties of GaN

GaN is the next important semiconductor materi@re®i and GaAs.
[1I-V nitride materials show many special propesteompare to SiAmong these GaN
draws increasing attention for a wide range of cewapplications, including high

power, high frequency, high temperature electroeiices.

GaN is a hard and stable material with Wurtzitestalyor Zinc-blend structure. It
can be deposited as a thin film on proper subsirdtee basic material properties are
shown in Table. 2-1.

The wide band gap of GaN leads to very high breakdields(1.5 x 10
VIm as compared to 2.5 x Mm for GaAs).This-allows GaN to be biased at very
high drain voltages. Moreover, the wide bhand gap &ads to the low intrinsic
carrier concentration for wide range of temperattires allows GaN devices to be
operated at high temperatugnce GaN transistors can operate at much hotter
temperatures and work at much higher voltages @shs transistors, they can make
ideal power amplifiers at microwave frequencies.

Although the mobility of GaN is not very high, & less sensitive to ionized
impurity concentration. It also has larger pealoe#l than GaAs which gives GaN
capable to high current and high frequency opematio

High thermal conductivity of GaN allows channel fmrature to reach 360.

And the stability in radiation makes GaN a candidatmilitary and satellite
application. GaN based devices will play an impatrtale for high power, high

temperature, and high frequency applications.
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2-2 AlGaN/GaN high electron mobility transistors

Fig. 2-1. shows the structure of GaN HEMT. The gpdrandgap difference
between AIN and GaN permits high concentrationfsesf carriers to be confined at
the AIGaN/GaN heterointerface. The electrons ddffrem the large bandgapAlGaN
into the smaller bandgap GaN and form a two-dineraielectron gas(2DEG) in the
triangle quantum well at the interface paving theyvior the high-performance

AlGaN/GaN high-electron mobility transistors (HEMT)

2-3 The choice of GaN substrate

Although GaN has superior.material properties tmamercial applications are
limited by the choice of substrate. GaNis:usugtlywn by metal organic chemical
vapor deposition or molecular beam epitaxy withiale substrates. The properties of
substrate commonly used are listed in Table. 2app8Bire was first used to grow
GaN. With the development of growing techniques,|#itice mismatch between
GaN and sapphire could be solved by low temperdduffer layer. But low thermal
conductivity still limits the application of sappéi SiC has less lattice mismatch and
very good thermal conductivity compare to sapplBug.the price of SiC is too
expensive. As the growing techniques getting matsireecome a popular choice of

the substrates because of it's low cost and matuweess technology.
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Material

GaN
GaAs
Si

Substrate

Sapphire
Si
SiC

Mobiltiy Saturated Band Breakdown  Thermal
(cm?/V/xS) velocity gap voltage  conductivity
(x10" cm/s) (ev) (MV/icm)  (W/cmxK)

800 2.7 3.4 3.3 1.3
8500 2.0 1.4 0.4 0.5
1300 1.0 11 0.3 15

Table 2-1 Material propertied of GaN, Si, and GaAs

Lattice Lattice o1 (Wiem-K)  TCE(10°%/K)
Constant(A)  mismatch(%)

2.747 13.9 0.5 7.5

5.430 -70.3 15 3.6

3.080 3.4 4.9 4.2

Table 2-2 Properties of substrate used for GaN @Grow



Chapter 3
Fabrication of Ti/Al/W ohmic contacts for AIGaN/GaN

heterostructure

3-1 Introduction

Ohmic contacts are the contacts of metal/semicdandwich have very low
resistance. Low resistance ohmic contacts play@alrrole of GaN devices for many
applications. High performance microwave devicegire ohmic contact with
specific contact resistivity lower than1Qcm?.

Large band gap gives GaN superior material praggeliut also makes forming
low resistance ohmic contact on it become verylehge. Most of the ohmic contacts
developed contain two metals: Ti-and Al. The cansaérwictures include Ti-only,
Al-only, Ti/Al/Ni/Au[1,2], Ti/Al/Mo/Au[3], Ti/Al/Pt-/Au[4, 5] and Ti/Al/Ti/Au[6].
Ti-only and Al-only ohmic contacts have oxide peagbn problems. With higher
operation temperature the oxidation of ohmic castaauses reliability issues. The
low melting temperature of Al is another problemtfeermal reliability of Ti/Al
contacts. Since the RTA temperature of ohmic castagsually higher than 800C, the
Al tends to ball up and make the surface morpholmggome rough. Gold is usually
used as a cap layer for the ohmic contacts to ptewede penetration. But diffusion
of gold into GaN will cause long term reliabilitysues. A diffusion barrier layers is
used between Al and gold such as Ni, Ti, Pd and Pt.

Ti based ohmic contacts could form TiN interfadggler with GaN. This results
in vacancies in GaN. Al and Ti are both easily exid air. Au was used as a cap layer
to prevent Al and Ti from oxidation. Research shevien gold diffuse into Al will

cause long term reliability issues. Ni is usediffsslon layer to prevent gold from
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diffuse into Al.

3-2 Design rules of ohmic contacts

The basic design principles for ohmic contacts aiN@eed four layers M1, M2,
M3 and M4. First layer M1 must have low resistaand small work function and it
also must form stable metallic alloy with GaN. Fow specific contact resistance,
M1 must react with GaN to form M1N compound. TheNMdonsume the nitrogen of
GaN and leave behind N vacancies. The vacancidgharen to act as n-type dopant
atoms. The band gap level of these vacancies ysolese to the conduction band
edge of n GaN. The choice of M1 is usually oneipf, Ta, Co, etc. The M1 layer
has two important tasks: First, it have to fornh@rinal stable metallic compound
layer with GaN and M2, and second it must creagl biensity of N vacancies in
GaN layer.

Most of the low resistance ohmic contacts have 821 on M1. This layer can
help M1 to consume N atoms. The formation of M1M&Nate more N vacancies
than M1 only. Al is a good choice for M2 layer agg as it doesn’t have large work
function alloy.

For some conditions, M1 and M2 layers have oxisagimmblems. That's why the
M3 and M4 are necessary. M4 layer serve as a gap ¢m the top of the ohmic
structure. This layer must able to prevent the ®@xidnetration. And the alloy system
of M1, M2, M4 must not let M1 M2 out diffuse from4

M3 layer act as a diffusion barrier layer to previlie M4 diffuse into GaN layer.
It also has increase the adhesion between M3 and Melexistence of M3 makes the

whole alloy system become more stable and redwctothl free energy.



After the formation of multi layer metal stack, tR&A process is used to
establish chemical equilibrium. To ensure the fdramaof low resistivity ohmic
contact, the thickness of M1, M2, M3, M4 and théARdmperature must be
optimized.

The goal of this study is to replace gold with otmetals to reduce the cost of
fabrication for GaN based devices. The functiogatl is used as a cap layer to
prevent oxidation. The metal to replace gold mestdpable to prevent the oxidation.
Furthermore, GaN based devices are used for highdeature operation, the metal
choose for cap layer must also have high thernallgy. For this reason, this
research choose tungsten as a cap layer to regéaeTungsten also benefits from
its chemical stability hence can provide bettegléerm reliability. And the diffusion
barrier is no longer necessary in-this ohmic cdrgaacture.

Tungsten had been chosen.to be the-cap layersoétilndly because it has the
highest melting point(34£C) and one of the highest densities of all metakso
has good strength at elevated temperatures.

But the oxide films become volatile above 8338WN/Cu layer was depotited
on the top of Tungsten. As we know tungsten hasadly been used widely for Si
ULSI technology as plug metal. It has good relipnd is compatiable to Si

process.

3-3 TLM measurements

The equivalent circuit for TLM measurement is shawirig.3-1. Since the resistance
of voltmeter is very large, the resistance of prabd the resistance between probe and metal

can be neglected. Therefore the total resistanra@R be calculated as:

ax
Rr = 2Rcs + Rs = 2Rcr " [3-1]
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Plot the R verse different d, the intercept of Bnd the slope represent -2Rc a%q

respectively. Angc can be calculated from

Lt = (pc/psh)? [3-2]
3-4 Experimental procedure

The AlGaN/GaN heterosructure was grown on Si satestising MOCVD
technology. The carrier concentration and electnability obtained by Hall
measurement were 1*10and 1600ctfV's?, respectively. RCA clean process was

carried before the process.

Mesa isolation of devices were formed by rea&cion etching (ICP-RIE) with
chlorine based plasma. After that linear transfagth measurements (TLMS) test
structure were patterned by photolithography. Roanetal deposition, HCI was used
to remove the native oxide on the wafer. The maiter metals were deposited by
electron beam evaporation. The TLM patterns withcspy 3, 5, 10, 20, 35 um were
patterned with standard lift-off process. Ti/Al/\Métal stacks were fabricated with
different thickness of Ti. After that the samplesrevannealed with designed
temperature and time. The RTA temperatures ramge §0°C to 1000°C for 30s.
Multi-step annealing method was also used. Finstsamples were annealed at 900
°C for 30s.After that increase the temperature ®°@5and annealed again. Finally
these contacts were annealed at@7fbr 30s. The samples with best contact

resistivity were prepared for TEM to understandrtiechanism.

HP4142 was used to measure the current-voltB§eM test structure and
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calculated the contact resistance. The TEM sampées prepared by manual lapping.
Ar-ion milling was used to finely polishing the sjimens. AFM and X-ray were also

used to analyze the structure.

3-5 Results and discussions

3-5-1 Contact resistivity with different thicknessa of Ti layer

The thickness is an important factor of ohmic contBifferent thickness of
metals have different alloy composition. The thiekses of W and Ti are fixed and
the thickness of Ti range form 200to 800A.The RTA temperatures range from 850
°C to 1000°C for 30s.The results are shown'in Fig. 3-1.

As shown in Fig. 3-1. Ti(200)/Al(2000A)/W(300 A) has poor ohmic specific
contact resistivity .The contact resistivity wastethigh, about1.1xI8Q cn. This is
because there was no sufficient Ti to; forgATiand AlTi. The remaining Al is
unstable at high temperature since it's meltingpisi only 606C. The excess Al
tends to penetrate the surface of tungsten to matitioxygen and cause the
degradation of surface morphology[7]. The oxidai®responsible for the high
contact resistivity.

With increasing the thickness of Ti, the surfacednee flat with
Ti(400A)/AI(1000 A)/W(300 A) and contact resistivity is a little bit betteath
Ti(200A)/AI(1000 A)/W(300 A). But the resistivity is still poor, about 8.2x10Q cnt.
As the thickness of Ti increase to 6@0the contact resistivity decrease to 3.1%@0
cn? after 97¢°C annealing

Ti(800A)/AI(1000 A)/W(300A) annealed at 97T has lowest contact
resistivity which is similar to the result of Ti(6Q)/Al(1000 A)/W(300A).

12



Most of the ohmic contacts research shows theTogdtratio to form the ohmic
contact is 1:5 or 1:6. TIAIW ohmic contact has besitact resistance as Ti:Al= 1:2.
This is because without the Ni/Au top layers, therest have sufficient Ti to react
with Al. Lacking of Ti will cause the compositiori alloy to change and the Al tends

to ball up to the surface and results in degradaticdhe contact resistivity.

3-5-2 Annealing condition of Ti(60G\)/AlI(1000 A)/W(300 A)

Ti/Al/W with 600 A of Ti layer has the best resistance of four Ti thicknesses.
Further annealing research was carried. Three typasnealing time: 30s, 60s and
120s were used and the contact resistivity as eifumof temperature is shown in fig.
3-2. The samples after annealed for 60s showeddssts for all of the temperature.
After annealing at 978 for 60s, a specific.contact resistivity of 3.6%1D cnt was

obtained.

3-5-3 Multi-step Annealing

In order to further decrease the specific contasistivity, multi-step annealing
was necessary. Qian Feng et al.[8] demonstratedtastep annealing process for
Ti/Al/Ni/Au ohmic contacts. The concept is parttbé alloys on the GaN surface
were formed at low temperature. After that incregshe annealing temperature
allows more Al diffuse to the GaN surface and @daiv work function TiAIN alloy.

In this work, three steps annealing was useébfar thicknesses of Ti layer. The
annealing temperatures were 930 920°C, and 970C sequentially. The multi-step
annealing results are presented in Fig. 3-3. TkeiBp contact resistance was

decrease drastically after multi step annealing ddmparison of contact resistivity
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annealed with typical annealing and multi-step ating process are presented in Fig.
3-4. Obvious trend can be observed that specifitamb resistivity with multi-step
annealing are much lower than typical annealinggse for the four thicknesses of Ti
layer.

As shown in Fig. 3-5, the |-V characteristic of6O0A)/AI(1000 A)/W(3004) is
still nonlinear after 908C annealing. After 90 +920°C annealing the contact
become ohmic but the slope is not good enoughsidpe became more steep after

further annealed with 9. The specific resistivity improved substantiady2x10°
Q cn?.

3-6 Material analysis

3-6 -1 Surface morphology

The flatness of ohmic contact is important sindwitation of compound
semiconductor devices often involves specializedgsses such as e-beam and
lift-off lithography. The surface of Ti/Al/Ni/Au isery rough which has been an issue
for photolithography. The roughness of traditiondl/Al/Ni/Au is about 100 nm,
typically. This leads to the difficulty for precigdotolithography.

Ti/Al/W contact has excellent surface morpholoffye AFM images are show
from Fig. 3-6. to Fig. 3-9 with different thicknessafter 906C 30s annealing. The
roughness is around 2~3nm. This result is excetlentpared to other ohmic contact
structures The AFM image of Ti/Al/Ni/Au was shownkig. 3-10. The roughness is
146.63nm which is much larger than Ti/Al/W contacts

In this work the specific contact resistivityosvs dependence with roughness as
shown in Fig. 3-11. For the contacts with thinnelaers(20G\ and 400A) the

contact resistivity are larger and the roughnessalmo larger. As the thickness
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increased to 60@, the contact resistivity and roughness both deea

The surface morphology of Ti(680/AlI(1000 A)/W(300A) annealed with
temperatures ranging from 88D to 1000°C are shown in Fig. 3-12 When
temperature increased to 1000 the specific contact resistivity increase rapi@he
roughness shows the same trend with contact nasisA further increase in
annealing temperature resulted in the increasemfct resistance.

Ti(600A)/Al(1000 A)/W(300 A) has very smooth surface morphology, the

AFM images with different annealing temperaturesirewn in Fig. 3-13. to Fig. 3-17.
As the results indicated the surface remain smaftén 95F°C annealing and the

roughness increase slightly until 1000

3-6-2 X-ray diffraction

The XRD profiles are shown.in Fig. 3-18..Four aringaconditions of the
Ti(600A)/Al(1000 A)/W(300 A) contacts were measured: sample A was as-deppsited
sample B was annealed at $00for30s, sample C was annealed at @a0s
followed by annealed at 92C 30s, and sample D was annealed at 900C 30s ,920C
30s and 970s sequentially.

Ti and Al peaks were observed at the as deposatieqble. With further annealing,
Al,Ti and AlTi peaks appeared both at sample B and C.

One interesting results is that peaks corresponifgpAIN and AlzTiN were
observed at sample D after three steps of anneatidghe peaks from Al and AlTi
disappeared at the same time. This indicated tivaaling at 976C caused
significant phase transformation in Ti/Al metaléitoy. TiW also appeared in sample
D. The phase change fromyAl to AlTi; and the appearance of Ti2AIN could be the
reason that resistivity drop at 970D as mentioned at previous chapter. The peak of

tungsten become stronger from sample A to sampléibh means recrystallined
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may happen for W.

3-6-3 TEM images

The TEM pictures and EDS data of Ti (6Q)AI(1000 A)/W(300 A) before and
after annealing were shown in Fig. 3-19 and Fig03After annealing the surface
morphology were still very flat. The Al and Ti ajieends to ball up and penetrate
through W surface. But 300 of W layer was enough to stop the penetration.dond
the W surface, no oxygen was observed. This mean&a¥\a good cap layer to
prevent oxidation. And there is no W diffusion atveel thus the alloy reaction
mechanism is less complicated than Ti/Al/Ni/Audiffused quickly to the position
near W and formed AlZiwith Al. This alloy structure was also found or turface
of GaN. AlTi, existed between-the Akllayers. As mentioned previously, XRD
detected the Algipeak after multi-step annealing. The EDS data sugport this

result. ALTIN was found on the top of AlGaN surface.

3-7 WNx/Cu Schottky contacts

The tungsten nitride films were deposited by re@&csiputtering of pure tungsten
target in Ar and Matmosphere. The flow rates of the Ar andake 24 sccm and 5
sccm, respectively. The DC power for deposition 2@8W with the pressure at
7.5x10° Torr. The copper layers were deposited with ebezapa@ration. The
thickness of tungsten nitride was 5Q@nd the thickness of copper was 1000 he
Schottky contacts of Ni/Au were also fabricated for comparison. The plot of current
against voltage 1s shown in Fig. 3-29. The relation of forward current and applied voltage

can be described by the equation:

16



1= lo [ explier )1 [3-3)

-qQ¥
lo= AAST [ exp( L) 1 (34
Ais the area of Schottky contacts ab is Schottky barrier height.

and equation 3-3 can be rewritten as:

| =expier ) [L-expi ) 35

and with natural logarithm on both sides, equaBiéghbecomes:

|n[|/(1-exp(%M ) = ﬂY—T +1n ko 3-6]

From equation 3-6, the ideal factor could be exéréiérom the slope of plotting

In[I/(l-exp(f.% )] versus V.
Slope =.g/(nkT) [3-7]

The schottky barrier height could be extractedhgyyt-axis intercept Y*.

KT
Ybh= \ 3 [IN(AA**T 2) -Y*] [3-8]
The ideality factor of WiNand Ni/Au were 1.57 and 1.41, respectively. The
Schottky barrier height of Ni/Au was 0.61ev whichsAtower than the Schottky
barrier height of WNx/Cu 0.67ev. That was the reasfNyx/Cu Schottky contacts had

lower leakage current.
3-8 The evaluation of WN diffusion barrier

. It is widely known that the diffusion of coppeill cause the degradation of
devices. Proper design of diffusion barrier is ligyuzecessary for copper
metallization process. Wi\thin films were used for both ohmic and Schottky

contacts as diffusion barriers in this researcle filickness of WNis 500A. The
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multi layers of metals on the ohmic contacts wefaIlW/WN x/Cu. As for Schottky
contacts, WN/Cu multi layers were used. Both structures wereeated at 40 for
30 minutes. The as-deposited samples and the atheminples for both structures
were analyzed with auger electron microscope. Tige3d0 and Fig. 31 show the
depth profile of Ti/Al/W/ WN /Cu. The atomic percentage of copper decreasdlyapi
through W. The depth profiles of WMCu are shown in Fig. 32 and Fig. 33. The
copper diffused into the WiNlayer and stop at the middle of WWMayer. The copper
didn't diffuse through metal layers in both Ti/AIIM/Nx/Cu and WN /Cu structures.
These results indicate that \WMith thickness of 500, is capable to stop copper

from diffusing into GaN.

3-9 Summary

In this chapter, the mechanism for the formmatdTi/Al/W ohmic contacts was
discussed. With multi-step annealing process adomact resistivity of 2x10-5 was
obtained. The Ti/Al/W ohmic contacts showed betteface morphology compare to
Ti/Al/Ni/Au ones as shown in Fig 3-34 and 3-35. Thechanisms for the formation
of Ti/Al/W ohmic contacts were studied.

The WNx/Cu Schottky contacts were fabricatedlideality factor of 1.57 and a
Schottky barrier height of 0.67 ev were observét Eharacteristic of WNx/Cu

Schottky contacts is comparable with that of Ni/Au.
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Figure 3-1 Equivalent circuit of TLM measurement
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Figure 3-3. Contact resistivity of Ti(6@0/AlI(1000 A)/W(300A)
as a function of annealing temperature with fotfedent annealing
time
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Figure 3-6. Current —voltage (I-V) characteristiés
Ti(600A)/AI(1000 A)/W(300 A) with multi-step

Figure 3-7. AFM image of Ti(2QQ)/Al(1000
A)W(300A) after annealed at 96Q 30s.
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Figure 3-8. AFM-image-of Ti(4QQ)/Al(1000
A)/W(300A) after annealed at 96G 30s.
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Figure 3-9. AFM image of Ti(6Q¥)/Al(1000 i

A)W(300A) after annealed at 96Q 30s.
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Figure 3-10. AFM image of Ti(8Q0)/Al(1000
A)/W(300 A) after annealed at 960G 30s.

Figure 3-11. AFM image of Ti/Al/Ni/Au after
annealed at 90 30s.
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Figure 3-14. AFM image of Ti(600)/Al(1000 a
A)/W(300A) after annealed at 86G 30s.

Figure 3-15. AFM image of Ti(6Q0/Al(1000
A)W(300A) after annealggl at 85Q 30s.



Figure 3-16. AFM.image of Ti(6QQ/Al(1000 ™"
A)/W(300A) after annealed at 96G 30s.

Figure 3-17. AFM image of Ti(6Q00Q)/AI(1000
A)/W(300A) after annealed at 95G 30s.
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Figure 3-18. AFM image of Ti(6QQ)/AI(1000 urn
A)W(300 A) after annealed at 1000 30s.
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Figure 3-19. XRD scans of Ti(6Q0)/Al(1000
A)/W(300 A) with multi-step annealing.
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Figure 3-20. The:.TEM image of Ti(68Q/Al(1000
A)/W(300 A) before annealing
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Figure 3-21. The TEM image of Ti(68Q/Al(1000
A)/W(300A) after annealing
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Figure 3-22. The TEM image of Ti(68Q/Al(1000
A)/W(300A) after annealing
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Figure 3-23. The TEM image of Ti(68Q/Al(1000
A)W(300A) after annealing
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Figure 3-24. The TEMimage of Ti(68)/Al(1000
A)/W(300 A) after annealing
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Figure 3-25. The TEM image of Ti(68)/Al(1000

A)W(300A) after annealing
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Figure 3-26. The TEM image of Ti(68)/Al(1000
A)/W(300A) after annealing
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Figure 3-27. The TEM image of Ti(68Q/Al(1000
A)W(300A) after annealing
32



Element | Weight%  Atomic%

N 9.22 32.07
Al 4.07 7.34
Ga 86.71 60.59

Totals 100.00

50 oo

ull Scale BE7 ct2 Cursar: 0000 ke

Figure 3-28. The TEM image of Ti(68)/Al(1000
A)W(300A) after annealing
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Figure 3-29.Current versus voltage of WGU and
Ni/Au Schottky contacts.
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Figure 3-31 Auger depth profile of Cu/VWWNV/AI/Ti
annealed at 46CQ for 30 minutes.
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Figure 3-32 Auger depth profile of Cu/WWNs-deposited.
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Figure 3-33 Auger depth profile of Cu/\WNinnealed at
400°C for 30 minutes.
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Figure 3-34 OM picture of Ti/Al/Ni/Au ohmic contaaftter
annealed.

Figure 3-35 OM picture of Ti/Al/W ohmic contact aft
annealed
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Chapter 4

Fabrication of AlGaN/GaN high electron mobility transistor with

copper metallization process

4-1 |solation

Isolation has several important fuctions:1 isotiggices from each other. 2
confine the current flowing through the desire patlder the gate. 3 reduce the
resistance and parasitic capacitance. There arengtioods for isolation: ion
implantation and etching the unused region of #naaks. Wet etch need immerse
AlGaN and GaN layer into solutionand the edgeoisas sharp as dry etch. This
experiment use dry etch to define the isolationgpat The etch depth for isolation is
2000A to completely remove the 2DEG.. The process performed by ULVAC ICP

system with CI2 plasma and the power is 200W.

4-2 Ohmic contacts

Ti/Al/W multilayer metals were deposited after msiwdn using the standard lift
off process. Ti/Al/Ni/Au metal stacks were fabriedtfor gold based devices. This
research used E-beam evaporation to deposit Talkivied by W deposition with
sputter. The RTA process are performed in nitragfemosphere with multi-step
annealing process as described in the previougahdjme specific contact resistivity

was obtained by TLM measurement.

4-3 Silicon nitride passivation

GaN is very sensitive and has many surface sta@tadation and particulate
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contamination can cause long term degradationr Adtenation of gate, a dielectric
film was deposited to passivate the devices. Timsgdrevent devices from chemicals,
particles, humidity, and gases. Silicon nitride wasd in this research. 1000 A of
silicon nitride was deposited on the devices usiB€VD. The contact via was

defined by photolithography and etch with RIE.

4-4 Gate formation and copper metallization

Az2020 photo resist was used to define the gatenpaflhe clean surface is
very important for Scotty contact. The sample waisito HCl:HO =1:10 for 3
minutes to etch the native oxide. Gate foot pnms etched with ICP by GRand Q
plasma. The passivation layer on'the region of cloontact was also etched. After
that sputter was used to deposit\B00 A as diffusion barrier and gate metal. The
power is 200W and the gas were Ar.and The flow rate of Ar and Nvere 24 and
5sccm, respectively. After that 10004 of copper waposited with E-beam
evaporation. The same W00 A)/Cu(1000 A) metal structure was depositethas

top layer of ohmic contact and gate metal.

4-5 DC Characteristics of AlGaN/GaN HEMTs with coppger metallization

HP4142 was used to measure the DC characterfafievices. Fig.4-1 shows
the IV characteristic of the devices before pasgmaand the transconductance curve
is plotted in the Fig. 4-3. The saturation curneas 450mA/mm, the maximum Ids is

900 mA/mm and maximum transconductance was 126 mS/m

Fig. 4-2 shows the off-state breakdown measunémt& breakdown voltage of
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125V was obtained. This is a high value with 2unegad 5um source drain spacing.
The result benefits from the large band gap naitiféaN material and the low
leakage WN/Cu gate.

The DC characteristics of the devices aftespasion are shown in Fig. 4-4 and
4-5.

The SiNx passivation was etched with,GRd Q plasma. In order to remove the SiN
layer, over etch was necessary,@Rsma tends to hit the surface of GaN and cause
the effect called fluorine treatment which causedrddation of current and changed
on-off properties . The device with passivationlddae turned off at gate voltage of

-3 V mean while the devices without passivation wased off until -4V.

The devices with copper metallization were carad to gold based devices. The
specific contact resistivity for copper based desiand gold based devices were
2x10° Q cnfand 6.5x16 Q cnf, respectively. That is the reason Fig 4-5 shows th
slope of on current for Au based devices is bélti@n that of copper ones. This is
because the specific contact resistivity of TiI/AIAU is slightly better than Ti/Al/W.
The saturation current of copper based deviceSds¥/mm and it is 420mA/mm for
gold ones. The copper based devices showed brage sii gm which is important
for linearity. The maximum gm is 190 ms/mm and tbfagold ones is 150 ms/mm as
shown in Fig. 4-5. This results indicates that \WWINI gate has better performance

than Ni/Au ones.
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Chapter 5

Conclusions

The Ti/Al/W ohmic structures were fabricated A¢dGaN/GaN HEMTSs on Si
substrates. With multi-step annealing process eifipeontact resistivity of 2x10Q
cn? was obtained. The mechanisms for the formatiashafic contacts were studied
with transmission microscope, AFM, and X-ray diffian. Material analysis showed
that tungsten could prevent Ti/Al alloy from peragitng the surface and keep the
surface smooth. The formation obAIN was observed when annealing temperature
as high as 97AC. The Ti/Al alloy system also transformed from Bl AlTis. The
formation of TpAIN and AlTiz should be the main reason of low specific contact
resistivity for Ti/Al/W ohmic contacts. Ti/Al/AV ohia contacts also showed better
surface morphology compared with-Ti/Al/Ni/Au.

The WNx/Cu multi layers-were fabricated as $ityocontacts. An ideality
factor of 1.57 and Schottky barrier height of 0\6Vieere observed.

The devices with copper metallization and guoktallization were both
fabricated. Although copper based devices withotheesistance larger than gold ones,
the other electrical properties such as maximumst@anductance, and saturation
current are all better than that of gold basedaesviAlmost the same devices
performance were achieved with 20~30% of cost reolucT his indicates that the
process developed in this research is suitablioicost AlGaN/GaN HEMTs

process on Si substrate.
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