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In this article we report the influence of surface oxides and relative humidity on the
nanomechanical response of hydrophobic and hydrophilic Si surfaces. Depth-sensing
nanoindentation combined with force modulation enabled measurement of surface
forces, surface energy, and interaction stiffness prior to contact. Several regimes of
contact were investigated: pre-contact, apparent contact, elastic contact, and
elasto-plastic contact. Both humidity and surface preparation influenced the surface
mechanical properties in the pre- and apparent-contact regimes. Meniscus formation
was observed for both hydrophobic and hydrophilic surfaces at high humidity.
Influence of humidity was much less pronounced on hydrophobic surfaces and was
fully reversible. In the elastic and elasto-plastic regimes, the mechanical response was
dependent on oxide layer thickness. Irreversibility at small loads (300 nN) was due to
the deformation of the surface oxide. Above.lll, the deformation was elastic until

the mean contact pressure reached 11 GPa, whereby Si underwent a pressure-induced
phase transformation resulting in oxide layer pop-in and breakthrough. The critical
load required for pop-in was dependent on oxide thickness and tip radius. For thicker
oxide layers, substrate influence was reduced and plastic deformation occurred within
the oxide film itself without pop-in. Elastic modulus and hardness of both the oxide
layer and Si substrate were measured quantitatively for depths <5 nm.

I. INTRODUCTION (AFM)? has very good surface sensitivity and has been
Recently there has been an increased interest in studghowr?—> to measure nanomechanical properties. How-
ing the mechanical properties of extremely small vol-ever cantilever instability, conventional force detection
umes of materials, e.g., thin films, surface coatings, andechniques (inferred from the known spring constant of
nanostructures over the length scale of a few nanometerthe lever), small tip size, and unknown tip shape, make
For submicron scale mechanical property measurementspntact area measurements difficult, hence the measured
depth sensing nanoindentation techniques are very sumechanical properties are usually only qualitative. To
cessful and gaining much attentibridowever, for ul- avoid this problem, we have recently implemented a
trasmall volumes of materials below a length scale offorce modulation technique coupled with nanoindenta-
10 nm, measuring the quantitative mechanical propertieson using a three-plate capacitive load-displacement trans-
of materials is extremely difficult even using depth- ducer® The stiffness sensitivity of the instrument is
sensing nanoindentation. There are many reasons: DiffiD.1 N/m, sufficient to detect long-range surface forces
culty in characterizing the tip shape, unknown thermaland locate the surface of the specimen.
drift, floor noise, and poor surface sensitivity of the in-  Silicon is one of the most widely used and studied
dentation instrument. To detect the specimen surfacenaterials for numerous applications and devices. It is
most of the nanoindentation instruments require a minialso used as a moving micromechanical element in mi-
mum of 1 micro Newton (N) contact load before ap- croelectomechanical systems (MEMS) deviédgus it
plying the test load. Hence, for compliant materials theis important to understand the effect of surface treat-
indenter will penetrate the specimen tens of nanometemments, surface chemistry, and environmental conditions
and unknown contact damage may occur. on the nanomechanical response of Si surfaces. In this
To measure the response of monolayers or nanometerticle we report the influence of surface oxides and
thick surface layers, the measuring instrument must haveelative humidity on the nanomechanical response of Si
good surface sensitivity. The atomic force microscopesurfaces using a combined depth sensing and force
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modulation technique. With this technique we have For indentation experiments, the same phase shift de-

measured the mechanical response of silicon surfaces taction techniqu&during approach is used to detect the

four different regimes: pre-contact, apparent contactsurface of the specimen before applying a load. The in-

elastic contact and elasto-plastic contact. In the elastidentation experiments are carried out in a loading and

and elasto-plastic contact regimes, we have measured thloading sequence in load-control mode using the load-

mechanical properties of the surface oxide layer quantidisplacement transducer. To study the effect of humidity

tatively for contact depths less than 5 nm. We show thaaind surface preparation all the experiments are carried

the oxide layer on the Si surface is more compliant tharout inside a dry N-purged glove box with humidity con-

the Si substrate and the mechanical response is depetnel. The N, flowed through a column of CaSCand

dent on thickness of the oxide layer. 5-nm molecular sieve to eliminate,® and organic im-
purities. The specimen and the instrument reached ther-

Il. EXPERIMENTAL mal equilibrium with thermal drift <0.05 nm/s before

The material used for this study was a Si single crystalndentation tests were performed.

wafer with the (100) plane normal to the test surface.

Two types of Si surfaces were prepared: hydrophilic and

hydrophobic. Hydrophilic surfaces were prepared using &!- RESULTS AND DISCUSSION

piranha etch (70% 80, + 30% H,0,) for 30 min and  A. Dynamic response

then r_insed immediqtely_ in 'triply disti!led water for Figure 1 shows the dynamic response of the indenter
five min and finally dried in nitrogen. This etching pro- system when it is free of contact. The top part of the

cedure leaves the surface with a 5-nm-thick oxide Iayefﬁ

4 usi I ter. Th ¢ tact urve plots dynamic compliance (the ratio of the dis-
measured using an ellipSometer. oewa ercontact angifja cement amplitude to the force amplitude) as a func-
measured with a goniometer was 5°.

tion of frequency. The resonance can be clearly seen
Hydrophobic surfaces were obtained by etching the S
using 40% HF for 10 min, rinsing in 4:1 GIOH:H,0 for hround 691 rad/s. The bottom part of the curve shows the

6 min, rinsing in CHOH for another 6 min, and finally

drying the nitrogen. This etching procedure removes the R R R RN IR I
[ ]

oxide layer (or reduces its thickne$sThe thickness of
the oxide layer was <1 nm and the contact angle meas-
ured is 75° which confirms the surface is hydrophobic. A
Si water (100) with a 30-nm thermally grown oxide layer
was also examined. Prepared specimens were placed im:
mediately inside a glove box with <2% relative humidity
(RH) and the experiments done within a few minutes of
surface preparation.

The experiments are carried out using a modified Hy-
sitron picoindenter with a Berkovich diamond tip. De-
tailed descriptions of the instrument and calibration
procedures are given elsewhé&r&he indenter tip shape

is calibrated with a fused quartz specimen using standard 200 SR LA I I B U
procedures. The tip surface has not been modified with r
the exception of cleaning by swabbing with gbH and . 150

drying in nitrogen.
Contact stiffness is measured using a force modulation »
technigue, where a small sinusoidal alternating currentg
(ac) force ranging between 20-150 nN (peak-to-peak) o 50
at 110-132 Hz is added to the applied force. The result-
ing oscillation in displacement and the phase shift be-
tween force and displacement are monitored using a
lock-in amplifier. The displacement amplitude and phase -50
shifts are used to calculate the contact stiffness. For pre-
contact and apparent contact experiments the specimen =400l Lol i bovn Tl
approaches the indenter tip using the AFM Z pfeaban 0 200 400 600 800 1000 1200 1400
approach rate of 0.5 nm/s until the phase shift reaches the Freq., rad/s
preset value. Then the specimen is withdrawn at the sam&G. 1. Dynamic response of the indenter system: (a) dynamic com-
rate until the phase shift reaches the original value.  pliance and (b) phase shift.
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phase shift as a function of frequency. The phase shifattractive interaction is negative (A-C,’A’) and the
plotted here is the measured phase shift due to electronicspulsive interaction is positive (C-D,’@Gnd beyond).
(filters) and mechanical damping by the capacitancelhe tip experienced a maximum attractive force of
plate. The important point to note in Fig. 1 is the large140 nN and interaction stiffness of -3 N/m. The maxi-
phase shift at resonance. This implies that when the drivmum (B') attractive interaction stiffness (the force gra-
ing frequency is close to the resonance frequency in adient at point B) is less than the spring stiffness of the
experiment, any change in dynamic compliance due tondenter (132 N/m), hence there is no mechanical
tip surface interaction will result in a large phase shift.instability.

For example, if the driving frequency is slightly less than From the force curve measurement the surface en-
the resonance frequency (110 Hz) during tip-specimerrgy of the sample can be calculated using the following
approach, shown as a dotted line in Fig. 1, an increasingquatior*
attractive force (positive force gradient) between the tip

and specimen surface will shift the resonance frequency F=d4mRy , @)

to lower frequency?’ This will lead to an increase in whereF is the attractive forcey is the surface energy,
dynamic compliance (or decrease in interaction stiffnessynd R (200 nm) is the radius of curvature of the tip
and decrease in phase (Fig. 1). As the surface comggassuming sphere on flat geometry). The calculated sur-
closer, there will be repulsive interaction between the tigface energy of 60-80 mJfnis in good agreement with
and surface, leading to an increase in interaction stiffnesghe surface energy of water (72 m3jm* This is ex-

and increase in phase shift. Thus it is possible to observgected as the experiments are conducted under ambient
the tip-surface interaction (or the pre-contact responsejonditions with a relative humidity of 54%.

during approach to contact. As the distance between the sample and tip is reduced,
) _ ) the repulsive interaction increases and the tip comes in

B. Force and interaction stiffness curve: contact with the sample resulting in indentation (C-D).

Pre- and apparent contact The maximum load applied to the sample surface during

Figure 2 shows the typical force and interaction stiff-contact is 300 nN. At point D in Fig. 2, the sample di-
ness curves during approach and retraction for an agection is reversed such that the sample moves away from
received Si surface with the native oxide layer intactthe indenter. During retraction, hysteresis in the force
under ambient conditions (54% RH). The force curveand interaction stiffness curve can be seen in both contact
shown here is similar to the force curve measurement ifindentation) and attractive regimes. Although hysteresis
AFM.2 The interaction stiffness is a convolution of force can occur due to experimental artifacts such as piezo
gradient and contact stiffness between the tip and sucreep and improper lock-in time constants, care was
face. More work is in progress for the complete interpretaken to avoid these artifacts. In the contact regime, for a
tation of these interaction stiffness curves. In general, th&aximum load of 300 nN (point D) the unloading is not
force curves can be divided into three regimes: prefeversible and the deformation is not elastic. This type of
contact, apparent- or intermittent-contact, and elastic obehavior was found for loads less than 500 nN and varied
elasto-plastic contact regimes as shown in Fig_ 2. Théor different Samples and location. The variation could be
due to the localized deformation of the contaminant sur-
face layer, which is not uniformly covering the oxide

3 2 :
05 ﬁ:;lzg_irg T T T e e ] surface. In the force curve measurement, the hysteresis
04! o 1 - Pre-contact =1 during pull-off (attractive regime) is generally attributed
4| Y gémft?:lg:;if"'l:fs‘:z gg:::g: g to adhesiort? From Fig. 2, the calculated surface energy
03¢ * A P 1 g isclose to that of water. This suggests that the hysteresis
z 02] ‘ ct ' 03 in the attractive regime is due to meniscus formation.
3. C - ! )
8" 010 4 o - 1 ;:.,: C. Effect of humidity and surface chemistry
= " .3 A'”’.‘." 5 Nae gt W T ot e, 7.,&.. :‘ .
o OF-s N‘ﬁl,;aﬁw&*‘”ﬁﬂ5 g 1. Hydrophilic surface
F AR ool e 4 2 - . . .
0.1 * S Hydrophilic Si surfaces were exposed to increasing
-02F 13 and then decreasing humidities between <2% and 80%.
r | 1 ‘ J Although many humidity experiments were conducted,
-0.3 o -10 only the results for exposures from low to high to low
-20 o 20 40 60 80 humidities are presented here.
Displacement, nm Figure 3(a) shows the interaction stiffness curve dur-
FIG. 2. (#) Force and (+) interaction stiffness curves during)( N9 approach and retraction for 2% RH (S.tamng C(?nd_|'
approach and ) retraction. tion). As the sample approaches the tip, the tip is
548 . J. Mater. Res., Vol. 15, No. 2, Feb 2000
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20 (T e e From the interaction stiffness curve, the pull-off length
E_(a) : 1 during retraction can be measured. The pull-off length
15 ¢ K B can be used as a characteristic measure of meniscus for-

0L E mation’? When there is no meniscus the pull-off length

g - 1 is zero. Figure 4 shows the pull-off length measured as a
5F ] function of relative humidity during low-high-low hu-

: i < 1 midity cycle for all the experiments. During the low-to-
o WMW high portion of the cycle, the influence of humidity starts
st - RH 2% 7 to appear around 60% RH and increases dramatically as

i ° the relative humidity approaches saturation. Our obser-

T S S N T PR vations are similar to the results presented in the litera-
: ] ture using AFM'%*3 Once the surface is exposed to

(®) higher humidity, reducing the humidity decreases the

pull-off length, but does not completely reduce to the
value measured at the start of the experiment. This indi-
cates that once the specimen is exposed to high humidity,
water remains on the surface even after the humidity is
reduced, illustrating the irreversible nature of water ad-

[¢)]
L B S B

{

Interaction Stiffness, N/m
o
—

T

5 ~ sorption at room temperature on hydrophilic Si surfaces.
r RH 80% ]
A0 [y e | 2. Hydrophobic surface
SOR: ] To investigate the effect of humidity on hydrophobic
5[ ] surfaces, interaction stiffness curves were measured on

HF treated Si surfaces. Figure 5(a) shows the stiffness
< curve during approach and retraction for 5% RH. Both

T
. o e A
R e L ]

Or i - attractive and repulsive interactions were measurable

i }; 1 even at relatively low humidity. Stiffness curves were

sl =y E similar up to a humidity level of 50%, above which in-
» RH 5% 1 teraction lengths began to increase. The length scale of

: 1 maximum pull-off force measured for 95% RH is

A0 Db b b L] (11 nm [Fig. 5(b)]. Reducing the humidity back to

-50 0 50 100 150 200 250 5% RH [high-to-low, Fig. 5(c)] provided similar re-
Displacement, nm sponse observed in the start of the experiment. Figure 6

FIG. 3. Influence of humidity on a hydrophilic Si surface: (a) 2% RH, ShOWS_ the variation of pull-off length as a function of

(b) 80% RH, and (c) 5% RH. humidity (summary of all the experimental data). The

14071ll}.1_ll_|lillllllvx

attracted to the surface due to long-range surface forces. 4,9 rHydrophilic Si surface
The interaction stiffness is slightly negative before it be-
comes increasingly positive. Unlike the results in Fig. 2,5 100
there is no hysteresis in the attractive regime during rer

: . 80
traction. The results are very reproducible and the samg,
response is found up to a relative humidity of 50%. This§ 60
suggests that there is no meniscus formation as expectasl
for low humidity. Above 60% RH, hysteresis in the stiff- =9 40
ness curves is seen during retraction, consistent with meg 20
niscus formation. Figure 3(b) shows the stiffness curve

LR EREE]

o Lo b b b byn s by e

for 80% RH. After exposing the specimen to 80% RH, 0 F
the humidity is reduced. Figure 3(c) shows the interac- 20 Lo L b
tion stiffness curve when the relative humidity is reduced
. . . . 0 20 4
to 4%. Despite the low RH, residual meniscus formation 0RH %60 80 100
was 5“”_ evident, supposedly from residual liquid layersgig. 4. influence of humidity on a hydrophilic Si surface showing
on the tip and surface. irreversibility.
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N A dislocations, micro fracture, thin film debonding or oxide
15 L(a) © 3 layer breakthrough. Pop-in can occur due to any process
Fooe . which results in sudden release of strain energy.
T ] It should be noted that Si under hydrostatic pressure
r g ] undergoes a pressure-induced phase transformation from
5F . a semiconductor (cubic diamond) to metallig-tjn)
Foog < ] state!’~*® When the pressure is removed, the reverse
or 3 :
sV RH 5% ]
E ° ; 12 r LN L A A N N A N B B B N B B ]
E_ZO:&;).%M..I‘H‘..l.l.l...m.‘: —HydrophobicSisurface % %4
2 150 o _f 10 - -
@ ° ] E i ]
g 10 L% E f: 8 L ]
S L ® ] = L ]
® 5[ o ¥ s | )
c [ o «— ] = L B
2 of w . el .
& 5 ] = [ 1
pad r ] = 5 s
g s5f W RH 95% = & | i
£ ] 45— — s
-20 :l T !)O] 17T I 1T [ 17 [ TTT ] T ‘{ T 'l: : :
15 é(c)oo _i 2 i PRI S (SO U T S (NN S ST WA FUO SO SO SN NN S N ]
10 oo _ 0 20 40 60 80 100
S ] %RH
5L @ . FIG. 6. Influence of humidity on a hydrophobic Si surface showing
- ZE < 1 reversibility.
0 .
F ] 60 [T T T
5L Y v R 1
o RH 3% ] s ]
C ] 50 - (T
-10 Lo by v bev o v b Lo o b veaa ]l r i"}n":
20 0 20 40 60 8 100 120 o W ,*' ]
=3 F 3 E
Displacement, nm < 30 )’t‘ 3
g : A ]
FIG. 5. The influence of humidity on a hydrophobic Si surface: I 20 o 3
(a) 5% RH, (b) 95% RH, and 3% RH. : ,;g',-,.ﬁ’“/ ]
0 e 3
P £ ]
PR /N N T P .
influence of humidity is very much reduced for the hy- 0 1 2 3 4 5 6
drophobic Si surface, and unlike hydrophilic surfaces (@) Depth, nm
(Fig. 4), the effect of exposure to humidity is reversible. 8000 [T
F ~ 3
| | _ £ ¢ A ;
D. Elasto-plastic contact and nanoindentation Z 6000 |- %ﬁﬁf E
. . ] F E
Figure 7(a) shows the load-displacement curve for a § 5000 - Mf\g"‘k E
hydrophilic Si surface at 2-5% RH. The sample is loaded £ 4000 £ ’ .
to a maximum load of 5N and then unloaded. The 3000 £ 3
corresponding contact stiffness curve is shown in 8 2000 [
Fig. 7(b). The loading and unloading is reversible and the § 1000 3
deformation is elastic. When the load is increased to 6 et ]

400N, there is a discontinuity generally known as 10 20 30 40 50 60

“pop-in,” in the load-displacement response [Fig. 8(a)]. (b) Load, uN

ThI_S effect has been observed in other matﬁargas & FIG. 7. The elastic loading and unloading of a hydrophilic Si surface:
critical load is reached. This has been attributed t0 gq) load-displacement curve and (b) contact stiffness as a function of
variety of mechanisms including sudden nucleation ofoad.

o
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FIG. 8. The load-displacement response of Si surfaces showing pop-ire
and the influence of oxide layer thickness: (a) hydrophilic Si surface s
with 5 nm oxide, (b) hydrophobic Si surface wifil nm oxide,

(c) hydrophilic Si surfa

transformation occurs at distinctly lower pressures. The
hardness of Si i§11 GPa:° which is almost equal to the 2
pressure required for phas transformation. Several inves-
tigators have shown that the inelastic deformation in 1
silicon during indentation is dominated by a pressure-
induced phase transformatié?.>> During unloading of 0
the indenter a distinct reverse thrust or pop-out is ob- & 9
served for higher load experiments (>50 mN), which ©
could be due to a reverse phase transformation. For rela-f3 8
tively low-load experiments (<5 mN), pop-out is not £
found; instead a distinct hysteresis in the unloading curveg 7
is found. Most of the reported indentation work on Siis g
carried out at much higher loads (>1 mN) and the prop-
erties measured are that of the Si substrate rather thanthe 5
oxide film. In the present work the experiments are car- 4
ried out at much lower load$B00wN). In Fig. 8(a) the

pop-in occurs reproducibly in the loading curve around

5 10 15 20 25 30
Depth (nm)

ce with 30 nm thermal oxide.

Figure 8(b) shows the load-displacement curve for hy-
drophobic Si surfaces. The experiments were carried out
at a relative humidity of 3%. It can be seen that the
pop-in event still occurs, but at a lower critical load
(M50 wN. This could be due to the fact that HF etching
does not completely remove the oxide layer. Hence, the
thickness of the oxide layer apparently affects the pop-in
behavior. To better understand the role of oxide thick-
ness, several indentation experiments were carried out on
30 nm thick, thermally-grown Si$on Si at various loads
(10—-1200wN). Figure 8(c) shows the load-displacement
response for indentation into this oxide layer. At a load of
400N the deformation is elasto-plastic and there is no
evidence of pop-in. From the unloading curve the modu-
lus and the hardness can be calculdtiodifferent con-
tact depths.

Figure 9(a) shows the variation of modulus as a func-
tion of contact depth, that is the depth at which the ma-
terial conforms to the shape of the indenter. At higher
contact depths (>15 nm), the measured modulus is

150 :I T | TTroTT I LB I TTTT I TTTT l TT T I TTTT I TTT l:
140 [ @) R . 3
. ’Q.‘ ........... ]
o 130 * * -
o E * 10 1
O 120 - s =
M S8 .
;’ 110 - - -
g :_ ’:“‘.‘ _E
90  / 7
C 0 7
80 ('3 £
70 :l Ja ik I 141 | § | 11 ‘ | I | | | l 111 I:
:I T 1T ! TTTT I TTTT l T I TTT7T I TTT1TT | TTTT I 7T :
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- L/ =
3 S U
. 4 =
:lllllllllllllllllllllllltllll|ll|lll!|l:

0 5 10 15 20 25 30 35 40

220 uN. Below this critical load, however the loading
and unloading curve is reversible and the deformation i|G. 9. Depth dependence of (a) modulus and (b) hardness gfd®iO

totally elastic [Figs. 7(a) and (b)].
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130-140 GPa. The measured modulus compares veopn a very thin film (1L nm for the HF etched surface),
well with the modulus of Si (134 GPa) reported in the most of the load is supported elastically by the substrate
literature?® At shallow contact depths (<15 nm), the until the mean contact pressure reach#d GPa. The
modulus decreases and approaches 70-80 GPa for deptirgical load required to reach this pressure is the pop-in
about 1-2 nm. The modulus of fused quartz (8i@ load. When the mean pressure reaches 11 GPa, Si under-
(70 GPa. This clearly indicates that at depth§b¥2 nm  goes pressure-induced phase transformation and the load
the measured modulus is that of the oxide layer (5iO is no longer supported elastically by the substrate. The
Additionally, as the depth of indentation increases, subthin oxide film cannot accommodate the high strain in-
strate influence appears since the oxide layer is morduced by the plastic deformation of the Si substrate. This
compliant than the Si substrate. results in breakthrough of the oxide layer, which appears

Figure 9(b) shows the variation of hardness as a funcas a pop-in in the load-displacement data. If the thickness
tion of contact depth. The measured hardness has ttaf the oxide layer is slightly larger (5 nm for the piranha-
same trend as the modulus. At shallow contact deptletched surface) then the substrate is further away from
(1-2 nm) the hardness isb GPa and it increases to the surface, the load required to reach a mean contact
10-11 GPa at a contact depth of 12—-15 nm and remainzessure of 11 GPa increases and the pop-in occurs at
constant thereafter. As mentioned before, the hardness bfgher load. However, for a thicker oxide layer (30 nm
Si is 11 GPa, which is almost equal to the pressurghermally-grown oxide) the substrate influence is signifi-
required for phase transformation. The hardness of theantly reduced and the plastic deformation occurs within
oxide layer is[b GPa (for a contact depth of 1-2 nm). the film itself. For a thicker oxide layer the pop-in may

If the oxide layer is more compliant than the substratepccur at relatively high loads but prior to pop-in the
then why is the deformation prior to pop-in elastic butdeformation is elasto-plastic. Thus, the presence of a
elasto-plastic after the pop-in? The influence of oxidethicker oxide layer reduces the contact pressure and in-
layer on pop-in behavior and its thickness dependencereases the load required for pressure-induced phase
can be explained by modeling the oxide layer on Si as &ransformation of Si substrate.
soft and compliant film on a hard and stiffer substrate
(Fig. 10). The critical load required for pop-in depends|y. CONCLUSIONS
on the tip radius of the indenter and thickness of the - : . .
oxide layer. The tip radius of the indenter used in the By combining force modulation with depth sensing

. . . “nanoindentation it is possible to measure the surface
present experiment i200 nm. When the load is applied forces, surface energy, and interaction stiffness prior to

contact. It is possible to locate the surface of the speci-
men without contact damage and the mechanical re-
sponse of the surface layer can be measured. The
hysteresis in the attractive regime during pull-off is due
to meniscus formation. Once the hydrophilic Si surface is
exposed to high humidity, meniscus formation remains
even after the humidity is reduced. The influence of hu-
midity is very much reduced for the hydrophobic Si sur-
face and it is reversible.

In the contact regimes the irreversibility found at small
loads (300 nN) is due to the deformation of the surface
layer. For loads greater thanuylN applied on thin oxide

Oxide layer 5nm
Load 0- 200uN
Mean Pressure  4-10GPa
Response Elastic

Oxide layer 5 nm . . . . .

Load > 200uN films, the deformation is elastic until the mean contact
Mean Pressure  11-12GPa find pressure reaches 11 GPa. At 11 GPa, Si undergoes
Response Pop-in and pressure-induced phase transformation resulting in oxide
clasto-plastic layer breakthrough and pop-in. The critical load required

for pop-in depends on the oxide layer thickness and the
indenter tip radius. For thicker oxide layers the substrate
influence is reduced and the plastic deformation occurs

within the film itself without pop-in.
Oxidc layer 30 nm
Load <200uN
Mean Pressure  8GPa

Response Elasto-plastic
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