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Abstract

A depth change in nanoindentation curve by an influence of elastic residual stress was modeled as a reversible surface defor-

mation by adopting an elastic contact mechanics for a flat punch. The model, however, yielded overestimated stresses for two

diamond-like carbon films. The discrepancy was discussed from a viewpoint of irreversible deformation around the punch.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

A thin film has residual stress due to an existence of

discontinuous interface, inhomogeneous thermal history

during deposition or subsequent fabrication process,

and various imperfections by ion bombardment [1,2].

The residual stress has significant influences on

mechanical property and reliability of the thin film and
thin-film based microdevice. Thus several measuring

methods [2,3] have been developed but still have diffi-

culties in sample preparation, testing procedure, and

data analysis. Thus a nanoindentation technique was

recently proposed as an alternative [4]. The technique is

insightful as a stress-probing method of the thin film

because it has been developed for a microsized sample

and several elastic and plastic properties can be analyzed
from the raw data simultaneously [5,6]. Although early

studies [7,8] tried to derive a dependency of an apparent

hardness on applied stress, alteration in the hardness by

the elastic stress was less than 10% of its value in the

unstressed specimen. Tsui et al. [9,10], studying a effect

of surface stress on indenting plasticity by investigating

both a shape of the indentation curve and remnant

contact impressions, reported that hardness was invari-
ant regardless of the elastic residual stress. Suresh and
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Giannakopoulos [11] tried to analyze the surface stress

from the difference in contact area of stressed and un-

stressed materials at a fixed depth. Several studies

[12,13] were followed to find a stress-indicating inden-

tation parameter from sharp and spherical indentations.

Recently Lee and Kwon [4] developed a contact model

for analyzing the residual stress from a load shift in the

indentation curve based on a unique stress interaction
concept and its validity was confirmed through some

experimental studies [14,15]. Furthermore an influence of

biaxial surface stress on the indentation deformation was

assessed by a model modification with a stress-direc-

tionality parameter [16]. In this study, we explore a new

micromechanical modeling on a difference in the inden-

tation depth, overlooked in previous studies [4,11,14], of

as-deposited and free-standing films at a fixed load. In
order to express the stress-induced depth shift in terms of

the residual stress, such concepts as the elastic stress-

independent hardness [9,10], elastic punching mechanics

[5,17], and stress interaction based on shear plasticity

[4,14–16] are incorporated into a step-by-step analysis.
2. Theoretical model

2.1. Effects of thin-film stress on indentation curve and

contact morphology

A compressive surface stress produces an indentation

loading curve stiffer than that in stress-free state by
lsevier Ltd. All rights reserved.

mail to: uni44@mmrl.snu.ac.kr


Fig. 1. Influences of the compressive stress on the shift behaviors in

the indentation loading curve.
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decreasing a contact shear stress. Significant changes in

the indentation loading curve by application of the

compressive stress in Fig. 1 can be scrutinized from two

viewpoints. One is a stress-induced load shift Lres at a

prescribed indentation depth hCt (a shift from point C to

point B) and its theoretical analysis has been carried out

in previous studies [4,14–16]. The other is a stress-in-
duced depth shift h0t � hCt or hres at a fixed indentation

load L0 (a shift from point A to point B). However, there

was no attempt to analyze hres because a depth param-

eter could not be easily related to a stress or load

parameter. In this study, a definition of Lres [4,14] and an

elastic contact analysis for a flat punch [5,17] was

combined to analyze the stress-induced depth shift hres.
A basic assumption used is that the hardness is inde-
pendent of the elastic residual stress [9,10]. To satisfy the

assumption, two triangular contact regions in Fig. 2

must be identical at the fixed load regardless of the stress
Fig. 2. Changes in the contact morphology at a fixed load by the applica

deformations around flat punches.
state. Thus the difference in the indentation depth

h0t � hCt or hres is solely attributed to a surface defor-

mation around the contact.

2.2. Micromechanical analysis on the contact morphology

in the stressed state

The indentation depth h0t is considered as a sum of a

true contact depth h0C and an elastic surface deflection h0S
around the contact (right part in Fig. 2) [17]. h0S is ex-

pressed as xL0=S0 according to the Oliver–Pharr anal-

ysis [6], where the indenter geometry constant x is 0.72
for a sharp indenter and S0 is the contact stiffness. The

linear dependency of h0S on L0, agreeing to the elastic

contact behavior around a flat punch, can be rearranged

as Eq. (1) by expressing S0 in terms of a true contact area

A0
C and reduced Young’s modulus Er.

h0S ¼
ffiffiffi
p

p
xL0

2Er

ffiffiffiffiffiffi
A0
C

p : ð1Þ

A contact morphology in the compressive stress state

can be inferred from already-known facts of the stress-

induced depth shift, assumption of the elastic stress-
independent hardness [9,10], and its corresponding

morphology in the stress-free state. In order to simul-

taneously satisfy a smaller indentation depth hCt and the

same contact depth h0C at the prescribed load L0 com-

paring to those of the stress-free state, a characteristic

feature in the compressive stress state should be a pile-

up deformation hp around the contact (see the left part

in Fig. 2). If the contact morphology of the stress-free
state reversibly converges to that in the compressive

stress state by an elastic stress application along the

load-controlled route in Fig. 1, the indentation depth

will decrease from h0t to hCt by a formation of the stress-

induced pile-up deformation. Since this procedure

maintains the contact area as invariant according to the

elastic stress-independent hardness, the elastic defor-
tion of the elastic stress and their approximations as elastic contact
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mation in the indentation depth can be approximated as

a reversible surface response around an equivalent flat

punch in Fig. 2. To express the surface deformation in

the compressive stress state with Eq. (1), it is important
to find an equivalent state of point B on the indentation

loading curve in the stress-free state; the indentation

depth hCt of point B corresponds to point C, having a

lower punch load L0 � Lres in the stress-free state (see

Fig. 2). Thus the surface elastic deformation h0S � hp in

Fig. 2 could be expressed as

h0S � hp ¼
ffiffiffi
p

p
xðL0 � LresÞ
2Er

ffiffiffiffiffiffi
A0
C

p : ð2Þ

The residual stress-induced normal load Lres is already

defined as 2rresA0
C=3 for the equi-biaxial compressive

stress according to the previous study [4,14]. Note that

Lres in the compressive stress has the opposite sign of
Ref. [4] and hp has a same magnitude of h0t � hCt (refer to

Figs. 1 and 2). Thus an equation for the thin-film stress

can be derived as Eq. (3) by subtracting Eq. (1) from Eq.

(2) with the definition of Lres.

rres ¼ � 3Er

x
ffiffiffiffiffiffiffiffiffi
pA0

C

p ðh0t � hCt Þ: ð3Þ
3. Experimental details

Two kinds of 0.4 and 0.6 lm-thick DLC thin films

were deposited on Si wafers using radio-frequency

plasma-assisted chemical vapor deposition (R.F.

PACVD) with C6H6 source gas [14]. The reaction
pressure and the bias voltage were 10 mtorr and )400 V,

respectively. Average surface roughness measured by an

atomic force microscope (AFM) were 8.6 ± 3.1 nm and

1.8 ± 1.3 nm for the 0.4 and 0.6 lm-thick DLC films,

respectively. 5 · 5 mm samples for the nanoindentation

tests were cut from the whole deposited wafers. A free-

standing film in the stress-free state was fabricated by

removing the Si substrate with 60% HNO3+30%
HF+10% CH3COOH aqueous solution [14]. The free-

standing film was rinsed with ethyl-alcohol, placed and

slightly pressed on a bare Si base without an adhesive,

and subsequently indented. A plastic work-hardening of

the free-standing film during the handling is neglected

due to its brittleness.

Nanoindentation tests were performed using Tribo-

scope (made by Hysitron, Inc.) with depth and load
resolutions of 0.1 nm and 0.1 lN, respectively. The in-

denter was also used as an AFM tip and the specimen

surface was imaged immediately before indentation to

locate the indenter on a smoother region less than 4.0

nm. Maximum indentation depth was determined to be

less than 1/10 of the film thickness, thus excluding the

effect of the substrate deformation. The indentation
loads satisfying this condition were 1000 and 2000 lN
for the 0.4 and 0.6 lm-thick DLC films, respectively. To

select reliable indentation curves from the center of the

raw data, more than 10 nanoindentation tests were re-
peated for each thin film with a loading speed of 250 lN/

s using a Berkovich indenter.
4. Results and discussion

4.1. Nanoindentation data for the as-deposited and free-

standing films

The raw load-depth curves of the as-deposited films

were reproducible; the measured indentation depths at

the peak load were overlapped within a standard devi-

ation of ±0.4 nm. Two kinds of the raw nanoindentation

curve were obtained for the stress-free films; one group

showed a general loading behavior similar to that of the

as-deposited film, while the other, showing low repeat-

ability, had an erroneous inflection point. The inflection,
detected by a differentiation of the loading curve with

respect to the depth, is attributed to a slight air gap

between the free-standing film and Si base [18]. If a local

bulged region in the free-standing film is tested, the in-

denter will probe a low load increment behavior before a

rapid contact loading by a bending of the floated film

(see a trend of asterisk symbol in Fig. 3(a)). The

indentation curves selected for the free-standing films
also showed a good reproducibility within a standard

deviation of ±0.3 nm at the peak load. All nanoinden-

tation curves selected from the as-deposited and free-

standing films were superposed in Fig. 3. The indentation

curves for the as-deposited film (solid symbols) showed a

leftward shift comparing with those of the free-standing

film (open symbols), representing a compressive residual

stress in the DLC thin films.

4.2. Hardness and Young’s modulus of the diamond-like

carbon film

Contact depth hmax
C , analyzed from the nanoindenta-

tion curve in the free-standing film through an Oliver–

Pharr method [6], was converted to contact area Amax
C at

the peak load using an empirically calibrated geometry

function of the Berkovich indenter. The contact depth,

hardness, and reduced Young’s modulus without the

effect of the residual stress were, respectively, 27.3 ± 0.4

nm, 3.67 ± 0.19 GPa, and 75.41 ± 1.15 GPa for the 0.4
lm-thick DLC film. The corresponding properties for

the 0.6 lm-thick DLC film were 27.1 ± 0.3 nm,

24.13 ± 0.44 GPa, and 287.34 ± 3.91 GPa, respectively.

To estimate the thin-film stress at several load steps, a

contact depth corresponding to each selected load must

be predicted from the contact data of the final unloading

curve. The reduced Young’s modulus Er is expressed as



Fig. 3. Shape change in the indentation curves for (a) 0.4 lm and (b)

0.6 lm-thick DLC thin films arising from the residual stress.

Table 1

Contact depths calculated at several load steps for two DLC films in

the free-standing state

0.4 lm-thick DLC film 0.6 lm-thick DLC film

Load (lN) Contact depth

(nm)

Load (lN) Contact depth

(nm)

1000 27.3± 0.4 2000 27.1± 0.3

800 23.4 1800 24.7

600 19.1 1400 19.6

400 14.0 1000 14.1

Table 2

Power-law fittings of the loading curves for the as-deposited and free-

standing films

Thin film Stress state kL mL

0.4 lm
DLC/Si

As-deposition 2.262± 0.073 1.653± 0.014

Free-standing 2.151± 0.080 1.623± 0.007

0.6 lm
DLC/Si

As-deposition 5.695± 0.112 1.577± 0.006

Free-standing 5.607± 0.267 1.564± 0.014
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a function of the indentation load L0 and contact depth

h0C from Eq. (1). Note that h0S and A0
C are, respectively,

expressed as h0t � h0C and the empirical polynomial

function of h0C. Thus if the intrinsic value of Er and L0

are given, the corresponding contact depth h0C can be

easily determined through a numerical iteration method

(see Table 1).
4.3. Thin-film stress estimated through the load-controlled

stress model

Nanoindentation loading curves of the as-deposited

and free-standing films in Fig. 3 were fitted into a power-
law function of the depth or L ¼ kLhmL , where kL and mL

are fitting constants (see Table 2). Then the residual

stress was estimated using Eq. (3) with the information

of Er, h0C, and h0t � hCt , determined from Table 2 by

inserting the analyzing load L0. The resulting stresses

were )1.29± 0.10 and )3.92± 0.29 GPa, respectively,

for the 0.4 and 0.6 lm-thick DLC films. These are,

however, 20–30% higher than the stress values estimated
in the previous study [14] for the same samples; the ac-
tual stress levels for the 0.4 and 0.6 lm-thick DLC films

were )1.08± 0.05 and )3.04 ± 0.16 GPa, respectively.

The discrepancy might be explained from an irreversible
deformation zone extended outside of the contact in the

free-standing film.

The elastic contact mechanics of the flat punch [5,17]

was adopted in describing the surface deformation

around the actual indentation on the DLC film with the

Berkovich indenter. This implies that the irreversibly

deformed zone is constrained beneath the flat punch

regardless of the stress state and that the elastic surface
deformations of points A� and B disappear and con-

verge to the reference surface of point F with decreasing

the punch load (see elastic routes A�–F and B–F in Fig.

4). Note that points A and B are corresponding to those

in Fig. 1. However, since a resistance of the free-stand-

ing film to the irreversible deformation is much lower

than its as-deposited counterpart [19], the indentation-

induced plastic zone can extend outside of the contact
region (see point A) and an irreversible punch depth hirrres
exists after the load-controlled stress-relaxation (see

point F� in Fig. 4). Since an actual punching deforma-

tion of the free-standing film follows an elastic/plastic

loading F–A and elastic unloading A–F� routes, the

irreversible punch depth hirrres is measured from a differ-

ence in the contact depth from the as-deposited and free-

standing films. The contact depth of the as-deposited
film also can be measured using the Oliver–Pharr

method [6] because no residual-stress-induced plastic

deformation occurs at the perimeter of the contact and

the elastic residual stress does not alter the elastic con-

tact theory of the flat punch. The contact depths at the

peak loads were 26.1 ± 0.4 and 26.6 ± 0.2 nm for the 0.4

and 0.6 lm-thick DLC films in as-deposited state,

respectively, and their corresponding irreversible punch



Fig. 4. Measurement of the irreversible deformation around the flat

punch hirrres and its influence on the whole stress-induced depth shift hres.

Fig. 5. Comparisons of the recalculated residual stresses for the two

DLC films with the actual values measured in the previous study [14].
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depths were 1.2 and 0.5 nm. The irreversible punch

depth, however, could not be identified from a direct

observation of the residual impression through AFM

because it was too small to the surface roughness. In

order to estimate the actual residual stresses in DLC

films, Eq. (3) based on the elastic contact mechanics

must be modified with the information of the irreversible
deformation. However, since the plastic work-hardening

of the DLC film is neglected in this study, the final stress

equation in Eq. (3) was modified by multiplying the

ratio of reversible part to whole stress-induced depth

shift. The portion of the reversible depth shift or hrevres=hres
were 0.71 and 0.73 for the 0.4 and 0.6 lm-thick DLC

films, respectively, and the stress recalculated were

)0.92± 0.07 and )2.85± 0.21 GPa. From a comparison
in Fig. 5, the modified equation underestimated the ac-

tual stresses slightly and this was attributed to the actual

work-hardening behaviors in the DLC films [20]. Al-

though further stress formulation from a viewpoint of

irreversibility was impossible without information on

the plastic constitutive equation of the DLC film, a new

idea was proposed for deriving a stress term from the

irreversible punch depth using a previous study on
predicting the stress–strain relationship from a flat

punch deformation [21]; since a contact pressure is ex-

pressed as a power function of the punching depth in

plastic deformation region, hirrres corresponds to a contact

pressure shift DPm. By equating the residual stress in-
duced normal load Lres and a product of DPm and

punching area, the stress formulation attributed to the

irreversibility is possible.
5. Summary

A shift in the nanoindentation depth by the elastic

thin-film stress at a fixed load was analyzed as a

reversible surface deformation around a flat punch. The

resulting equation was applied to characterize the
residual stress in two DLC films but yielded stresses

results, 20–30% higher than the actual values of a pre-

vious study. This discrepancy was attributed to an

influence of an irreversible punch depth and its magni-

tude was measured from a difference in the contact

depth of the as-deposited and free-standing films at a

peak load. The thin-film stresses, recalculated after an

exclusion of the irreversible depth shift, agreed roughly
with the actual stress levels of the DLC films, showing a

nil plastic work-hardening behavior. However if an in-

dented material shows a significant work-hardening

behavior, the irreversible portion must be formulated

into a part of the residual stress using its plastic con-

stitutive equation.
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