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The surface scratch resistance, damage evolution and damage detection during
microscratching of pure AIN and AIN with an Al,03 oxide layer (~0.1 um) were
investigated. The microscratch experiments were performed in a progressive load-ramped
mode where the load was linearly increased from 0 to 3 N as the scratch progressed with a
loading rate of 0.2 N/min. The experiments resulted to two different failure mechanisms;
Ductile scratching and fracture dominated scratching. In the case of pure AIN, inconsistent
different kinds of damages were found to initiate at low critical load measured as 0.30 N.
This critical load was also found to decrease with increasing the surface roughness,
material density and grain size of AIN. In the case of pure AIN with an Al,O3 oxide layer, the
critical load for crack initiation was measured as 0.45 N, higher than pure AIN. This critical
load was found to generate uniform discontinuous chipping. The distance between these
defects decreased and the failure mode gradually transformed to continuous chipping as
the scratch progressed. The surface modification of AIN with the use of an Al,O3 oxide
layer was found to improve the tribological properties of AIN.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

Increasingly, high performance ceramics are finding
wide range of applications such as in semiconduc-
tor processing components, which provide fixtures of
silicon wafers in vacuum environments without the
use of mechanical clamps. Besides widely known
sapphire, AIN-based electrostatic chuck (EC) device,
which holds and often heats the silicon wafer during
plasma chemical vapor deposition [1, 2], possess many
attractive characteristics, e.g., good dielectric strength
(20 kV/mm), low thermal expansion coefficient close
to that of silicon (2.5 x 107 K~!), high thermal con-
ductivity (320 W/m-K), high melting point (~2700 K),
non-reactive with normal semiconductor process chem-
icals and gases [3, 4].

However, residual stress/strain and defect density
control during processing and polishing of AIN [5] is a
major problem to be solved. The excellently balanced
features of AIN for semiconductors equipment appli-
cations are directly affected by the surface defects of
the material. In harsh high temperature vacuum envi-
ronment, the chucking force on the 340 mm diameter
AIN-based EC produces a stress of 15 kPa if the surface

*Author to whom all correspondence should be addressed.
0022-2461 © 2005 Springer Science + Business Media, Inc.
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of the device is smoothly polished and ~5 kPa if the
surface of the device is roughly polished. The problem
of surface defects on AIN which cause degradation of
the chucking force and de-chucking time of AIN based
EC in harsh vacuum environment can be solved by the
reconsideration of the material fabrication process and
the development of advanced adequate and robust ultra-
precision finishing technology capable of removing the
surface of AIN without inducing defects. However, this
is time consuming and costly process.

It was decided in this work to oxide the AIN samples
with a homogeneous Al,O; oxide layer of ~0.1 um
in thickness, so that to cover the surface damages as
well as the sub-surface damages [5] in the material
and therefore to insure uniform area of the AIN-based
EC in contact with the silicon wafer backside dur-
ing plasma etching process and to avoid the degra-
dation of the temperature uniformity [6—8]. Accord-
ingly, it was necessary to use tribological testing tech-
niques [9-20] such as microscratch testing to assess
the changes in the surface properties between AIN
and AIN with an Al,O3 oxide layer. Microscratch
testing is a comprehensive method of quantifying
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TABLE I Properties of AIN
High pure
Pure AIN  AIN AIN
(Sintering  (Y203- (Sintering
Features aidless) doped) aidless)
Purity % 99.5 - >99.9
Density g/cm’ 3.26 3.27 3.33
Grain size pm 3.0 5.9 9.8
Y % 0.0 33 0.0
(0} % 0.58 1.2 0.66
Total metal ppm <500 <500 <200
impurities
Flextural strength MPa 360 372 280
Vickers hardness ~ GPa 11.58 10.4 9.43
Young modulus GPa 310 320 321
Fracture MPam!/2 22 2.8 3.8
toughness
Thermal W/m-K 90 200 80
conductivity

*The material properties are from Ostech [21]

Figure I SEM image showing the surface topography of Y203 (Yttria)-
doped AIN sample as received.

the scratch resistance, cohesion (mechanical durabil-
ity) and adhesion (delamination) of a wide range
of ceramic substrates and substrate/film systems [9—
11]. The technique involves generating a controlled
scratch with a diamond stylus on the AIN sample
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under test. This is achieved by pressing a diamond
stylus on the sample surface with a progressive nor-
mal load (Fy) at the same time with displacing the
AIN sample at a constant speed. At a given load, the
AIN deformation generates stresses resulting to perma-
nent cohesive damages such as chipping and cracking.
The smallest load at which a specific failure event was
recorded is called the critical load (F¢).

In this paper, details of microscratch experiments
aimed at identifying the cohesion failure mode of dif-
ferent types of AIN and AIN with an Al,O3 oxide layer
are discussed.

2. Experimental details

2.1. Samples

The AIN samples we used in the current work are pro-
cessed using sintering additives and hot isostatic press
technology and designed for semiconductors equip-
ment applications. The general properties of these AIN
samples shown in Table I are from Ostech electronic
materials catalog [21]. The surface roughness of the
substrates as received was measured by a white-light in-
terferometer (New View5000, 0.25 x .025 mm?, 100 x
objective, 0.1 nm vertical resolution, 10 measurements
per surface) and was evaluated to be ~0.25 um (Ra).

In the first series of the microscratch experiments,
three different AIN substrates were tested; Pure AIN,
high pure AIN, and a Y,0O3 (Yttria)-doped AIN con-
sisting of 3.3% Yttrium, 1.2% oxygen and total metal
impurities less than 500 ppm. Fig. 1 shows the SEM mi-
crograph using backscattered electrons of the surface
topography of the Y,0O3-doped AIN as received. The
elemental composition of the sample was performed
using energy dispersive X-ray analysis.

In the second series of the microscratch experi-
ments, three more separate AIN samples with homo-
geneous Al,O3 oxide layers (~0.1 wum in thickness)
were tested; AIN(Pure)/Al, O3, AIN(High pure)/Al, O3,
and a AIN(Y,03-doped)/Al,O3. These samples were
first ultrasonically cleaned in acetone and ethyl alco-
hol then they were oxidized through a heat treated in a

Acoustic Emission Sensor

N

AIN sample

Figure 2 Geometry of the microscratch test showing the forces acting on tip of the diamond stylus.
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tube furnace (heating rate 5°C/min.) for 6 min in flow-
ing O, (Matheson, UHP) at 1250°C. The oxidation
process was followed by an annealing procedure in di-
rect cooling to room temperature under flowing Ar. The
thickness of the Al,O3 oxide layers were measured by
the spherical abrasion test method (Calowear, CSM, 2
measurements per sample) [22] and was found to be
equal to ~0.1 pum.

2.2. Microscratch experimental conditions

The microscratch experiments were performed on AIN
and AIN/Al,O; samples using a micro scratch tester
(CSM, Switzerland) equipped with an acoustic emis-
sion sensor and operated in the progressive normal
load mode. The testing method, which is schemati-
cally shown in Fig. 2, consisted of pressing a Rockwell
spherical type diamond stylus of tip radius (R) equal to
~10 pwm with a normal load Fy in the range from O to
3 N (For clarification, the iso-stress contours around the
diamond stylus shown in Fig. 2 are only the author’s
conception of the scratch mechanism). While a load
was applied, the sample was moved at a constant speed

of 0.401 mm/min and a loading rate of 0.2 N/min. The
total length of the scratch was equal to 6 mm. These
microscratch experimental conditions were kept un-
changed during testing all samples. Three microscratch
measurements per sample were performed and statisti-
cal methods were used to de-convolute the results.

Cross-referenced data on the smallest load at which
a specific failure event was recorded, i.e., the critical
load for fracture initiation and propagation F¢, were
evaluated within a statistical deviation of +0.01 N by
simultaneously recording three different effects; Tan-
gential force variations, acoustic emission (AE) fluc-
tuations, and microscopic deformations. At a critical
load F¢, the surface deformations of the AIN sample
generated stresses which resulted to permanent cohe-
sive damages such as chipping and cracking. For the
scratch geometry shown in Fig. 2, the surface hardness
(H) and shear strength () of AIN are given by [9]

F F
H=—C T = Htanf = C[ ’ ]
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Figure 3 Results of microscratch test on Y,0O3-doped AIN sample. (a) Lateral force (Fr) and acoustic emission signal intensity versus normal
load (Fy) curves. (b) and (c) SEM images of the scratch tracks corresponding to critical load F¢ = 0.27 N and maximum normal load Fy = 3 N,

respectively.
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TABLE II
tests per sample)

Average measured critical load F¢ (£0.01 N) and shear strength tfor cohesive failure of AIN and AIN with Al,O3 oxide layer (three

Surface condition

Microscratch results

Type of AIN Roughness Ra Oxidation Al;O3 Critical load F¢ Contact radius »  Shear strength t

substrate (pm) (pum) (£0.01N) (pm) (MPa) Fracture failure mode

AIN ~0.25 - 0.30 6.00 1989 Inconsistent cracks

(Pure) ~0.05 - 0.35 5.97 2321 Inter-granular lateral cracks
~0.25 ~0.1 0.45 4.55 3536 Uniform chipping

AIN ~0.25 - 0.27 7.95 1790 Inconsistent cracks

(Y203-doped) ~0.05 - 0.31 5.97 2055 Inter-granular lateral cracks
~0.25 ~0.1 0.38 4.50 2987 Uniform chipping

AIN ~0.25 - 0.12 8.00 796 Inconsistent cracks

(High pure) ~0.05 - 0.20 5.98 1326 Inter-granular lateral cracks
~0.25 ~0.1 0.34 4.55 2672 Uniform chipping

*The contact radius (r) is the half-width of the track left after the scratch and is measured directly from the SEM imaging of the scratch track

corresponding to the critical load F¢
*The shear strength is calculated using Equation 1 [9].
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Figure 4 SEM images showing the end of the scratch tracks (Fy
= 3 N) on Y;03-doped AIN sample. (a) Rough surface of the sam-
ple as received, i.e., surface with pre-existing machining damages (Ra
~0.25 pum). (b) Smooth surface removed by chemical mechanical pol-
ishing (Ra ~0.05 pum).

where (7) is the contact radius; i.e. the half-width of the
track left after the scratch.

3. Experimental results and discussions
3.1. Microscratch testing results of AIN
The microscratch experimental results are summarized
in Table II, where the value of F¢ is the average value
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for 3 tests per sample measured with a statistical de-
viation of £0.01 N and the value of the shear strength
is calculated using Equation 1 [9]. In Table II, the data
for the contact radius (r), i.e. the half-width of the track
left after the scratch were measured directly from the
SEM imaging of the scratch tracks. An example of the
analysis of the microscratch results of the Y,03-doped
AIN sample is shown in Fig. 3. This Fig. 3 shows the
lateral force (Fr) and the AE signal intensity versus the
normal load (Fy) curves, and the SEM micrographs of

SATR 108V 12.0ee xl
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Figure 5 SEM images showing the end of the scratch tracks (Fy =3 N)
on AIN. (a) Pure AIN (3.0 um average grain size). (b) High pure AIN
(9.8 um average grain size).



the scratch tracks corresponding to Fy = 0.27 N and Fy
= 3.00 N (end of the scratch), respectively. In the AE
curve shown in Fig. 3a, there are indications of a series
of crack nucleation and growth events corresponding
to various AE signal intensities that occur at differ-
ent normal loads. As shown in Fig. 3b, the first cracks
and microscopic deformation simultaneously recorded
with the first variation in tangential force was observed
at critical load F¢ = 0.27 N (Fig. 3a), without clearly
defined transition from ductile to fracture dominated
mode scratch. It therefore appears that the diamond
stylus intersected pre-existing polishing damages [5]
on the surface of the AIN sample and caused low cohe-
sive failure at F- = 0.27 N. As the scratch progressed,
the stylus generated more scratch damages and caused
higher cohesive failure at F¢ = 0.45 N. In Fig. 3,
unlike the variation of the tangential force simultane-
ously recorded with the microscopic deformation of
the scratch track observed using SEM imaging, the
AE signal intensities were not helpful in detecting the

critical load for fracture initiation and propagation dur-
ing scratching the current sample. The intense AE sig-
nals, which appeared well before Fr = 0.27 N could
be possibly attributed to fast approach and contact of
the diamond stylus with the AIN sample, which ex-
hibited pre-existing polishing surface discontinuities.
Moreover, SEM imaging showed microfracture events
around the scratch track in the region between 1.2 to
2.1 N and were in agreement with the variation of the
lateral force. However, the AE signal intensities in this
region were found lower than the ones at F¢ = 0.27 N
probably because of the crack grow during scratching
is inconsistent due to the different form, length and area
density of the pre-existing polishing damages.

The effect of pre-existing polishing defects on the
scratch resistance of AIN was also studied. The SEM
image of the scratch tracks corresponding to maximum
applied normal load Fy = 3 N (end of scratch) on two
samples of Y,03-doped AIN substrates are shown in
Fig. 4a and b, respectively. In Fig. 4a, the surface of
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Figure 6 Results of microscratch test on AIN (pure) with Al,O3 (~0.1 um)oxide layer. (a) Lateral force (Fr) and acoustic emission signal intensity
versus normal load (Fy) curves. (b) SEM image of the scratch groove showing the ductile to brittle mode scratch transition in form of uniform

discontinuous chipping at recorded critical load F¢c = 0.45 N.
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the sample was rough (Ra ~0.25 pum) and exhibited
pre-existing polishing defects prior to scratch testing
as clearly seen around the scratch track. In this case,
the critical load for crack initiation during scratching
was recorded as Fic = 0.27 N. In Fig. 4b, the surface of
the Y,03-doped AIN sample was removed using chem-
ical mechanical polishing prior to scratch experiment,
i.e., most of pre-existing damages were removed from
the surface (Ra ~0.05 um) as clearly seen around the
scratch track. In this case, the critical load for crack
initiation was recorded as ¢ = 0.31 N. Hence, F¢ was
found to decrease with increasing the surface rough-
ness of the Y,03-doped AIN because the critical load
required for the propagation of pre-existing damages
on a rough surface is lower than that required for crack
initiation on smooth surface of the sample.

The effect of the AIN grain size on the scratch resis-
tance of the AIN substrates was also studied. The SEM
images of the scratch tracks corresponding to maxi-
mum applied normal load Fy = 3 N (end of scratch)
on pure AIN (grain size ~3.0 um) and high pure AIN
(grain size ~9.8 pum) samples are shown in Fig. 5a
and b, respectively. In Fig. 5a, the critical load for the
initiation of first cracks was recorded as Fc = 0.30 N,
while in Fig. 5b was F¢ = 0.12 N. Besides, the damage
density caused by the spherical stylus during scratching
test on pure AIN (Fig. 5a) was found lesser than on high
pure AIN sample (Fig. 5b). Thus, F¢ and accordingly

ML S N IR

the shear strength and damage density were found to
decrease with increasing the average grain size of AIN.
The authors are exploring this significant result, which
shows that pure AIN with small grain size has higher
fracture strength and better material properties for ap-
plication in semiconductor processing components.

3.2. Microscratch testing results of AIN with
Al,03 oxide layers

The experimental results are summarized in Table II.
An example of the analysis of the microscratch results
of the pure AIN with an Al,O3 oxide layer sample is
shown in Fig. 6. This figure shows the simultaneously
recorded tangential force variations and acoustic emis-
sion fluctuations (Fig. 6a) along with the SEM image
showing the ductile to brittle mode scratch transition at
recorded critical load F¢ = 0.45 N (Fig. 6b).

The critical load F¢ was found higher for the pure
AIN with an Al,O3 oxide layer comparing with the pure
AIN. Moreover, unlike in the case of pure AIN where
F¢ was found to generate inconsistent different kinds
of damages, the critical load in the case of pure AIN
with an Al,O3 oxide layer was found to generate uni-
form discontinuous bulky chipping. The distance be-
tween these chipping decreased and the fracture mode
gradually transformed to continuous chipping failure
mode as the scratch progressed as shown in Fig. 7a—d.
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Figure 7 SEM images of a microscratch test performed in progressive loading mode on AIN (pure) with Al,O3 (~0.1 um)oxide layer at different
applied loads: (a) Fc = 0.45 N, ductile to brittle scratch transition in form of discontinuous chipping. (b) Fy = 0.52 N, discontinuous chipping. (c)
Fn = 1.51 N, decrease of the distance between chippings. (d) Fy = 3.00 N, continuous chipping.
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A AIN with AL, O3 oxide layer(~0.1um)
m AIN (Ra~0.05pm)
+ AIN(Ra~0.25um)

0.3

0.2

0.1

Critical Load for Fracture Fc (N)

AIN (High pure)

6 8 10 12

AIN Grain size (um)

Figure 8 Relationship between the critical load for cohesive failure Fc (£0.01 N) and the average grain size of AIN for different surface topographies

of the substrate.

Although the cohesive failure within the Al,O3 oxide
layer, i.e., the transition from ductile to facture domi-
nated scratch mode, was clearly observed at the critical
load F¢ = 0.45 N, the exposure of the substrate could
not be identified by the energy dispersive spectroscopic
analysis of the scratch track corresponding to this load.

4. Conclusions

The surface scratch resistance, damage evolution and
damage detection during microscratching of pure AIN
and AIN with an Al,O3 oxide layer of 0.1 wm thickness
were investigated. The results of this tribological work
are summarized in Fig. 8. These results make clear the
effect of the surface topography and surface modifi-
cation on the micromechanical properties of AIN. It
was found that the surface failure mode of pure AIN
was different from that of the AIN/Al,O; system dur-
ing scratching. Moreover, the surface modification of
AIN with the use of an Al,O3 oxide layer was shown
to improve the tribological properties of AIN and to be
useful in solving the problem of defect density during
processing and polishing of AIN-based EC.

As shown in Fig. 8, the measured critical load for
fracture initiation and propagation F¢ (and therefore
the calculated shear strength) were found to decrease
with increasing the grain size and surface roughness of
AIN. This critical load F- was measured as 0.30 N and
was found to generate inconsistent different kinds of
damages on pure AIN.

A very significant result regarding the effect of AIN’s
grain size and purity on the fracture strength during
scratch testing is shown if Fig. 5. The authors are ex-
ploring this significant result, which shows that pure
AIN with small grain size has higher fracture strength
and better material properties for application in semi-
conductor processing components.

In the case of AIN with an Al,O3; (0.1 um) oxide
layer, the critical load F¢ was measured as 0.45 N,
higher than pure AIN, and was found to generate uni-

form discontinuous bulky chipping. The distance be-
tween these chippings decreased and the fracture mode
gradually transformed to continuous chipping failure
mode as the scratch progressed.
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