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OutlineOutline

• 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 Gold Usage 
World Gold Council, Gold Demand Report Feb. 2014World Gold Council, Gold Demand Report Feb. 2014

59%
20%

10%

11%

1% Dentistry 
(included in Tech. usage)

8% Electronic Appl. 
(300,000 kg / year)
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Technical ApplicationTechnical Application
Electronic connectors Electronic connectors and switchesand switches

Electronics Applications:
Connectors and contact pads on 
printed circuit boards

Chemically Inert and low electrical 
resistance 
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Nature of Metallic SurfacesNature of Metallic Surfaces
Sliding electrical contactsSliding electrical contacts

No surface is perfectly flat

A

B

C

Undeformed Base Metal/Alloy

Adhesive contacts (Ar)

Potential wear particles/debris

Surface 1

Surface 2

Aa

L Aa

Real area of contact (Ar) 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

A: Physisorbed/Chemisorbed
B: Oxides (Chemically Reacted)
C: Deformed layers
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Hard GoldHard Gold
ASTM TypesASTM Types
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• 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.



HallHall--PetchPetch StrengtheningStrengthening
Grain RefinementGrain Refinement

Theoretical maximum strength 
at ~ 10nm

Hall-Petch relationship:

2
1

 dKHH Ho

H - hardness
d - avg. grain diameter
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Electrochemical DepositionElectrochemical Deposition
Toxic plating bathsToxic plating baths

Hard Gold is typically plated from 
cyanide solution KAu(CN)2

a citrate buffer solution
modifiers of As, Cd or Tl, 
a small amount of a hardening 
agent such as Ni or Co
Nickel barrier layer applied first
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Issues With Electroplated hard AuIssues With Electroplated hard Au
Surface oxide formationSurface oxide formation
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After 35+ years

Ni or Co used for hardening Au may diffuse to the surface over time

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

• Limited electrochemistry 
(hardeners/diffusion barriers)

• Non-Technical issues…

Y. Okinaka and M. Hoshino, Gold Bulletin, 31(1), 3 (1998).

Substrate

Au

Diffusion Barrier
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Surface Oxide FilmSurface Oxide Film
ECR degradationECR degradation

10From Argibay, Brumbach, Dugger, Kotula JAP 2013

ECR degradation with time
(diffusion through grain boundaries)

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

STEM EDS after 150C and 32 days
NiO surface layer 1.5 – 4.5 nm thick



Novel Materials and Novel Materials and SynthesisSynthesis
Routes to Mitigate DiffusionRoutes to Mitigate Diffusion

These layers applied via 
Physical Vapor Deposition (PVD)

• Au-ZnO codeposition by E-beam evaporation
• Ion implantation of noble gasses into the PVD Au 
• Novel ceramic diffusion barrier layers (not possible by electrochemical techniques)
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Target (cathode)

Film

Inert ions (Ar)

Sputtered 
atoms/molecules

Reflected 
neutral

Sputter deposition

Gas phase collisions/
reduced energy

M

Material 
(crucible)

e-

e-

e-

e-

e-
e-

Film

E-beam Evaporation

10kV

• Target material removed by kinetic energy of 
inert ions

• Requires plasma ignition for ionization of 
sputter gas (Ar) 

• Minimum energy for ignition limits deposition 
rate ratio ~ 50:1 (2%)

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

• Target material vaporized by thermal energy 
from electron beam

• Terrific rate control with feedback from QCM
• Can deposit at extremely slow rates (ppm 

level composition control)

Physical Vapor Deposition (PVD)Physical Vapor Deposition (PVD)
Sputtering vs ESputtering vs E--beam Evaporationbeam Evaporation
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CoCo--Deposition (Deposition (PVD)PVD)
Thin Film CapabilitiesThin Film Capabilities

M2M1 M3

Evaporation:
• 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%

Sputtering:
• Co-deposition of elements, alloys and 

compounds 
• Composition control to ~1%
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• 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

Au

Cr

ZnO

Film 
Composition  

AuxMy

Substrate

Vapor 
Sources

M1Au M233--QCMs for QCMs for 
independent independent 
rate controlrate control

Triad ETriad E--Beam DepositionBeam Deposition
EE--beam approach chosen for compositional controlbeam approach chosen for compositional control
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Film Morphology ZTFilm Morphology ZT
Transitional ZoneTransitional Zone

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

Zone I : All grain boundaries are immobile

Zone T: small diameter columns with poor crystallinity. High dislocation density

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

15Hentzell, JVST-A 1984



Zone Model for Evaporated FilmsZone Model for Evaporated Films
Substrate TemperatureSubstrate Temperature

Hentzell, JVST-A 1984

Fraction 
of Tm

Au Temp 
(ºC)

Au Temp 
(K)

ZnO 
Temp (ºC)

ZnO
Temp (K)

Tm 1064 1337 2248 2521

0.5 Tm 396 669 988 1261

0.4 Tm 262 535 735 1008

0.3 Tm 128 401 483 756

0.22 Tm 25 298 281 554
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Thin Film CharacterizationThin 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
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100 nm
Au-1%ZnO

Pure Au

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

CrossCross--Sectional Sectional TEMTEM
((TEM Specimens prepared by FIBTEM Specimens prepared by FIB))
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Titan STEMTitan STEM
Real time EDS while scanningReal time EDS while scanning
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ACAC--TEMTEM
Au + 2% Au + 2% ZnOZnO

65.5nm field of view



EDS Map EDS Map 
ZnOZnO predominately at grain boundariespredominately at grain boundaries
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ACAC--TEMTEM
Au + 10% Au + 10% ZnOZnO

Zn/Au ratio

65.5nm field of view



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

TEM and QCM

A

BD

C

B

C

A

D

IBCVDA

Measurement of Film Resistivity, Measurement of Film Resistivity, RRss
Van der Van der PauwPauw MethodMethod
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Evolution of Grain StructureEvolution of Grain Structure
with increasing with increasing ZnOZnO contentcontent
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Electrical Resistivity ModelingElectrical Resistivity Modeling
Resistivity explained by grain sizeResistivity explained by grain size

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



Hardness and Electrical ResistivityHardness and Electrical Resistivity
Comparison to hard gold specificationComparison to hard gold specification
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FourFour--Point Probe ECR SetupPoint Probe ECR Setup
Measured with Measured with hemihemi--spherically tipped Auspherically tipped Au--Cu alloy riderCu alloy rider

Hemi-Spherically tipped rider
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ECRECR--Friction Friction TribometerTribometer
Simultaneous Simultaneous friction friction force and contact resistanceforce and contact resistance

Data Acquisition
Up to 2000 mA
1 mN to 1.5 N

Test Conditions
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ECRECR--Friction BehaviorFriction Behavior
Pure AuPure Au

30



31

ECRECR--Friction Friction BehaviorBehavior
AuAu--ZnOZnO



ECRECR--Friction Friction BehaviorBehavior
Comparison to electroplated hard goldComparison to electroplated hard gold
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Wear SurfacesWear Surfaces
AuAu--2% 2% NanocompositeNanocomposite ZnOZnO after 1000 cycles of slidingafter 1000 cycles of sliding

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 .
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Wear Wear ScarScar
Material lossMaterial loss
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Electron Electron BackScatterBackScatter DiffractionDiffraction
EBSD EBSD -- Kikuchi patternsKikuchi patterns

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



EBSDEBSD
Grain size and texture impactGrain size and texture impact
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EBSD on pure eEBSD on pure e--beam deposited Aubeam deposited Au
showing (111) textureshowing (111) texture

In-plane x direction (horizontal)Surface normal direction
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EBSD on eEBSD on e--beam depositedbeam deposited
AuAu--(1.0 vol.%)(1.0 vol.%)ZnOZnO CompositeComposite
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In-plane x direction (horizontal)Surface normal direction

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

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



Thermal StabilityThermal Stability
EBSDEBSD

Temperature cycled to 350C at 10C/min

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

Au-ZnO thin films 2 m thick on Pt/Ti/Si
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Thermal StabilityThermal Stability
Grain Size DistributionGrain Size Distribution
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Addition of ZnO impeded grain sintering

Abnormal grain growth, large grain 
sintering observed only in regions

Large grain growth



Differential Scanning CalorimeterDifferential Scanning Calorimeter
DSCDSC
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DSC-8500 (PerkinElmer)
of 20C/min in N2 (40C to 450C)
2 um thick Au-ZnO films removed from substrate
samples ~ 10mg
Crystallization is an exothermic processes



In Situ HeatingIn Situ Heating
TEM StudyTEM Study

20 nm Si3N4

200 m Si

50 nm Au + ZnO

Au – ZnO Thin Films Deposited Directly 
on SPI Si3N4 TEM Membranes

100 nm 
window

Imaged on Philips CM30 
Transmission Electron 
Microscope in Bright Field

Heating in 10C steps 
from 150C to 350C
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In Situ Heating TEMIn Situ Heating TEM
Pure Au Pure Au -- 50nm thick50nm thick

RT 159C 218C
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279C 352C FOV 2.78 m

As dep. Grain size 50 – 200nm

Small grains gone by 159C

@ 352C grain size 100 – 400nm



In Situ Heating TEMIn Situ Heating TEM
Au Au –– 2% 2% ZnOZnO 50nm thick50nm thick

RT 155C

300C
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222C

347C FOV 1.5 m (1st image 450nm)

As dep. Grain size 10 – 20nm

Abnormal grain growth 
starts @ 155C

@ 347C grain size 50 – 200nm



In Situ In Situ Heating TEMHeating TEM
Au 5% Au 5% ZnOZnO -- 50nm 50nm thickthick
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RT 148C

294C

46

211C

349C FOV 960nm

As dep. Grain size ~10 nm

minor grain growth starts @ 211C

@ 349C grain size 10 & 100nm



In Situ TEM In Situ TEM 
Grain Boundary MotionGrain Boundary Motion
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Abnormal growth is when a few grains 
grow much larger than the remaining 
majority

Au – 2% ZnO @ 155C (16X speed)

100nm

Au @ 180C (1X speed)

200nm

Watch these areas



• 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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