EI R T N- §
PR B2 5y sk AT Y AT

A o

Filgr e+ BB FTLLMIH ST EREAR
Copper-Metallized Interconnects on GaN High Electron

Mobility Transistors
oyt LR

hERHE R 4
gAY E

¢oEF R -F & 4 7



Firg3T - EABFT NI LA ERYsE
Copper-Metallized Interconnects on GaN High

Electron Mobility Transistors

Student : Tza-Yao Guo

G AR L3 2
;}%1 R T M Advisor : Edward Yi Chang
54 Jer-shen Maa
B o> 2 i 4 #
R T R
ML @
A Thesis

Submitted to Institute of Lighting and Energy Photonics
College of Photonics

National Chiao Tung University
In Partial Fulfillment of the Requirements
For the Degree of Master
In Institute of Lighting and Energy Photonics

September 2011
Hsinchu, Taiwan, Republic of China

S EN - FE4 D



FrEITTRIBFT LWL Hage

ke BF #1

e #L
Rz~ F REPALAXTIFL T AL

#F &

SR ST T
] ’Liﬁj?fﬁﬂ'f‘ﬁ»% {P-—i?%] C!LTIFWJ[;L lfﬁ] R * L_ﬁ%;$f£‘l Hameng
o S el ko v e g A WA 4R

BB T LM R A F RN KDL LT AR S

4
=

d BT F RSN E/4/F 1V E/8/4F o £/4x/80/45/

WEA LI B RIS R BT T ERICN G RT3

Feod BRipdian/§ IV 4/ 8/ 2 FERBESRE LT E 400C -

Mgk / g/ A5/ 2 E BB TR T & 350

SEBRH A AR LA BT LR £F 55T 8H

L3

h
1



Copper-Metallized Interconnects on GaN High Electron
Mobility Transistors

Student: Tza-Yao Guo Advisor: Dr. Edward Yi Chang

Dr. Jer-shen Maa

Institute of Lighting and Energy Photonics

National Chiao Tung University

Abstract

In this thesis, the feasibility of using Ti/WNx/Ti/Cu and Ti/Pt/Ti/Cu thin
metal structures for Cu-metallized interconnects on GaN high electron electron
mobility transistors (HEMTS) is studied and the thermal stability of the thin
metal structure is investigated.

The use of WNx and Pt as the diffusion barriers and Ti as the adhesion layer
for the use of Cu-metallized interconnects on GaN HEMT is successful
implemented. In comparison with the Au-metallized devices, the Cu-metallized
devices exhibited comparable DC characteristics.

In addition, AES depth profiles was used to study the copper and gold began
to is inter diffusion using WNx and Pt diffusion barrier layers in order to test the
thermal stability of Au/Ti/WNXx/Ti/Cu and Au/Ti/Pt/Ti/Cu multilayer structures.
The results indicate that the Ti/WNx/Ti/Cu thin metal structure was thermally
stable up to 400°Cand the Ti/Pt/Ti/Cu thin metal structure was thermally stable
up to 350°C.

These results show that the Cu-metallized airbridges using the proposed

metal scheme can be used as the interconnects for GaN HEMTSs.
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Chapter 1

Introduction

1.1 Background and motivations

Copper (Cu) has been widely used in silicon integrated circuit ever since IBM announced
the success of Cu metallization to replace aluminum [1,2,3]. Cu metallization for Si very large
scale integration (VLSI) has higher resistance to electromigration, lower electrical resistivity
and higher stress voiding resistance‘than-commonly used aluminum. When Cu is in direct
contacts with Si substrate without diffusion barrierlayer, Cu diffuses very fast into Si substrate
[4,5,6]. Similarly copper diffused eastly-into.Ill-V material, such as GaAs or GaN substrate,
form deep acceptor state, ‘and the electric characteristics of devices degrade. Therefore, an
effective diffusion barrier between Cu and other materials is needed.

The IMI-V devices usually used.gold (Au) as the interconnect metal. Traditionally, Au is
used in the airbride fabrication for the AIGaN/GaN high electron mobility transistors (HEMTS).
In this study, Cu metal is used instead Au metal to fabricate airbridges for AIGaN/GaN HEMTSs.
The copper metallization has several advantages over Au, such as lower resistivity (1.67 pQ2-cm
for Cu; 2.2 uQ-cm for Au), higher thermal conductivity (4.01 W/cm°K for Cu; 3.18 W/cm°K
for Au), and lower cost. A comparison of the material properties of the interconnect metals is
listin Table 1.1. The price of Cu is 400 times cheaper than Au, so the manufacturing cost will be
greatly reduced. However, Cu atoms diffuse very fast into the GaN without a diffusion barrier
layer and form a deep acceptor to capture carriers in GaN, which will cause the failure of GaN
devices. Therefore, the diffusion barrier between the Cu and the semiconductor substrate for the

GaN devices should have the following characteristics [7]:
1



(1) High resistance to diffusion of foreign atoms;

(2) High electrical conductivity, high thermal stability and high crystallization temperature;
(3) Inert with Cu and underlying metal or substrate;

(4) Good adhesion between Cu and underlying materials;

(5) Smooth surface and low stress;

(6) Lack of grain boundaries and with an amorphous texture;

(7) The consumption of barrier layer from reacting with the overlying metal and underlying
substrate should be small.

In our previous studies, some groups have demonstrated Cu airbridges on low noise GaAs
HEMTSs using WNy(tungsten nitride).as the.diffusion barrier [8], Cu-airbridged on low-noise
GaAs PHEMT with Ti/WNx/Ti diffusion barrier for-high-frequency applications[9], fully Cu
metalized InGaP/GaAs heterojunction—bipolar transistor(HBT): using platinum(Pt) as the
diffusion barrier[10,11] and-a Au-free fully Cu=metallized InP HBT was also realized using
Ti/Pt/Cu nonalloyed ohmic.contacts with Pt as the diffusion barrier[12]. In this work, we
demonstrate Cu airbridge on GaN HEMTs with Ti/WNx/Tiand Ti/Pt/Ti thin metal structures as
diffusion barriers, and studied the Cuatoms.diffusion through the diffusion barriers into Au

layer at different temperatures by Auger electron spectroscopy (AES).

1.2 Outline of the thesis

This thesis studies the Cu-metallized interconnects on GaN HEMTSs. The contents are
divided into 5 chapters. Chapter 2 consists of an introduction of AIGaN/GaN HEMTs, Cu
metallization of IIl-V devices, a study of diffusion barrier including Ti/Pt/Ti and Ti/WNXx/Ti
structures are reviewed. Chapter 3 consists of a detailed fabrication processes including

Au-metallized and Cu-metallized interconnect of AIGaN/GaN High Electron Mobility
2



Transistors (HEMTSs) on silicon substrate are described. Chapter 4 consists of the experiment
results and presented including the thermal stability of Au/Ti/Pt/Ti/Cu and Au/Ti/WNXx/Ti/Cu
multilayer structures, and the comparison of the DC characteristics of Au-metallized and

Cu-metallized interconnect GaN HEMTSs. Finally, the conclusion is given in Chapter5.




Table

Property Metal Cu Ag Au Al
Resistivity (uQ « cm) 1.67 1.59 2.35 2.66
Young’s modulus - (107 dyn/cmz) 12.98 8.27 7.85 7.06
Thermal Conductivity (W/ cm°K) 4.01 4.25 3.18 2.38
CTE - (10% 17 19.1 14.2 23.5
Melting Point (C) 1085 962 1064 660
Specific heat Capacity (J/KgK) 386 234 132 917
Corrosion in air Poor Poor Excellent | Good
Deposition : Sputtering Yes Yes Yes Yes
Deposition : CVD Yes No No No
Deposition : Evaporation Yes Yes Yes Yes
Dry Etching No No No Yes
Wet Etching Yes Yes Yes Yes
Resistance to Electromigration High Very Low | Very High | Low
Delay Time (ps/mm) 2.3 2.2 3.2 3.7

Table 1-1 Properties comparisons of the possible interlayer metals [7]




Chapter 2

Literature Review

2.1 Introduction of the GaN material properties and AlGaN/GaN HEMTs

GaN HEMTs devices have been widely applied in RF power devices for microwave
communication and military application, this is because the GaN material has many advantages
of high breakdown voltage, high electron saturation velocity, and high operating temperature,
as listed in Table 2-1[13], which are suitable for-power device application. Table.2-1 shows the
GaN material properties compared'to other materials at 300K.The higher breakdown voltage
characteristic (3.3 mV/cm) enables the-devices to-operate at high voltage. Fig.2-1 shows that
the GaN has a higher electfon saturation velocity (= 3x10’ cm?/s). That means the GaN-based
devices have high speed potential. Furthermore; the"GaN possesses good thermal properties
which enable the devices to be operated at high temperatures. In summary, GaN HEMTs
devices are good candidates for high-power, high-speed, and high temperature applications
[13,14].

AlGaN/GaN HEMT operation principle is totally different from that of GaAs HEMT,
because the two dimension electron gas (2DEG) formation mechanism is different [15]. For
the AIGaN/GaN HEMT, the 2DEG formed by a strong polarization field across the
AlGaN/GaN heterojunction. GaN HEMT can have sheet carrier density up to 10%/cm? without
any doping. Actually, the spontaneous and piezoelectric polarizations lead to an altered energy
band diagram and the electron distribution of AlIGaN/GaN heterostructure. Basic GaN HEMT
structure and band diagrams are shown in Fig.2-2. However, in the AlGaAs/GaAs HEMT, the

2DEG channel is created by the different band-gap materials. Electrons come from n-type
5



AlGaAs layer drop into the GaAs layer. The electrons can move quickly without colliding with

other atoms in 2DEG channel.

2.2 Study of Cu metallization

Aluminum (Al) has been one of the most commonly used materials for contacts and
interconnects in silicon integrated circuit technology. However, the Al based interconnect
technology has encountered many material and processing difficulties with the reduction of
device dimension.

Since IBM announced its success ‘of -Cu.metallization to replace Al in VLSI, Cu
metallization process has become ‘widely usedrin Si integrated circuit technology [1,2, 3].
Using Cu to replace Al for Si integrated circuit technology has the advantages of high
electromigration resistance, low electrical resistivity, high 'stress voiding resistance and
feasible for damascene process in smaller-line dimension:

Even though the use of.Cuwas metallization metal, has become very popular in

silicon-based devices, there are very few reports on'the Cu metallization for II-V devices.
In M-V devices, Au has been widely used as the metallization metal. In this study, we use

the Cu metal instead of the Au metal as the GaN HEMT metallization metal, this is due to the
advantages of Cu metal which include lower resistivity, higher thermal conductivity and lower
cost. A comparison of the material properties of the interconnect metals is listed in Table 1.1. In
the GaN case, Cu diffuses very fast into GaN when Cu is directly contact with the GaN
substrate without any diffusion barrier [16]. It will result in deterioration of device
characteristics. Therefore, a very effective diffusion barrier is needed to prevent Cu diffusion

and intermixing with the underlying materials.



2.3 Choices of the diffusion barrier for copper metallization

High melting point metals, such as WNx and Pt, are good choices as the diffusion barrier
materials. In the case of WNX, the solubility of tungsten in Cu is very low even at high
temperatures. In addition, tungsten does not form intermetallic compound with Cu and Au, as
judged from the phase diagram.

Pt can prevent Cu diffusion into the II-V devices. The Ti/Pt/Cu system structure is very

stable after annealing at 350°C for 30 minutes. However, when annealing at 400°C for 30

minutes, Cu starts to diffuse through Pt diffusion barrier and forms a Cu,Ti phase [17].
WNXx has been successfully applied-as diffusion.barrier for the Cu metallization of the

airbridge interconnects for ML-V |devices. The problem. is"the peelings off of the Cu

airbridges in certain areas Of the devices [18]. The peelingrwas_observed between Au/WNXx
and WNx/Cu interfaces, which imply the adhesion problem. between these films. It is
necessary to resolve the adhesion problem for the Cu airbridge process. Ti metal has been used
as the adhesion layer between Cu<@and.Au. Ti additions'to'the' Au/WNx and WNx/Cu interfaces
not only solve the problem of adhesion, but also provide better DC characteristics. Fig.2-3
shows the average transconductance and the standard deviation of gm of the Cu-airbridged
PHEMTs with Ti/WNx/Ti adhesion layer was greater than that of the devices without Ti layer.
The distribution of the pinch-off voltages for the Cu-airbridges PHEMTs with and without
adhesion layer is shown in Fig.2-4. The pinch-off voltage of the Cu-airbridged devices with
adhesion layer was distributed around Vgs=-0.7~-0.8V, and the standard deviation of the
device was smaller than that without adhesion layer. According to the results of Fig.2-3 and
Fig.2-4, higher yield and better uniformity of the Cu-airbridged PHEMTSs were achieved by

adding the Ti adhesion layers.



Using Ti/WNx/Ti/Cu multilayer structure for the Cu-airbridged PHEMTs fabrication has
been successful demonstrated. And the thermal stability was very stable after annealing at
400°C for 30 minutes. However, when annealing at 500 C for 30 minutes, Cu starts to diffuse

through WNx diffusion barrier and forms a Cu-Au alloy. There were investigated by X-ray

diffraction (XRD) data, Auger electron spectroscopy (AES) depth profiles [9].

2.4 Study of thin metal structure Ti/Pt/Ti/Cu and Ti/WNx/Ti/Cu used for Cu

airbridge on AlGaN/GaN HEMTSs with Au-metallized contact

Generally, the Ti/Al/Ni/Au ehmic-contacts and-Ni/Au schottky contacts are the most
widely used structures for the fabrication-of the GaN HEMTS. The top layers of the devices are
Au. In this study, Cu was used towreplace Au as the interconnect metal for airbridge. If Cu is in
direct contact with Au without any diffusion barrier, there are many possibilities of
inter-metallic compounds in_the Cu/Au binary System. /Fig.2-5 shows the Rutherford
backscattering spectroscopy (RBS) spectra of He_atoms backscattered from Cu/Au films

which were as-deposited, 250°C and 400°C annealed for 30 minutes. Interdiffusion of Cu
and Au is clearly seen at 250 ‘C and complete interdiffusion occurs at 400 ‘C. Next,

according to the plots of the resistivity of Cu/Au, Au/Co and Co/Cu thin-film structures
against annealing temperature, the resistivity of Cu/Au structure begins to increase at about
150°C. It can been seen from the Fig.2-6 that there is a rapid rise in resistivity between 250°C
and 350°C[19]. In order to avoid the inter-atomic diffusion of Cu and Au, the diffusion barrier

used in this study must be thermally stable to protect the Au based contact for GaN HEMTSs

from the Cu diffusion.



In this study, WNx and Pt were used as the diffusion barrier layer, Ti was used as adhesion
layer, the Ti/Pt/Ti/Cu and Ti/WNXx/Ti/Cu multilayer thin metal structures were used for Cu

airbridge fabrication.




Table

Bandgap Breakdown Thermal Mobility | Saturated Tmax
Material | energy voltage conductivity | (cm?/V*s) | velocity c)
(eV) (MV/cm) (W/ecm*K) (*10 cm/s)
Si 1.1 0.3 1.5 1300 1.0 300
GaAs 1.4 0.4 0.5 8500 2.0 300
GaN 3.4 3.3 1.3 1800 2.7 700

Table 2-1 The competing material properties of Si; GaAs and GaN[13]
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Figure
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Fig.2-1 Using the Monte Carlo technique to computed the electron drift velocity of GaN, SiC,

Si and GaAs at 300 K.

11



Sourcre Gate Drain

Doped or undoped AlGaN &« Polarization charge

Undoped GaN ¥—— 2DEG

Gate ' Undoped, Undoped
metal 1 AlGaN | GaN

--

1
|
4 I
|
|
|

2DEG electron density

Fig.2-2 Basic structure and its band diagram AlGaN/GaN HEMT [15].

12



Fig.2-3 Histograms of the transc

without adhesion layer.

Counts

Copper Airbridged PHEMTs with and without adhesion layer

40
- Only WNx difussion barrier
35k Average: 316 mS/mm
L o: 97 mS/mm
30k Ti/WNx/Ti (with adhesion layer)
Average: 416 mS/mm
25k o. 33 mS/mm
£
= 20 -
o
© 5t
10} §
- \
5} Y/
- N
0 A 1 L A A & § 4 1 A E A S
50 100 150 200 250 300 350 400 450 500 550

Transconductance, g, (mS/mm)

Z

i Copper Airbridged PHEMTs with and without Adhesion Layers

25

20F

15¢

10f

AR Only WNX diffusion barrier, Average: -0.71 V, a: 0.22 V
| Wz TiIWN,/T i (with adhesion layer), Average: -0.77 V, 5: 0.14 V

V7l )
AOSSSSSSNSSSSASSSS

Cu-airbridged PHEMTs with and

0.8
Pinch-off Voltage, Vp (\)]

Fig.2-4 Histograms of the pinch-off voltage (V) of the Cu-airbridged PHEMTSs with and

without adhesion layer.

13



B ] T 1 T ‘_'[‘ T T ¥ T _1__]

5. S5i/Si0z-Cu/Au v A

| AS - DEPOSITED — ]

) I 280°C f

X2 l -

P . Cu .|l

Z |

= 1

gL soore P

/ iy

oLl o e 4|

04 08 2 16 20 24

BACKSCATTERING EMNERGY (MeV)

Fig.2-5 Rutherford backscattering spectroscopy (RBS) spectra of He atoms backscattered

from Cu/Au film at as-deposited, 250°Cand 400°C for 30.minutes.

I b &u/Co
':TE
§:1 °
I3
% I~
- I3 oA x
£ i2.t —% Cu/Au
(=T
=
'; 10 =
= 9
= a8
5 o7
2 el 2
[
'-".t _» Co/Cu
QE_‘-—‘_‘-__-.—“—_‘-"‘{-.
3
2 e
'
0 1 i I L i [
Q 100 200 300 400 S0C 600 TOO

TEMPERATURE ({(°C}

Fig.2-6 The plots of the resistivity of Cu/Au, Au/Co and Co/Cu thin-film structures against

annealing temperature.

14



Chapter 3

Fabrication of AlGaN/GaN High Electron Mobility Transistors

(HEMTS) on Silicon Substrate

3.1 The AlGaN/GaN HEMTSs fabrication process

In this study, the AlGaN/GaN HEMTSs devices were grown by metal organic chemical
vapor deposition (MOCVD) on Si substrate. The structure is shown in Fig. 3-1. The epi-layers
of the device, from the Si substrate to the“top;-are.100nm AIN, 1um AlGaN, 1.3um GaN
channel layer, 5A undoped AIN spacer;-18am AlGaN schottky layer, and 2nm GaN cap layer.

The first part of the AlGaN/GaN -HEMTSs fabrication consists:of ohmic contact formation,
device active region definition by 'dry -etch, gate formation, device passivation by
plasma-enhanced chemical vapour deposition (PECV/D). The detailed fabrication process of
the AlGaN/GaN HEMTs will be‘described in the following section.

The second part is the airbridges process for AlGaN/GaN HEMTs interconnects. The
airbridge process contains first photolithography for plating vias, thin metals deposition, the
second photolithography for plating areas, electroplating, and photoresist removal and thin
metal etching. The detailed fabrication process of the airbridges for AlGaN/GaN HEMTs

interconnect will be described in the following section.

3.2 The first major steps of the AlGaN/GaN HEMTSs fabrication

The process flow for HEMT fabrication includes[Fig.3-2] :
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1. Ohmic contact formation
2. Active region definition (mesa isolation)
3. Gate formation

4. Device passivation

3.2.1 Ohmic contact formation

The source and drain electrodes were formed by Ohmic contact process. Firstly, the GaN
epitaxial wafer was cleaned by ACE and IPA to remove the surface particles and contaminates,
as shown in Fig.3-3. Secondly, the photoresist:AZ5214E was coated on the wafer and then
exposed by I-line aligner to define the ohmiec regions Third, use O, plasma descum to remove
the residual photoresist on the pattern.—Then, the waferswas' dipped in 10% HCI solution to
remove native oxide on the'GaN surface before the'ohmic metal deposition. Fourth, the ohmic
metal Ti/Al/Ni/Au was deposited by e-gun-evaporation;:and then-life-off the undesired metal,
as shown in Fig.3-4. Finally, the wafer was annealed by rapid.thermal annealing (RTA) system

at 800°C for 60 sec in N, ambient to form the low ehmic contact resistance. The ohmic contact

resistance was measured by using transmission line method.

3.2.2 Active region definition (mesa isolation)

The active region defines the conductive part of the wafer to prevent the current flow to the
other active region, as shown in Fig.3-5. First, the positive photoresist S1818 was coated on the
wafer and then exposed by I-line aligner to define the active region. Second, the photoresist was

used to mask the active region, and the other open region was etched by inductive couple
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plasma (ICP) with Cl, in Ar ambient. After dry etching, the etching depth was determined by
a-stepper to ensure the etching depth reach to the buffer layer. And then the each device was

separated and isolated. Finally, the wafer was immersed into ACE to remove the photoresist.

3.2.3 Gate formation

The gate electrode was formed by lift-off process. First, the wafer was cleaned by the ACE
and IPA. Second, the wafer was coated with photoresist AZ 2020 and exposed by I-line aligner
to define the gate region. Then, the residual photoresist was removed by the ICP with Ar and O,
ambient and dipped in 10% HCI solution.te remove native.oxide on the GaN surface before the
gate metal deposition. The gate.metal Ni/Au was depositedby e-gun evaporation. The gate
metal thickness was Ni/Au=20/300 nm-and the gate length of the device was 1.5um. Finally, the

wafer was immersed into ACE to life-off the undesired metal, as shown in Fig.3-6.

3.2.4 Device passivation

The major purpose of the passivation is to protect the device from humidity, chemicals,
gases, and particles. The silicon nitride (SisN4) passivation layer can eliminate the surface
trapping effects for GaN that produce the frequency-dependent current [20].The devices were
dipped in ACE and IPA to clean the surface before the passivation process. The SizN4 film was
grown by the plasma enhanced chemical vapor deposition (PECVD). The process gas was
silane (SiH4), ammonia (NHj3), and nitrogen (N>). The process pressure was 900 mtorr, and the

process temperature was 300°C . The passivation thickness was about 100nm.
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Next, the wafer was coated with photoresist and exposed by I-line aligner to define the
contact via for interconnection. Then, the contact via was etched by reactive ion etching (RIE)
with CF4 and O, ambient. After RIE process, the contact via was formed and then the wafer was

immersed into ACE to remove the photoresist, as shown in Fig.3-7.

3.3 The differences in the fabrication of Cu airbrisge and Au airbridge

Traditionally, Au is widely used as the interconnect metal in GaN HEMT devices. In this
study, Cu was used as the airbridge metal instead of Au. It can provide better electrical and
thermal conductivities for the devices:. These -advantages can increase the transmission speed
of the circuits and the heat will‘also be dissipated:

There are some fabrication differences between Cu airbridge and Au airbridge. In the
fabrication of Au airbridge, the Ti/AufTi thin.metal structure is widely applied in Au airbridge
for GaN HEMTs fabrication. Ti layersare used-as-the adhesion layer between Au and
photoresist. Au is used as the seed layer for electroplating:

For the Cu airbridge fabrication, the thin'metal structure requires a diffusion barrier layer,
because Cu diffuse very fast into GaN if without any diffusion barrier. In addition, the adhesion
problem in Cu airbridge fabrication should be considered. In our early study, WNx/Cu was used
as the thin metal structure in Cu airbridge fabrication. The problem is the electroplated-Cu
peeled off during the airbridge process and the RF measurement [18]. Based on this
phenomenon, it is necessary to enhance the adhesion to avoid this problem during the Cu
airbridge process. Therefore, in this study, the thin metal structures Ti/WNx/Ti/Cu and
Ti/Pt/Ti/Cu were used in Cu airbridge fabrication.

In Au electroplating, the seed layer of Au was evaporated by e-gun. And the

cyanide-based solution was used for Au electroplating. The process temperature of plating
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bath was kept at 65°C. It maybe causes the photoresist deformation and dissolution in the

electroplating process. But for the Cu airbridge fabrication, the Cu seed layer was deposited

by sputter for Cu electroplating. The CuSOa - 5H20 of Cu electrolyte at room temperature

was used for Cu electroplating. The advantages of Cu electroplating as compared to Au
electroplating are the cost advantage and not as toxic as the Au electroplating.

After electroplating and photoresist removal, the thin metal needs to be etched. The
etchants is different for etching different thin metals. In the conventional Au airbridge process,
Kl solution is used to etch the Au layer and HF solution is used to etch the Ti layers.

For the thin metal etching of the Cu airbridge, several etchants were chosen for the etch
process. For example, NH,OH: Hy05: H,Osolution can etch both WNx and Cu, but it is
non-selective to WNx and Cu, and the_Cu_etching rate is much.greater than the WNXx etching
rate. If using the NH,OH: H;05: H,O-selution to-etch Ti/WNx/Ti/Cu thin metal structure, the
electroplated Cu can be seriously over etched. In order to'obtain a better Cu airbridge after
thin metal etching, it is necessary to develop a selective etching solution to remove the thin
metal.

In this study, a selective etching was used ta etch the Ti/WNx/Ti/Cu and Ti/Pt/Ti/Cu thin
metal structures. For the Ti/WNx/Ti/Cu thin metal structure, the seed layer Cu was etched by
H,S04/H,042H,0 solution. Ti layer was etched by diluted HF solution and the WNXx layer was
etched by diluted H,O,.The bridge metal was not seriously etched after the selective thin
metal etching [17].Similar selective etching method was used to etch the Ti/Pt/Ti/Cu thin

metal structure.
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3.4 The second major steps of the AlIGaN/GaN HEMTSs fabrication

In this study, three GaN HEMT samples were used for airbridges study, which had
similar DC characteristics before airbridges interconnects.

The first sample used Ti/Au/Ti thin metal structure to fabricate conventional Au
airbridges. The second one used the multilayer system of Ti/WNx/Ti/Cu as the thin metal to
fabricate Cu airbridges. The third one used the multilayer system of Ti/Pt/Ti/Cu as the thin
metal to fabricate Cu airbridges.

The process flows the airbridge is as following [Fig.3-8] :

1. The first photolithography forplating.vias

2. Thin metals deposition

3. The second photolithography for plating areas

4. Electroplating

5. Second photoresist removal and thin metal etching

6. First photoresist removal

3.4.1 The first photolithography for plating vias

First, the three wafers, which have the contact vias opened to interconnect, were
immersed into ACE and IPA for 5 minutes to clean the surface. Second, S1818 was used as
the first layer of photoresist. The photoresist was coated with a spin rate of 1000 rpm for 10
seconds to spread the resist uniformly on the substrate, and then the spin rate was increased to
3000 rpm for 45 seconds to control the photoresist thickness. The thickness was about 2.5 pm.

The thickness of the first photoresist determines the spacing between the bridge and the
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material beneath (usually a dielectric). After spin coating, the photoresist was heated at 90 °C
on a hot plate. Third, the photoresist was exposed by I-line aligner to define the spacing
between the bridge and the material beneath, and then immersed into developer (FHD5) at
room temperature to develop. In order to totally remove the residual photoresist in the
exposed region, an O, descum process was necessary after the photolithography. Finally, the
wafer was baked at 133 °C for 10 minutes. The purpose was used to evaporate the remaining
solvent in the photo resist. In addition, the first photoresist should be sufficiently baked to

prevent the “bubbling” after thin metal deposition, as shown in Fig.3-9.

3.4.2 Thin metals deposition

For Au airbridges, a Ti/Au/Ti thin-metal structure was used to fabricate the Au airbridges.
The films of these structuréS were evaporated by€-gun, which thicknesses of 300 A, 500 A
and 300 A for Ti/Au/Ti, respectively.

For Cu airbridges, two different, thin metal structuresof, Ti/WNx/Ti/Cu and Ti/Pt/Ti/Cu
were used to fabricate the Cu airbridges. WNxand Pt are the diffusion barriers and Ti is the
adhesion layer. The thicknesses of Ti/WNx/Ti/Cu were 300 A, 400 A, 300 A, and 1000 A
respectively. And the thicknesses of Ti/Pt/Ti/Cu were 600A, 800A, 100 A, and 1000 A
respectively. In these structures, Ti was at the bottom, and Cu was at the top.

Au metal and Cu metal were used as the seed layer to conduct the plating current to the

whole wafer for electroplating, as shown in Fig.3-10.

21



3.4.3 The second photolithography for plating areas

The second layer photoresist lithography process was used to define the plating areas.
First, S1818 photoresist was coated on the thin metal multilayer. The spin rate was 1000 rpm
for 10 seconds to spread the photoresist on the substrate, and then a higher spin rate of 3000
rpm for 45seconds was used in coating to control the photoresist thickness. The thickness was
about 2.5 um. After spin coating, the photoresist was baked at 90 °C for 3 minutes on a hot
plate. Second, the photoresist was exposed by I-line aligner to define the plating areas, and
then immersed into developer (FHD5) at the room temperature to develop. A descum step is
necessary to remove the residual photoresist-after development. The descum was performed
using Oz gas which usually provides smooth surface. Finally; the wafer was baked at 105 °C
for 5 minutes. This served to further dry-the film.and to'stabilize the side wall of the plating

via for airbridges plating, as shown in'Fig.3-11:

3.4.4 Electroplating

The purpose of electroplating is used to connect the source pads of the GaN HEMTs
devices.

Au electroplating :

Before electroplating, the top Ti layer was first removed in a diluted HF solution, which
uncovered the bottom layer Au. The Au metal was used to conduct the planting current
through the whole wafer. The wafer was then electroplated with gold to a thickness of 2um.
The current density of the Au electroplating was 0.3 A/dm? and the plating time was 9

minutes.
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Cu electroplating :

The wafer was cleaned before plating to prevent surface contamination. The wafer was

dipped in the CuSOs4 - 5H20 solution of Cu plating bath for 5 second. The current density of

the Cu electroplating was 2A/dm? and the plating time was 6 minutes for 2.5 um thick Cu as

shown in Fig.3-12.

3.4.5 Second photoresist removal and thin metal etching

After electroplating, the samples were blank exposed without mask in I-line aligner to
decompose the photoresist. And then the“samples were immersed into developer (FHD5) to
remove the second photoresist:

Next, the thin metal structures-were etched-by wet chemical etching.

For Au airbridge sample :

The thin metal structure-used for Au airbridge was TI/Au/Ti. The top and bottom Ti
layers were etched by diluted HF for«60 seconds.-The etching of Ti layer stopped at the
underlying Au layer and the color turned froma gray to gold color. The thin layer of Au was
etched in Kl/l, solution for 60 seconds.

For Cu airbridge samples :

The thin metal structures used for Cu airbridges were Ti/WNx/Ti/Cu and Ti/Pt/Ti/Cu,
which were deposited from bottom to top. The top layer of the thin metal is Cu. It was etched
by mixed solution of H,SO,4 : H,0,: H,O =5:6: 100 for 7 seconds. The etching rate was very
high, and the etching of Cu stops at the underlying Ti as the color turned from yellow to grey.

The layers Ti was etched in a dilute HF solution with HF: H20 ratio of 1 : 100. The etching

rate was about 5A/s. HF is the active ingredient in this etchant, so it also etches oxides.
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Raising the ratio of HF in the solution increases the etching rate. Ti was readily oxidized, so it
was likely to form an oxide layer from the water, which was easily etched by the HF in this
solution resulting in the formation of bubbles of oxygen. The diffusion barrier of WNx was

etched in H,O,:H,O =2 : 1 solution for 5 minutes.

3.4.6 First photoresist removal

The samples were dipped in ACE for 30 minutes and IPA for 5 minutes to remove the
first photoresist. The remaining photoresist residuals were stripped by ICP. The airbridge of

the GaN HEMT device was success fabricated-as'shown in Fig.3-13(a) & (b).

24



AlGaN 18nm

_ AlGaN__ 18nm |
_ AlGaN__ lum |
BT

Fig. 3- Cross section of the

\ 1596

25



Ohmic contact

formation
\ J
4 ] ] N
Active region
definition

(mesa isolation)
. o

.

Gate fermation

N /Y
4 "
Device
passivation
\_ )

Fig.3-2 The first part of the AlGaN/GaN HEMTSs fabrication

26



Fig.3-3 The GaN epitaxial w

Fig.3-4 Ohmic contact formation (The source and drain electrodes were formed)
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Fig.3-5 Active region definition

Fig.3-6 Gate formation
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Fig.3-9 The first photolitho

Fig.3-10 Thin metal deposition
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Fig.3-11 The second photoli %

Fig.3-12 Electroplating
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Fig.3-13(a) The top view of the airh

drain

Fig.3-13(b) The side view of the airbridge of the GaN HEMTSs device.
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Chapter 4

Results and discussion

4.1 Ohmic contact resistance measurement

The transmission line method was widely used to determine the specific resistance [21].
The TLM pattern is shown in Fig.4-1, in this study, the distances between TLM electrodes are
3 um, 5um, 10 um, 20 um, and 36um, respectively. The resistance between the two adjacent
electrodes can be plotted as a function of-the spaces<between electrodes. The resistance is

expressed by the following equation (1)

R'=2Rc + E 1)
wW
Where R is measured resistance,, Re. IS.contact resistance, Rsuis sheet resistance of channel
region, W is electrode width, and L"is the space between electrodes. And then extrapolating
the data to L=0, one can calculate the value for the term R.. The plot is shown in the Fig.4-2.
The specific contact resistivity p ¢ (Q -cm?) is defined by (2)
W °R?
Rs (2)

Pc=

In our experiment, the specific contact resistivity as measured by TLM was < 2x107

Q -cm?.(Fig.4-3)
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4.2 Thermal stability of the thin metal

Two different thin metal structures (Ti/Pt/Ti/Cu and Ti/WNXx/Ti/Cu) were used to
fabricate Cu-metalized Airbridges. The top layer of the Ohmic and gate metals was Au. The
depth profiles of the Au/Ti/Pt/Ti/Cu and Au/Ti/WNXx/Ti/Cu multilayer deposited on GaN
blanket wafer were analyzed by Auger electron spectroscopy (AES). The AES depth profile

analysis was used to evaluate the thermal stability of the material systems.

4.2.1 Study of material inter-diffusion of Au/Ti/Pt/Ti/Cu multilayer

structures by AES

Figure 4-4(a)~(c) show the AES depth profiles of the .as-deposited Au/Ti/Pt/Ti/Cu

multilayer structure and after350°C and 400°C annealing for 30-minutes. From the results of

these profiles, in Fig.4-4(b), there, was 'no inter-atomic diffusion between Cu metal and Au

metal after 350°C annealing for 30 minutes--However, after the multilayer structure was
annealed at 400°C for 30 minutes, as shown in Fig.4-4 (c), Cu and Au began to inter-diffuse

into each other through the diffusion barrier layers. These results indicate that Ti/Pt/Ti thin

metal structure was thermally stable up to 350°C annealing for 30 minutes.
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4.2.2 Study of material inter-diffusion of Au/TiI/WNx/Ti/Cu multilayer

structures by AES

Fig.4-5(a) ~ (c) show the AES depth profiles of the Au/Ti/WNx/Ti/Cu multilayer

structure as-deposited and after 400°C and 450°C annealing for 30 minutes. From the results
of the profiles, in Fig.4-5(b) shows there was no inter-atomic diffusion between Cu metal and
Au metal after 400°C annealing for 30 minutes. However, after the multilayer structure was
annealed at 450°C for 30 minutes, Cu and Au started to inter-diffuse into each other through

the diffusion barrier layer as shown in Fig.4-5(c). These results indicate that Ti/Wxt/Ti thin

metal structure was thermally stabletp to 400°C_annealingfor 30 minutes.

4.3  DC characteristics of the airbridged device

(a) Device performance of GaN'HEMT with Au airbridge :

The DC characteristics of the Au-airbridged GaN HEMTs were shown in Fig.4.6 and
Fig.4-7. Fig.4-6 shows the current-voltage (I-V) characteristics of the 50x4 um gate width
HEMTSs. The maximum drain current was 735.5 mA/mm and the threshold voltage was Vgs=
-5 V. Fig.4.7 shows the maximum extrinsic transconductance of 186.5 mS/mm was achieved

at Vgs=-2.7 V and Vds=10 V.
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(b) Device performance of GaN HEMT with Cu airbridge using Ti/Pt/Ti/Cu barrier
layer structure :

The DC characteristics of Cu-metalized Airbridge for GaN HEMTs with Ti/Pt/Ti/Cu
diffusion barrier are shown in Fig.4-8 and Fig.4-9. Fig.4-8 shows the current-voltage (I-V)
characteristics of 50x4 um gate width HEMTs. The maximum drain current was 722.5
mA/mm and the threshold voltage was Vgs= -5 V. Fig.4-9 shows that maximum extrinsic

transconductance of 184.4 mS/mm was achieved at Vgs=-2.5 V and Vds=10 V.

(c) Device performance of GaN HEMT with Cu airbridge using Ti/WNx/Ti/Cu barrier
layer structure :

The DC characteristics of TI/WNXx/Ti/Cu used to. fabricate Cu-metalized Airbridge for
GaN HEMTs are shown in Fig.4-10 and-Fig:4-11. Fig.4-10 shows the current-voltage (I-V)
characteristics of 50x4 um gate width HEMTs. The maximum'drain current was 707 mA/mm
and the threshold voltage .was Vgs='-5 V.-Fig.4-11 shows the maximum extrinsic

transconductance of 163 mS/mm'was.achieved at Vgs=-2.5 V and Vds=10 V.

4.4 Comparison of DC characteristics of GaN HEMTs with Au-metalized

and Cu-metalized airbridges

The 50x4 pum gate width GaN HEMT with Cu airbridges using Ti/Pt/Ti/Cu and
Ti/WNx/Ti/Cu diffusion barriers showed the similar DC characteristics as compared to

conventional GaN HEMT with Au airbridges ( Fig.4-12 ~ Fig.4-15). For Au airbridged device :

the drain current was 642 mA/mm and the maximum transconductance was 186.5 mS/mm, for

GaN HEMT with Cu airbridges using Ti/Pt/Ti/Cu diffusion barrier, the drain current was
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630.5 mA/mm and the maximum transconductance was 184.4mS/mm, for GaN HEMT with
Cu airbridges using Ti/WNx/Ti/Cu diffusion barrier, the drain current was 627.3 mA/mm and
the maximum transconductance was 163mS/mm when biased at Vds= 10 V. The threshold
voltage was Vgs = -5V, as shown in Fig.4-12. However, the Vgs bias of the maximum

transconductance is different for three devices : For Au airbridged GaN HEMT at VVgs = -2.7V,

for Cu airbridged GaN HEMT at Vgs = -2.5V, as shown in Fig.4-13. Fig.4-14 and Fig.4-15
shows the leakage current of GaN HEMT with 50x4 pm gate width using Cu and Au
metallizations. The leakage was very small and Cu-metallized showed the similar leakage
current characteristics as compared to conventional GaN HEMT with Au-metallized. Finally,
Table 4-1 shows the comparison of DC characteristicsvof GaN HEMT with 50x4 um gate

width using Cu and Au metallizations.

4.5 High temperature Stability test

Here, the high temperature stability test is under 300-°C annealing for 30 minutes. From
the Fig.4-16 and Fig.4-17, there is no! obvious ‘degradation on the DC characteristics
performance of using Ti/Pt/Ti/Cu thin metal structures for Cu-metallized GaN HEMT after
300 °C annealing for 30 minutes. And from the Fig.4-18 and Fig.4-19, there is no obvious
degradation on the DC characteristics performance of using Ti/WNx/Ti/Cu thin metal

structures for Cu-metallized GaN HEMT after 300 °C annealing for 30 minutes, too.
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4.6 Reliability test

The reliability test is under 350 KV/cm?high voltage density stress for 24 hours at room
temperature. Fig.4-20 shows the current of using Ti/Pt/Ti/Cu thin metal structures for
Cu-metallized GaN HEMT after stressed at the high voltage density of 350 KV/cm? for 24
hours at room temperature. The data shows that the current has no significant change with
time. Similarly, Fig.4-21 shows the current of using Ti/WNx/Ti/Cu thin metal structures for
Cu-metallized GaN HEMT after stressed at the high voltage density of 350 KV/cm? for 24
hours at room temperature. The data shows that the current has no significant change with

time, too.
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Table

Cu-metallized Cu-metallized
Au-metallized
(Ti/PYTi/Cu) (Ti/WNX/Ti/Cu)
Vds=10V,Vgs=0V
642 630.5 627.3
—1ds (mA/mm)
Vds=4V,Vgs=0V
735.5 722.5 707
— lds,max (mA/mm)
Gm,max (mS/mm) 186.5 184.4 163.5
Gm,max
-2.7 2.5 -2.5
—Vgs (V)
Threshold voltage
-5 -5 -5
(V)

Table 4-1 Comparison of DC characteristics of GaN HEMT with 50x4 um gate width using

Cu and Au metallizations.
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Figure 4-4(b) AES depth profiles of the Au/Ti/Pt/Ti/Cu multilayer structure after 350°C

annealing for 30min.
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Figure 4-4(c) AES depth profiles of the Au/Ti/Pt/Ti/Cu multilayer structure after 400°C

annealing for 30min.

Figure 4-4(a)~(c) show the AES depth profiles of the Au/Ti/Pt/Ti/Cu multilayer structure

as-deposited and after 350°C and 400°C annealing for 30 minutes.
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Figure 4-5(a) AES depth profiles of the as-depasitedAu/Ti/MVNx/Ti/Cu multilayer structure.
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Figure 4-5(b) AES depth profiles of the Au/Ti/WNx/Ti/Cu multilayer structure after 400°C

annealing for 30min.
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Figure 4-5(c) AES depth profiles.of the Au/TIANVNX/TI/Cu multilayer structure after 450°C
annealing for 30min.

Figure 4-5(a)~(c) show the AES depth profiles of the Au/Ti/WNXx/Ti/Cu multilayer structure

as-deposited and after 400°C and 450°C annealing for 30 minutes.
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Fig.4-6 Ids versus Vds curves,of the GaN HEMT “with» 50x4 pum gate width and Au

metallization.
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Fig.4-7 Extrinsic transconductance and Ids versus Vgs bias characteristics of the GaN HEMT

curves for 50x4 pm gate width with Au metallization.
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Fig.4-8 Ids versus Vds curves of the GaN"HEMT o0f60x4 wm gate width with Ti/Pt/Ti/Cu thin
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Fig.4-9 Extrinsic transconductance and Ids versus Vgs bias characteristics of the GaN HEMT
of 50x4 um gate width with Ti/Pt/Ti/Cu thin metal structure as diffusion barrier for

Cu-metalized airbridge
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Fig.4-10 Ids versus Vds curves of the GaN HEMT with 50x4 pm gate width with

Ti/WNXx/Ti/Cu thin metal structure as-diffusion barrier for Cu-metalized airbridges
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Fig.4-11 Extrinsic transconductance and Ids versus Vgs bias characteristics of the GaN
HEMT with 50x4 pum gate width and with Ti/WNXx/Ti/Cu thin metal structure as diffusion

barrier for Cu-metalized airbridge
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Fig.4-12 Comparison of 1-V characteristics of GaN HEMT with 50x4 um gate width using Cu

and Au metallizations.
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Fig.4-13 Extrinsic transconductance and drain to source current versus Vgs bias

characteristics of the GaN with 50x4 um gate width using Cu and Au metallizations.
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Fig.4-14 Comparison of gate leakage current of GaN.HEMT with 50x4 pm gate width using

Cu and Au metallizations.
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Fig.4-15 Comparison of drain and gate leakage current of GaN HEMT with 50x4 pm gate

width using Cu and Au metallizations in the off-state.
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Fig.4-16 Ids versus Vds curves of the GaNHEMT .of 50x4 pm gate width with Ti/Pt/Ti/Cu
thin metal structure as diffusion- barrier for Cu- metalized airbridges before and after

annealing at 300°C for 30 minutes.

Vds=10V
T T T T T T T T T T T T T T T T T T T T 200
—— | D

1000 - I 175

—a— GM

- 150
750 — r
- 125

- 100
500 —

- 75

~ 50

Drain current lds(mA/mm)

250 —

(Ww/SW) Wo a3uLINPUOISULRI]

b~ - 25

Gate-source voltage Vgs (V)

Fig.4-17 Extrinsic transconductance and Ids versus Vgs bias characteristics of the GaN
HEMT of 50x4 pm gate width with Ti/Pt/Ti/Cu thin metal structure as diffusion barrier for
Cu-metalized airbridge before and after annealing at 300°C for 30 minutes.
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Fig.4-18 Ids versus Vds curves of the GaNyHEMT:of 50x4 um gate width with Ti/WNx/Ti/Cu
thin metal structure as diffusion- barrier for Cu- metalized airbridges before and after

annealing at 300°C for 30 minutes.
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Fig.4-19 Extrinsic transconductance and Ids versus Vgs bias characteristics of the GaN
HEMT of 50x4 pm gate width with Ti/WNx/Ti/Cu thin metal structure as diffusion barrier for
Cu-metalized airbridge before and after annealing at 300°C for 30 minutes.
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Fig.4-20 The current of using Ti/Pt/T1/Cu thin metal structures for Cu-metallized GaN HEMT

after stressed at the high voltage density-of 350 K\//em? for 24'hours at room temperature.
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Fig.4-21 The current of using Ti/WNx/Ti/Cu thin metal structures for Cu-metallized GaN
HEMT after stressed at the high voltage density of 350 KV/cm? for 24 hours at room

temperature.
54



Chapter 5

Conclusions

In this thesis, Cu-airbridged GaN HEMT using Ti/Pt/Ti/Cu and Ti/WNXx/Ti/Cu metal
schemes were successfully fabricated, and the thermal stability of the metal schemes were
verified by the AES depth profiles analysis.

AES was used to study the inter-diffusion of Cu with Au based ohmic metal. The AES
depth profiles of the Au/Ti/Pt/Ti/Cu multilayer structure shows that there was no inter-atomic
diffusion between Cu metal and Au based 6hmic metal after 350°C annealing for 30 minutes.
However, after 400°C annealing for 30 minutes,.Cuand-Au.began to inter-diffuse into each
other through the Pt diffusion barrier-layer. The results.indicate that Ti/Pt/Ti/Cu thin metal
structure can be used as diffusion barrier for Cu-metallized GaN HEMT with thermal stability
up to 350°C annealing for 30" minutes:

Similarly, no inter-diffusion was observed for Aul/TI/WNXx/Ti/Cu multilayer structure
between Cu metal and Au metal after 400°C annealing for 30 minutes by the AES depth
profiles. However, Cu and Au began to inter-diffuse to each other through the WNx diffusion
barrier layer. It means using Ti/WNXx/Ti/Cu thin metal structure can be used as diffusion
barrier for Cu-metallized GaN HEMT with thermal stability up to 400°C annealing for 30
minutes.

In this study, Cu-airbridged GaN HEMTSs using Ti/Pt/Ti/Cu and Ti/WNXx/Ti/Cu as the
diffusion barriers showed the comparable electrical characteristics with the Au-airbridged
GaN HEMT. For Au airbridged device, the maximum drain current was 735.5 mA/mm and
the maximum transconductance was 186.5 mS/mm, for Cu airbridged device using
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Ti/PUTi/Cu metal scheme, the maximum drain current was 722.5 mA/mm and the maximum
transconductance was 184.4mS/mm; for Cu airbridged device using Ti/WNXx/Ti/Cu metal
scheme, the maximum drain current was 707 mA/mm and the maximum transconductance
was 163mS/mm when biased at Vds= 10 V and Vgs= 0 V. The Cu-metallized interconnect on
GaN HEMTs have shown comparable electrical characteristics with Au-metallized
interconnect on GaN HEMTs.

In conclusion, these experimental results demonstrate that using Pt and WNXx as diffusion

barriers for Cu-metallized interconnects on GaN HEMT can effectively prevent Cu diffusion.
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