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ADVANCED SURFACE MECHANICS

Content

1) Limits for hardness and modulus measurements
2) Accurate determination of tip rounding and area function

3) Solutions for ultra thin coatings
« Ultra sharp tips, ultra low forces

« Extrapolation to zero depth

« Eliminating the substrate influence for fully elastic measurements with
spheres

« Eliminating the substrate influence for elastoplastic measurements with
sharp tips

» Determining yield strength instead of hardness using micro scratch tests
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Measurement limits for ultrathin coatings

Limit 1: Substrate influence

ASMEC 2013 3
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Depth limit for coatings hardness

Substrate

One tenth rule h < L
10
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Reason for depth limit

The plastic zone is much larger and deeper than the indent.
Therefore the information in the load-displacement curve comes from a depth of
up to10 times the indentation depth.

Presentation of the plastic zone in steel using a special etching technique

ASMEC 2013 5
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Limit 2: Tip rounding
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Limited resolution due to tip rounding
Area function with high accuracy needed

Minimum indentation depth for comparable hardness results:
20% of tip radius

A Berkovich tip has a typical tip radius between 100 — 300 nm

Minimum depth for
hardness tests:

Ny = 0.2°R

ASMEC 2013 7
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Minimum film thickness for hardness measurements
In dependence on tip radius (not for modulus)

Tip radius (nm)

50
75
100
150
200
250
300

Minimum film thickness (nm)

100
150
200
300
400
500
600

ASMEC 2013
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Substrate influence on hardness

A

Influence Begin of

of tip substrate

rounding influence

— Coating hardness
W Minimum film thickness for hardness
8 Measurement: t . =2*R
-
O
-
(qV)
L
Substrate hardness
>
1/5*R  1/10*t Depth

ASMEC 2013 9
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Substrate influence on modulus

Begin of
substrate

influence
Coating modulus

Modulus

Substrate modulus

1/10%t Depth
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Limit 3: Position of first plastic yielding
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Von Mises stress field for a 50nm thin hard coating on glass in dependence on indenter radius

1 pm tip radius 0.2 pm tip radius
1pm radius spherical indenter with 1mN 350GPa/68GPa 0.2 pm radius spherical indenter with 0.08mN 350GPa/68GPa
von Mises stress (GPa) von Mises stress (GPa)
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2,0
Substrate E=68 GPa
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Low depth measurements require an accurate

Determination of tip rounding and area function

ASMEC 2013 13
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There is a permanent wear of the diamond tip.
The tip status has to be checked regularly.

Fused silica

— 1st meas.
— 2nd meas.
— 3rd meas.
— 4th meas.

Tip check measurements
on fused silica with several
100 measurements in between.

0.01 002 003 0.04 0.05 0.06 0.07 0.08
Depth (um)

ASMEC 2013 14
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Error due to incorrect tip area function in dependence on depth
Example: fused silica

Modulus Hardness
140 T T T T T T T T T T 18 T T T T T T T T T T
Fused Silica I Fused Silica
—a— 1. Measurement series (new tip) 16 —a— 1. Measurement series (new tip) |
120 - —o— 2. Measurement series ] I —o— 2. Measurement series 1
—e— 3. Measurement series = 14 —e— 3. Measurement series i
o
o I
100 1 g 12
(7]
) I
S
= 10
80 1 £
| AAAA-A—A—A-A-p 4 44 b 4o 8
60 I ] 6 1 1 1 1 1
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Contact depth (um) Contact depth (um)

Tip radius: 1. =150 nm (fresh tip)
2. = 350nm
3.=700 nm
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Determination of area function

Direct method: AFM scan of the tips

Topography - Scan forward

Raw data 7.91um

3.9y
-4.01p

Left: broken diamond tip Right: new tip without defects

ASMEC 2013 16
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Determination of area function

Direct method: Measurement with metrological AFM
Indirect method: Indentation measurements on homogeneous reference materials

P
////.
epe . A///
Artificial points e
3.0 0,30{ toguide the 1_39mu//
fit function
2,0
0,20
10 0.27TmN
o Dataf
a Dgg fm giggﬁire 0,10 e
— Ideal Tip e Data from quartz
Fit average a Data from sapphire
00 —Ideal'ﬁp
'0,00 010 020 030 040 050 060 07 Fit average
he (um) 0,001 | . .
0,000 0,020 0,040 0,060

hc (um)
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0,40

0,30

0,20

0,10 e Data from quartz
A Data from sapphire
— ldeal Tip
Fit average
0,00 : : : , . : - -
0,000 0,020 0,040 0,060 0,080

hc (um)

Inadequate fit function with insufficient term number

ASMEC 2013 18
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How to determine the real tip radius?

- Elastic measurements on a hard reference material

—> Hertzian contact calculation _ _ N
Elastic — plastic transition force for a

Elastic fit of load-displacement curve defeCt free Sapphlre Slngle CI’ySta|
oz  m / with strength of 40 GPa (maximum)
// Tip radius Transition force
/ (nm) (N)
/ 50 31
) y 75 68
// 100 120
///////// 150 280
O0%00 o000 ool0  oowmo 200 490
Displacement (um)
250 760
Measurement and fit curve of sapphire
300 1100

ASMEC 2013 19
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Measurements at BAM with Agilent DCM head

0,301

— Saphir DCM 20puN

—— Saphir DCM 100uN

—— Saphir DCM 300pN elastisch
Saphir DCM 300uN

0,201

0,101

0,00+

0,0050 0,0100 0,0150
Normal Displacement (um)

0,0000

Sapphire measurements and fit curves
(0001) Single crystal

0,095

0,090

0,085

0,080

0,075

0,070

Elastic fit of load-displacement curve

0,30

0,20

0,10

— Measurement
Fit

J/

0,00
0,0000

0,0050

0,0100
Displacement (um)

0,0150

0,0000

0.0050

0.0100

Effective depth (um)

ASMEC 2013
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Solutions for ultra thin coatings

1) Modulus measurement
2) Hardness (yield strength) measurement

ASMEC 2013 21
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Solution 1: Ultra sharp tips, ultra low forces

31nm DLC on Si

0,1007
— 20uN
— 50uN
100uN
/
//
0,075 / //

y
0,050/ /////

Example:
Tests with Agilent DCM head

Averaged curves from 10 single
measurements

Tip radius 70nm

7/ 20uN is already to much for a

V4 31nm coating

0,0251 // e

7 / 50uN allow measuring 100nm

/7 - DLC coatings
0,000+ , , , For 100nm coatings tip radius
0,0000 0,0050 , 0,0100 0,015 should be 50nm and not 70nm

Normal Displacement (um)

ASMEC 2013 22
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The following tests were done with a

UNAT = Universal Nanomechanical Tester
Normal force unit NFU

Max. force: 2N

Optics

Lateral force unit LFU

ASMEC 2013 23
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For highly accurate results two corrections
are necessary

Zero point correction for QuarzQCSM100mMN_B1_0007.0DAT EI@ Thermafdriﬁ correction for Saphir-Fast_B1_0005.DAT EI-E@
First point for fit |45 Fit start (% oftime) [25 |4
Last point for fit |62 0 Fit end (% oftime) [100 |4

Move (nm) [ Average rate (nm/s) |-0.4001
Zero shift (nm) |9.89 -1 [~ Use averagerate Reset
Fit error (nm) |0.652
. E Drift rate (nmis) 0.1176
Fit methad £ 2
o © i 1 =
N H.ertz Quadratic z Hold period number -
c
Linear g Fit accuracy (nm) |0.2152
Fit accuracy (uN) [1.434 = -3
=
5 = 0 %
Upper end Lower end % 4 Use Marks
% Al o+ Al
a " Mane ™ Mone
-5 [V Period 1 v
Upper end Lower end
Show With marks -6 —=— Drift at 3.58mN
¥ Load data v
¥ Fit - o [V Fit curves
= & H
. T T T T T T —] v Legend
I3y - 0 10 20 30 40 50 60
0 0005 001 0015 002 0025 003 0035 Time (s) S

Depth (um) w Mormal

Zero point correction Thermal drift correction

ASMEC 2013 24
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Solution 2 for modulus measurements:

Extrapolation to zero depth

The quasi continuous stiffness measurement (QCSM)
method is used to generate enough data over depth

ASMEC 2013
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ISO 14577 Part 4

In the case of soft/ductile coatings, indentation force or displacement and indenter geometry shall be chosen
such that data shall be obtained in the region where a/t, < 1,5. The plane strain indentation modulus of the
coating £.* is obtained by taking a series of measurements at different indentation depths and extrapolating a
linear fit to plane strain indentation modulus vs. alt, to zero, see Figure 4.

L A
@ 300 |
*':
W 250
200 " T,
150
100 1
a2
50 - =3
0 | | | 1 | | o
0 0,5 1 15 2 25 3

alte

Key

1 spherical indenter
2 Berkovich indenter
3  Vickers indenter

ASMEC 2013
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QCSM method of ASMEC
Quasi continuous stiffness measurement

— Excitation force A sinusoidal oscillation is used in
—— Nominal force - .
superposition to the force signal.

A sinusoidal oscillation is switched
on during short dwell times of 2-4 s

Force

Average normal force is kept
constant at every point.

First 20% of the dwell time not
used to reduce creep influence.

Time

Viscoelastic

Amplitude ratio Force/Displacement = contact stiffness

Viscoelastic components result in a Phase shift

ASMEC 2013 27
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Example: equal SiO, coatings on glass and sapphire

4501 —s— B270 Substrat —=— B270 Substrat
—6— Saphir Substrat 140 —e— Saphir Substrat
400 —— 485 auf B270 —4— 485 auf B270
—¥— 485 auf Saphir —v— 485 auf Saphir

120. Extraopolation auf Null
350
3001 1001
250 N

}: ¥ Y + + k3 5 ¥ ¥ % = — & —

200;

601
1501 el

40-
1001
5o 201

0- 0- . . . . . .
000 ‘ 010 ‘ 0,20 0,000 0,020 0,040 0,060 0,080 0,100 0,120
Contact Depth (um) Contact Depth (um)
260nm oxide coatings on sapphire and glass substrates, maximum force 18mN
First point at (20 nm; 0,24 mN).

ASMEC 2013
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Solution 3 for modulus measurements:

Eliminating the substrate influence
for fully elastic measurements with spheres
by application of the
Hertzian contact model for coatings

ASMEC 2013 29
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60 T T T T T T T y T T T
SiO_on Si SiO,-Thickness
’ 0 05 1 2um
50 B // // -
i SiO, Si 1 T. Chudoba, N. Schwarzer, F. Richter
A0L EI/GPa: 72 165 / | Surf. Coat. Tech. 127 (2002) 9-17
= i v: 0.17 0.27
R: 49um
E 30¢f H |
@
2
2 20t |
10 b - - - Measurement |
— Calculation

O 1 " 1 " 1 " 1 " 1 " 1 " 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 o0.14
Depth (um)

Fit of the measurement data with a theoretical load-displacement curve.
Known substrate properties; fit parameter: film modulus

Useable software ELASTICA, FilmDoctor

ASMEC 2013
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Thin coatings with 80 GPa on substrate with 165 GPa
Theoretical force-displacement curve

6,020+ . i
— Si, no coating

— 5nm TiAl

— 10nm TiAl
6,010 — 15nm TiAl
20nm TiAl

6,000
5,990
5,980
5,970
5,960
5,950

0,0705 0,0710 0,0715 0,0720
Displacement (um)
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40,50/
—=—7,6nm
40,25 —~-11,4nm
—-—16,2nm
—+-28,6nm
40,00 —-Si, no coating

39,75;

39,50

39,25;

39,001

38,75;

0,1800 | 01820 | 01840 | 0,1860
Displacement (um)

Measured curves for SiO2 films on Si using a 6.5 pum radius indenter at 40mN
Maximum depth difference < 3.5 nm

ASMEC 2013 32
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SAW (“LAwave”) Nanoindentation Atomic force acoustic
MICroscopy
Laser beam
Detection . . . .
Surface wave Diamond indenter Silicon (100) tip
A P S /R=2—5pm /R=20-100nm
Film
Substrate Substrate
Source: IWS, Dresden
Acoustic method Contact methods
Measures: Young’s modulus Measures: Indentation modulus
Needs: film density and thickness Needs: film thickness and substrate properties

AFAM measurements done at Fraunhofer Institute, |1zfP, Dresden

ASMEC 2013
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Zwick I Roell

Deﬂectitlyn signal
AFM contact mode
Q Laser Scanner
\ ' beam
Photodiode
_ Waveform
Tip AFM beam generator
Sample -
AWM range
A 4 Transducer
Data — |: MW range 2
Acquisition Trigger signal
Card < frequency sweep
Time signal l © Contact resonance spectra
©
= range 1 range 2
FFT Pl o
=
<
AFAM —add on Frequency, kHz

ASMEC 2013
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Example: Indentation modulus M for Si(100)

40 . \L1.27 1
e g Koo M 1 1
' sam — “ref k* sam — £ - M
130} ref sam tip
120} 190
, 1MoL '
= | 180}
< 100} —=—Si(100)
90 ' —e— Fused silica © 170}
" o
' )
80 } =
70 L : - . . . = Mgi100=165 GPa
0 500 1000 1500 2000 2500 =150}
Static load, nN .
140}
130

0 500 1000 1500 2000 2500 3000
Static load, nN
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Example: nano-thin films of TiAl

150 _ ; ¢ ¢ i i i ;
140 T Li; ______ iii¥T I ‘A}
E a0 : {» i I i f i A I 1 ;; |'| 'I' 71 f o TIAI#1 (5 nm)
o, l*iT * i;i.-- = ® TIAI#2 (10 nm)
oy ptiie T 20
=T
90 - ‘ l l ‘ l l

200 400 600 800 1000 1200 1400 1600
static force F [nN]

Samples prepared at Fraunhofer Institute, IPMS, Dresden

ASMEC 2013
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AFAM vs. Nanoindentation

Film thickness t, AFAM Nanoindentation
Sample
nm M:, GPa M:, GPa
5 92 90
Titanium 10 84 88
aluminide 15 79 79
20 82 82

The values of the indentation modulus obtained by use of the AFAM method agree very well with
those obtained by nanoindentation!

Nanoindentation measurements performed and analyzed by Dr. T. Chudoba, Asmec, GmbH

ASMEC 2013
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Solution 4 for modulus and hardness measurements:

Eliminating the substrate influence
for elastoplastic measurements with sharp tips
by application of a
sophisticated contact mechanical model

ASMEC 2013 33
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198.4nm - SiO2 film on Silicon substrate

von Mises Stress (GPa)

Fmax=0.3mN F

max 200 max

=0.5mN

X (nm)

0.0398 GPa 247M 0.0529 GPa 30618

ASMEC 2013 39
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198.4nm - SIO, film on Silicon substrate 77 198.4nm - SiO, film on Silicon substrate
1201 =g ' A
-
/l’.’. ?5 6- /./. “
" ") e 2
0 /
o
S S /r/
—m— QCSM = 7/ u
Fast Hardness % ./. /
—m— Corrected modulus using Film Doctor ./ -
—M— Exptrapolated Range Fi
L Fit?e:d $our:g's mogulustto Zero Depth CC) 4 ./.// == I(:?a(l:s?’\:iardness
= e
"CB' /- . —m— Corrected Hardness using Film Doctor
+— . _g-"
./. u GC) " ‘\I/
S 37
k=
0.0 01 0.2 03 0.0 0.1 0.2 0.3
Contact Depth[pum] Contact Depth[um]
Comparison between measurements and calculations for force range 0.3mN -10mN
ASMEC 2013
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160 -

150

140

130

120

208.6nm - HfO2 film on silicon substrate

R

—m— QCSM
—M— Fast Hardness

B Exptrapolated Range Fit

0.|10 O.|15 0.20
Contact Depth[um]

—Mm— Corrected modulus using Film Doctor

—— Fitted Young's modulus to Zero Depth

Indentation Hardness[GPa]

208.6nm - HfO, film on silicon substrate

104
]
|
M.
8 -1 7.
n
//
u
yo
2.
./
] d
6 /.//.- —m—QCSM
] —M— Fast Hardness
/./ —m— Corrected Hardness using Film Doctor
4 T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25

Contact Depth[um]

Comparison between measurements and calculations for force range 0.3mN -10mN
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Solution 5 for hardness (yield strength) measurements:

Determining yield strength instead of hardness using micro
scratch tests and stress calculations

ASMEC 2013 42
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240 nm thick optical coatings on sapphire

Three 50mN und 700mN micro scratch tests over each other

The two coatings show different failure modes

ASMEC 2013




zwick [ Roell daSimmec

ADVANCED SURFACE MECHANICS

It was not possible to resolve hardness differences with a conventional tip (radius abut 200nmm)

144 A
12
104
8_
6_
. —=— 479
4- —— 486
—— 488
—v— 489
—— 531
21 —%— 532
—*— 485 auf B270
—o— 485 auf Saphir
0,00 0,10 0,20 0,30

Contact Depth (um)
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The difference between pre-scan and post-scan of the surface allows detection the
elastic-plastic transition

-0.00
0.20+
-0.10
S
=
= -
Q S
9 =
& )
o F0.20 ©
: <
c
5 | 2
© 0.101 -
i £
i o
0.30 2
— First surface scan
— Friction coefficient
— Depth under load L0 40
— Residual depth after unloading ’
0.00
I I I I I I I I I
0 5 10 15 20 25 30 35 40 45

Lateral Displacement (um)

Failure of the coating at: X: 3448 um Fn: 174.94 mN u: 0.081
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Yielding starts in the coating since the substrate was hard enough for these samples

Yield strength results

Spherical indenter on substrate with one layer
von Mises stress

7.00-
Yield
Sample Fcrit strength
number mN 1 GPa 6.00
479 6.89 0.061 6.97
486 6.60 0.067 6.5 5.00-
488 8.30 0.078 7.4
489 8.49 0.088 7.64 4.00;
531 12.75 0.110 8.79
532 131.79 0.069 20.8 3.001
485/sapphire 8.93 0.065 6.31
485 [glass 31.92 0.057 6.25 2.004
Sapphire | 171.500 0.084 217 0.00 020 040 060 080 100 120 140

Distance Z (um)

Von Mises stress profile for sample 479

ASMEC 2013
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Thank you for your attention !

ASMEC

Advanced Surface Mechanics GmbH
Bautzner Landstral3e 45
D-01454 Radeberg

Tel.: +49 351 2695 345 O
Fax: +493512695346 = coeoa. oA e
Email:info@asmec.de

Web: www.asmec.de

Bautzen/Gorlitz p»-
Forschungs-

zentrum
Rossendorf

HR B 22387 Dresden
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Nanoindentation:

state of the art
Measured depth

Normal load-displacement curve =
50 Fused Silica S=(dF/dh), —— 1 Contact depth he =hpax —€- g
[— Fit range of unloading curve - ~ 2
40 1 Contact area A. =f(h.)c24.5-h,
Z 30; T N4 F
£ Hardness H= A
3 C
E 20 + i U
o Reduced e _ Ju S
10k ._.,.—-" | E-Modulus T2 AL
0 bnasee®™® ..,-;'/ Su(;n of Ir;(il:?st;ar 0 [1 1-v? 1-v.?
0.0 h 0.5 .. and sam — +
Depth (um) ° contribution E, E, Es

Maximum force F, displacement h and the unloading stiffness S are used for the calculation of

hardness H and modulus E.

The contact area A_ has to be calculated from the indentation depth. This requires a model.

ASMEC 2013
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