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 Technical Gold Usage Demand

« What is Hard Gold?

* Electroplating methods & problems
 Physical Vapor Deposition Methods
« Characterization of PVD Au-ZnO Thin Film

 Thermal Stability of Film
— DSC, Resistivity, In-situ TEM




Gold Usage

World Gold Counc

Gold Demand Report Feb.
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Technical Application

Electronic connectors and switches

Electronics Applications:
Connectors and contact pads on
printed circuit boards

Chemically Inert and low electrical
resistance



Nature of Metallic Surfaces

Sliding electrical contacts

No surface is perfectly flat

J / A A: Physisorbed/Chemisorbed
— —_ B B: Oxides (Chemically Reacted) —

_/ c C: Deformed layers

}Undeformed Base Metal/Alloy

Sliding malp>
: ~— Aa——> —old
____________ > N ——
Adhesive contacts (A,) e
_ / / \ \ Surface 1 N
< — 1% « Friction
Surface 2 )\ \Solid 2
Potential wear particles/debris Adhesive contacts (Ar)

Real area of contact (A,) to be minimized for low adhesion (Low Adhesive Wear)
Or maximized for reduced electrical contact resistance (ECR)

T.W. Scharf & S.V. Prasad, Journal of Material Science (2013) 48:511-531



Hard Gold

From ASTM B488-11 / MIL-DTL-45204D:
type suggested applications (ASTM)

>99.7%Au | general-purpose, high-reliability electrical contacts
(hardest) >99.0% Au |l general-purpose, wear resistance; low temperature only
1 soldering; limits impact of oxidation of codeposited material

(softest) > 99.9% Au . ;
lIA  semiconductor components, nuclear eng., high temperature

» Pure gold is soft (low yield point) and has
unacceptable amount of friction and wear

« Gold is typically hardened with minute alloying of
Ni or Co (referred to as hard gold) to achieve the
desired balance between friction, wear and ECR

» Current practice is to apply hard gold by
electrodeposition

* Nickel Underplating is used any time the substrate
alloy contains Copper to prevent diffusion of Cu
into Au coating.

type

code

type

purity (mass % Au) *

100.0%

99.5%

99.0%

]

* excluding K, Na, C, N, and H

hardness (Knoop, HK,s)

2(‘)0 150
L L I | 1

100

2.0 1.5
hardness (GPa)
minimum thickness

class pinch pm

00 20 0.51

0 30 0.76
1 50 1.27
2 100 2.54
3 200 5.08
4 300 7.62
5 500 12.70
6 1500 38.10



Hall-Petch Strengthening

Hall-Petch relationship:

H=H +K,d "

From: Lo, Augis, and Pinnel, JAP (1979)

H - hardness grain size, d (um)
. . 10 105 0.2 0.1 0.05 0.03 0.02
d - avg. grain diameter 20—+ ' — '
200 j K - 20
Hall-Petch Strengthening Limit 180 s | 18
- Ve N
hard (alloy) gold -
g?glss Maximum attainable 160_ y g ’ i 16
e o 140 14
Qlah T ) D:J-
%"f?% =4 1204 - 1.2 a.
Sty g >
= a
;}Q T 100+ - 1.0 4
& > =
) 80 A - 0.8 )
o
60 - soft (pure) gold - 0.6
40 4 \ L 0.4
20  measured hardness L 0.2
(deviation from H-P occurs at grain size below ~ 100 nm)
0 T . T . 0.0
0 50 100 150 200 250
-1/2 -1/2
d~10nm Grain size, PRL: d (mm )
Theoretical maximum strength

at~ 10nm



Electrochemical Deposition

Toxic plating baths

Hard Gold is typically plated from
@ cyanide solution KAu(CN), e
] a citrate buffer solution '
> modifiers of As, Cd or T,
a small amount of a hardening
POISON agent such as Ni or Co
Nickel barrier layer applied first

: ’Er::,
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Issues With Electroplated hard Au '~

Cross-sectional TEM and Spectral ] ] ] ]
Imaging Ni or Co used for hardening Au may diffuse to the surface over time

50 " _

N
o

w
o

H
125degc  OHC

anneal

Contact resistance (mQ)
s 3

Substrate

................. n

0 1000 2000 3000
time (hrs)
Y. Okinaka and M. Hoshino, Gold Bulletin, 31(1), 3 (1998).

o

Diffusion and segregation of hardeners
and elements from “diffusion barriers” to
the surface (ECR degradation)

« Limited electrochemistry

0 0.2 0.4 0.6 0.8 1
Relative Ni (hardeners/diffusion barriers)
trati . .
:f::: §2+’§e';’:‘s * Non-Technical issues...



Surface Oxide Film

ECR degradation
B

FIB Pt

Sputtered Au 280nm Film on
Silicon w/Ti adhesion layer
Ni Barrier layer

Au

ECR degradation with time
(diffusion through grain boundaries)

T ik
7 "
0 01 02 03 04 05 06 07 08 09 10 =
fractional concentration of Ni-O % %— - | & %’ /T
STEM EDS after 150°C and 32 days 01 = -
NiO surface layer 1.5 — 4.5 nm thick a . =
A 280 nm thick Au film
0 994 nm thick Au film
0.01; g v ......10 v T .....;00 T v .....'.000

annealing time at 150°C (hours)

From Argibay, Brumbach, Dugger, Kotula JAP 2013 10



Novel Materials and Synthesis

Routes to Mitigate Diffusion

Novel routes: shut down solid diffusion of codeposited and underlayer materials via:
1. ceramics to harden Au in place of non-noble metals

2. introduce electron-tunneling-thin ceramic diffusion barrier layers
(discussion of its effect on ECR)

These layers applied via
oxide hardened gold (e.g. Au-ZnO) Physical Vapor Deposition (PVD)

1-2 nm thick ceramic diffusion barrier?

* Au-ZnO codeposition by E-beam evaporation
* lon implantation of noble gasses into the PVD Au
» Novel ceramic diffusion barrier layers (not possible by electrochemical techniques)

11



Physical Vapor Deposition (PVD)

Sputtering vs E-beam Evaporation

Sputter deposition E-beam Evaporation
—— *
e @ o e e ° et e Fim
Reflected @\ °
neutral ® ® (% Sputtered %
® atoms/molecules ® e o
Inert ions (Ar) .. ©
FY M
Gas phase collisions/
& 9% o reduced energy o
Film ee—X ©® o eo
] P
« Target material removed by kinetic energy of (crucible)
inert ions
« Requires plasma ignition for ionization of 10kVe-
sputter gas (Ar) S _« Target material vaporized by thermal energy
* Minimum energy for ignition limits deposition from electron beam
rate ratio ~ 50:1 (2%) « Terrific rate control with feedback from QCM

» Good control over film properties (pressure, .
power, biasing, temperature)

Can deposit at extremely slow rates (ppm
level composition control)

12
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Co-Deposition (PVD) =2

Thin Film Capabilities

Evaporation:

Sputtering:

Triad e-beam evaporation of ternary alloy
thin films

Shutter in front of substrate for consistent
composition, graded or layered films
Independent QCM control of material
deposition rate

Compositional control to < 0.1%

Co-deposition of elements, alloys and
compounds
Composition control to ~1%




Triad E-Beam Deposition

E-beam approach chosen for compositional ¢

rotating mount

three independent
é-beam evaporation
guns and crucibles

Substrate|

Film ,, 7

Compositon \\\\

Au,M,

\

Sources

Triad electron gun for E-beam evaporation
Co-deposition of ternary alloy thin films

Shutter in front of substrate for consistent composition
Substrate rotation for improved uniformity

Line of sight shields on QCMs eliminate cross-talk



Film Morphology ZT

e e
000

ZONE T | ZONE I
|

ZONE I, ZONE T
I
GRAIN,
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|

I

I

e

0.1 0.2 0.3

Nucleation and subsequent recombination lead to the final film microstructure.
Morphology is influenced by: Substrate temperature, deposition rate, bulk and surface
diffusion

Zone | : All grain boundaries are immobile
Zone T. small diameter columns with poor crystallinity. High dislocation density

Zone ll: Surface diffusion is becoming dominant. Grain boundaries are mobile. Growth of
columns with tight grain boundaries. Voids are filled by surface diffusion. Fewer defects.

Hentzell, JVST-A 1984 15



Zone Model for Evaporated Films

(D}

RENUCLEATION 1

0.5 Tm
04T,
03T,

0.22T.,

I [
ZONET'! ZONET | ZONETX | ZONE IX
I |
GRAIN ! ONSET OF iExTEvaE
GRANULAR | GRAIN
EPITAXY | GROWTH

]

]
SIS s
RCP ','1%"
f;i'!:‘;,':%{? Yoy B
R
YA

01 - 0.2

4
-1
103 0.5 0.6 07

Tﬁ“‘/m

ER e
ofT °C Temp (°C) | Temp

1064 1337 2248 2521
396 669 988 1261
262 535 735 1008
128 401 483 756
25 298 281 554

Hentzell, JVST-A 1984
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Thin Film Characterization
=

» Electron backscatter detection (EBSD) in SEM
« X-Ray Florescence XRF & Electron Microprobe
« Aberration corrected scanning transmission electron microscopy (AC-
STEM)
« TEM EDS Spectral imaging
« ECR-Tribology
« Friction and wear analysis
* Nano-indentation
* 4-Point probe
» Differential Scanning Calorimetry DSC

17



Cross-Sectional TEM

(TEM Specimens prepared by FIB)

Pure Au

ki‘s

“’*»f" | G $ry |
: 3‘ 'I\_ & % o w Y & J j; " .- 3 ' 3 ! i i
$51- gty - 0% - T3 - o 100nm Vhi
Au~1"/2na g0 g o R R THI  rs 1 o)
o g a "' ‘\ ) ‘;? : - i._-_‘_ 3 1 -e_-

Columnar gram structure is clearly observed with a significant
reduction in grain size in the columnar grain diameter in Au-(1%)Zn0O

18



Spectral Analysis

Distribution of ZnO (Green)

Region of spectral analysis

—— 200 NmM

STEM cross-section of
Au-(5%)Zn0O

Normalized Counts

()]
1

15¢

N
o
I

Au

Red = Au
Green = Zn-0O

u“ “‘H

X-ray Energy [kV]

19



Titan STEM

i’ nanocrystalline
gold coating

Wy ™ -

substrate

4 2

electron micrograph showing
grain boundary segregated ZnO (98 vol. % Au)

HAADF MAG: 640000 x HV: 200.0 kV WD: -1.0

red = Au
green =Zn0

\ 65 nm / 20




AC-TEM

65.5nm field of view

HAADF MAG: 640000 x HV: 200.0 kV WD: -1.0 mm



EDS Map

30
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X-ray Energy [kV]



AC-TEM

Au + 10% ZnO

Zn/Au ratio

65.5nm field of view

: 640000 x HV: 200.0 kV WD: -1.0 I‘Inm




Measurement of Film Resistivity, R

Van der Pauw Method

D voltage _ B current

tap - = sink
BC material of interest

C  voltage A in film form current

tap source

non-conductive substrate

film resistance
measurements

|

known and uniform g, vanderPauw o o1ectrical resistivity, p (ohm-m)

film thickness equation
SR .Y =1
exp ( R. IAB) + exp ( R IBC)
p= Rt

Bulk material resistivity is sheet resistance (calculated from
measured values) times film thickness. Film thickness confirmed by
TEM and QCM

24



Evolution of Grain Structure

with increasing ZnO content

resistivity (uQ-cm)

10°
108
107

10°

10° -
10* -

10% -

10°

10"

increasing ZnO grain boundary coverage

Pzno~ 250 Q-cm
7,
Il
,.'
1
:
'\
;X
/
A f o
\ NPT b
o o 77777]
Pay ~ 2.5 uQ-cm
10 20 30 40 50 60 70 80 90
% ZnO

100
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Electrical Resistivity Modeling e

Resistivity explained by grain size

electron scattering e transition e 5‘:;;?:;‘:23 ]
' g ’[‘\ . ’]‘
10° dominated regime regime regime
] FIB/TEM cross-section of ’ ‘
Il Au-ZnO nanocomposite
10* 4 — A
E f. =085
E . /
(@)
! 3
G 103
E =l red = Au
" i green = Zn-0 0o 7
> ; :
E 2 ! —
= 107 4 o — e = = T T T
@ J combined model o ——T =
O 1 (solid line) & /,n-—.l:l-—"‘:\“ ; /?.
- - | . |
J /@’D/ Mayadas-Shatzkes dominated b7 \
10 (grain boundary scattering) /,"' GEM component
3 ' —— = g(percolation theory)
7 | resistivityof pure, doarse grained gold | | ]
1 00 I L Ll L) T ‘I I I L) L I I L L

0 10 20 30 40 50 60 70 80 920 100

ZnO volume %
N. Argibay, R.S. Goeke, J. R. Michael, M.T. Dugger, and S.V. Prasad, “Electrical Resistivity of Au-ZnO
Nanocomposite Films”, Journal of Applied Physics 113 (2013), 143712. 26
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Hardness and Electrical Resistivity

Comparison to hard gold specification

= -

weight % ZnO
0 0.5 1.0 L5
30— 1 N 12
_ 3 &
2.5 + ~ - 10 &
- s Q
L7 =.
- % P 8
5 2.0 - -8 3
= = = 1 - electrical resistivity @,
o e A i 7 increased linearly @
(o)} (@)} (D] e 2.
-E © (=) T v S
40} E E ].5 = g & — 6 Q
- 4= 3 4 < ey
B < -7 =
[} v o ®
o = ® - .
2 = 4 o
-1 -4 3
-
resistivity of pure, single crystal gold .
>
T L L L AL B L LA B AL %
1 2 3 4 S 6

for reference:

volume % ZnO

0.7 vol % Niis ~0.3wt % (type |, best ECR performance)

2.2 vol % Niis ~ 1wt %

(type Il, max allowed)

Electrical resistivity measured via van der Pauw
method -- square Si wafers pieces coated with
composite, no adhesion layers

27



4 pt. probe setup 20°

'
By,

per ASTM standard: ~ contact
force, Fn | /
friction force, F¢ T

sliding <«—— ™ film| — €

electrical contact

n radius tip

il

] 10 20 30 40 50 60 70 80 90 100 110 126

ion

Hemi-Spherically tipped rider

28



ECR-Friction Tribometer

Test Conditions

o Neyoro G (Au-Cu), 1—16 in. radius hemispherical tip rider
o F,=100 mN (=290 MPa contact stress)
o 100 Cycles@ v =1mm/s
o 1—-2 mV bias to achieve approximately 100 mA
o Lab air environment at room temperature
G |-
_ ..énénahqhﬂ.i'ﬂahnhshﬁm. .;hdn&.@rfuimalhqhinbﬁm
--' R o ot et i T [
e e et AL e pmeen | [ | R R R
Up to 2000 mA =l
1mNto1.5N Data Acquisition

29



ECR-Friction Behavior

pure Au film sliding against Neyoro G

1.5 — high adhesion
-

> |
. . ) ,
1.3 - | debris | major !
o - \formationi Wear
S 1.1 —\ <€<——>! event(s) |
E — : s > transition to sliding on substrate
_ I | I
= 0.9 ! : . »
(@] — I |
w] I I
{ s 0.7 4 I 1
i) _ |
g 0.5 -
0.3 = S
0.1 -

0.5 -
0.4
0.3 -
0.2 -
0.1 1
0.0 ll-'—f =eaT

contact resistance (Q)
|
L
)

30



-
[ | [ | [ |
ECR-Friction Behavior
1.5
13 7 2.0vol.% ZnO-Au solid line: payg
1 28.0vol.% ZnO-Au shaded area: pgyq +/- 0

electrical contact resistance (Q)

friction coefficient

31



ECR-Friction Behavior

Au-2 vol. % ZnO composite film

electroplated type | Ni-hardened gold film

1.0 1.0
- ] solid line: p = ] solid line: p
g 08- Shiadai area: i 77 § 087 bl afea: ju 77
g ] rea: jipyg +/- 0 g ] shaded area: g +/- 0
€ 06 £ 06
o ; 3 ]
v o
c 0.4 - W = 0.4 - MMW
2 - k! ]
:&: 0‘2 - I I I I ] E 0.2 —
0.0 - 0.0 -
8 05+ 8 05-
£¢C g4 solid line: ayg £C g4 solid line: Payg
S g 03 shaded area: Ly +/- 0 S g 03- shaded area: ipyq +/- 0
S8 02 S & 021
% 014 A 5% 014
Q = | —— — SIS @ = - e A SN
w 0.0 - w 0.0 -
| ! | d | ! T ’ I | | ! T X I ! I ¥ | I T L T T | T T T T ! | d T T T b 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

unidirectional sliding cycle

common parameters:

- sliding against a bulk hard gold alloy rider or pin
(nominally 72-14-8-5-1 wt. % Au-Cu-Pt-Ag-Zn)

- rider tip radius was 3.175 mm

- contact force was 100 mN

unidirectional sliding cycle

- electrical current was approx.100 mA (voltage driven)

- sliding environment was lab air and room temperature

- substrate material was alloy 52 (nominally 50/50 wt. % Fe/Ni)
- film thicknesses 2 - 5 um; Ti/Pt bonding layers

32



Wear Surfaces

Au-2% Nanocomposite ZnO after 1000 cycles of Shicing

region of wear track after 1,000 cycles 25 nm
0 nm
line of “debris” along
wear track edge
-25nm

SEM micrograph of wear scar SWLI topography Map

N. Argibay, S. V. Prasad, R. S. Goeke, “Wear Resistant Electrically Conductive Au-ZnO
Nanocomposite Coatings Synthesized by E-Beam Evaporation”, Wear 302 (2013) 955-962 .

33



Wear Scar

Material loss

height (nm)

after 1,000 sliding cycle:

100

50

-50
100

s on Au-5 vol. % ZnO with sapphire sphere
I " T T

average cross-sectional
area of the wear scar

height (nm)

.

avg. cross-sectional area loss (um?)

width (um)

1.0

0.8

0.6

0.4

0.2

0.0

average cross-sectional
area of the wear scar

l

avg. wi
/-"”A// W

after 1,000 sliding cycles on electroplated type | hard gold with sapphire sphere
2 - 2 : i

total sliding cycles

50
width (pm)
=—==0
L)
1000

1
100

= R

125nm

-125 nm

- ™S o
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- W e e
Electron BackScatter Diffraction =

51.282; 28.700; 25.137 178.203; 25.660; 56.834

Oxford Instruments - http.//www.ebsd.com 35



EBSD

surface normal EBSD maps

-

large avg. grain size (> 250 nm)
preferential <111> surface texture
bimodal distribution
hardness ~ 900 MPa

111

101

* note the difference in scale bars *

equiaxed & non-textured
avg. grain size ~ 50 nm
hardness ~ 2.5 GPa

36



EBSD on pure e-beam deposited Au

k2

- "',. i 4 . £ - s =
=2 pm; IPF 2 FCC; Step=0.025 pm; Grid400x300 1

Surface normal direction In-plane x direction (horizontal)

37



EBSD on e-beam deposited

22 i |PF-2; Step=0. 025 ur; Gricd 00300

Surface normal direction In-plane x direction (horizontal)

Grain size is significantly reduced but the (111) texture remains



Sintering

Grain Growth Mechanisms

The two common mechanisms for grain growth are:
1. Ostwald Ripening— Diffusion of atoms from smaller grain to larger grain
2. Coalescence — adjacent crystallites join to become one larger grain

The final subgrain structure after some subboundary migration

Rios, et.al. Mat. Res. 2005 39



Thermal Stability
EBSD

Au-ZnO thin films 2 um thick on Pt/Ti/Si

As Deposited

1 cycle 350 .C

b T |

min

Temperature cycled to 350°C at 10°C/

Paper in process .... R.L. Schoeppner, D.F. Bahr, R.S. Goeke, N.R. Moody, S.V. Prasad 40



Thermal Stability

Grain Size Distribution

0.2

Au !
01 | Large grain growth
0
g
3
i Ol - Abnormal grain growth, large grain
é‘? sintering observed only in regions
0
0.1 - i\ - Addition of ZnO impeded grain sintering
0 AATE S
0.01 0.1 I 10

Grain Diameter (um)

41



A
Differential Scanning Calorimeter
DSC

DSC-8500 (PerkinElmer)
of 20°C/min in N, (40°C to 450°C)

&i’/ 2 um thick Au-ZnO films removed from substrate
Sy samples ~ 10mg
I Crystallization is an exothermic processes
Ty
— —Au
0.8
o
-
e e i ) _ 0
© € e » H_.ﬁ_*a —g 0.6 Au+20/0ZHO

© Y aa)

% 0.4 -
=
o

I 02 -
=
T

O .

0-2 I I I I 1
100 150 200 250 300 350

Temperature [°C] 49



In Situ Heating

TEM Study

Au — ZnO Thin Films Deposited Directly
on SPI Siz;N, TEM Membranes

50 nmAu + ZnO
20 nm SisN,
200 um Si

Imaged on Philips CM30
Transmission Electron
Microscope in Bright Field

Heating in 10C steps
from 150C to 350C

43



In Situ Heating TEM

FOV 2.78 um

As dep. Grain size 50 — 200nm
Small grains gone by 159°C

@ 352°C grain size 100 — 400nm

44



In Situ Heating TEM

155°C

FOV 1.5 um (1stimage 450nm)
As dep. Grain size 10 — 20nm

Abnormal grain growth
starts @ 155°C

@ 347°C grain size 50 — 200nm

45



In Situ Heating TEM

148°C

FOV 960nm
As dep. Grain size ~10 nm
minor grain growth starts @ 211°C

@ 349°C grain size 10 & 100nm

46



In Situ TEM

Grain Boundary Motion

Au @ 180°C (1X speed

Abnormal growth is when a few grains
Watch these areas grow much larger than the remaining
majority

47



Conclusions

A hard gold thin film has been synthesized by co-evaporation comprising
nanocrystalline Au pinned by small amounts of ZnO

Au-ZnO material has potential for electrical contact applications

Thermal stability of Au-ZnO is significantly enhanced over pure gold and
shows no surface layer formation which would impact electrical contact
resistance

PVD process are evironmentally friendly compared with electroplating.
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