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Residual stress in a thin film was analyzed by the nanoindentation technique. Two
dominant effects of residual stress to indentation were summarized as the slope change
in loading curve and the invariant value of intrinsic hardness. A stress-sensitive
reversibly deformed zone around contact was modeled to explain the indentation
behaviors under a residually stressed state. Finally, the residual stress was evaluated
from the changes in contact shape and applied load during stress relaxation under the
condition of constant indentation depth. The residual stresses in diamond-like carbon
and Au films analyzed from this model agreed well with the average values measured
by the curvature method.

[. INTRODUCTION contact morphology were not proposed in the analysis.

Residual stress generated by local plastic deformatio'US, more fundamental studies on the residual stress
or inhomogeneous heat treatment reduces the fatigdgf€ct to nanoindentation are still required.
strength and fracture properties of bulk materfalis the Therefore, the thin-film residual stress was evalu-
case of thin films, the residual stress dominates the medt€d quantitatively by a theoretical analysis of the
chanical propertie&® However, current stress-measuring _stress—lnfluentlal nanomdentatlon factors. The chan_ges
techniques®2 have some problems with stress relaxation” the contact morphologies were modeled on the basis of
during specimen sampling, removal of the local materiafn® assumption of an invariant intrinsic hardness regard-
without damagé,and complex and time-consuming test- less of the residual stress beneath a sharp indenter. The
ing procedure:®” The conventional curvature method MOrPhology change around the contact was analyzed as
using a laser beaf often employed to measure residual @ stress-induced factor from the indentation loading

stress in thin films cannot be used for a rough film surfac&Urve during stress relaxation. The residual stress in a
and cannot identify local variations in residual stress. thin film was calculated from the residual stress-induced

Nanoindentation was proposed as @Ensitu and factor. The evaluated value was consistent with the result
nanometer-order local stress-analysis technique. In paftom the conventional curvature method and showed the

ticular, the nanoindentation technique has significanc&0téntial of the indentation method as a stress-probing

because it has been widely applied in cPlaracterizing thiechnique.

basic mechanical properties of thin filnh3: ‘Theresults || T EORETICAL ANALYSIS

of previous studies on residual stress using macroinden-

tation were empirical measurements of the variations irft. Interaction between residual stress and

the apparent hardné$sor the shape of the residual indentation load

indentation mark> Another study” attempted to deter-  The residual stress in a thin film is assumed as an

mine a relationship between the apparent hardness frofR-plane isotropic state. In addition, the stress gradient in

the analysis of the load—depth curve and the residughe thickness direction is negligible for a shallow inden-

stress. However, recent accurate observationthe in-  tation (less than one-tenth of the film thickness). The

dentation mark and indentation simulattérusing the  change in indentation deformation caused by the residual

finite element analysis verified the independence of the restress was identified in the indentation loading curve

sidual stress and the intrinsic hardness. Furthermore, ghown in Fig. 1. The applied load of the tensilely stressed

theoretical analysi$ was already made of the effect of thin film is lower than that of a stress-free film for the

stress on the shape variation of the indentation curve. Howsame maximum indentation depth*” In other words,

ever, the distinct stress effects on indentation curve anthe maximum indentation depth desired is reached at a
smaller indentation load in a tensilely stressed film, be-
cause a residual-stress-induced normal load acts as an
additive load to the applied load. Unlike the case for the

Yaddress all correspondence to this author. tensilely stressed state, the applied indentation load of a

e-mail: donglik@gong.snu.ac.kr compressively stressed thin film increases in an equal
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is obtained by dividing the indentation load by the

contact area. The measured hardness is affected by vari-
quantity of the residual-stress-induced normal loadous measurement errors arising from surface roughness
Therefore, the residual stress in a thin film can be evaluor optical observation and thus referred to as the apparent
ated by analyzing the residual-stress-induced normal loadiardness. In addition, this apparent hardness was used as

The direction and quantity of the residual-stress-induce@ parameter of the residual stress in initial studfe¥

normal load were discussed in a recent repbiard- However, the variations in the apparent hardness with a
ness, i.e., the extent of plastic deformation, was indeperchange in the residual stress have also been identified as
dent of the hydrostatic stress state. Therefore, the biaxi@rtifacts of erroneous optical measurements of the inden-
in-plane stress in a thin film was treated as equivalent téation mark. Recently, the intrinsic hardness has been
uniaxial stress subtracted from the triaxial stress. In othefeported as invariant regardless of the residual stress in
words, the biaxial tensile residual stresg( = oY) can  Studies using finite element analy$isind fine observa-
be found by adding uniaxial compressive stress to th&ions of the indentation matR by scanning electron or
triaxial tensile stress as shown in the schematic diagrartomic force microscopes. Therefore, the change in con-
in Fig. 2. The effect of the residual stress on an appliedact morphologies with residual stress was modeled for
load, L, is expressed as the residual-stress-induced nogonstant maximum indentation depth, with the results

mal load,L,.. Furthermore, this additive load is a mul- shown in Fig. 3, assuming the independence of the in-
tiple of the contact area ansl,: trinsic hardness and the residual stress. The applied load
increases fronk+ to L throughL, with changes in the
Ores= OYes= Ores s (1)  residual stress from (a) tensile through (b) stress-free to
0,= ~Ores - (c) compressive states for a given indentation depth. In

15 17 L addition, the contact area increases with increasing applied
Several studies™"have reported that the intrinsic hard- load for the invariant value of the intrinsic hardness:

ness and the contact area between the indenter and speci-

men were not altered by the effect of residual stress, _ T _ c

which is contrary to variations in the indentation load—depth H = Li/Ac = LolA = LdAS . )
curve. Therefore, the contact morphology was modele
to satisfy the invariant intrinsic hardness and the varia
tion in the indentation loading curve by the actiorLqf

q’hls variation in the contact depth due to the residual
stress for a given indentation depth converges reversibly
to the contact depth for the stress-free state shown in
Fig. 3(b) by the stress-relaxation procedure. Thus, the effect
of residual stress on indentation is explained as the elastic
deformation around the contact. The large/small contact
The exact measurement of the contact area is indisdepths in the tensile/compressive stress states were mod-
pensable for evaluating the hardness, because the hamled with the aid of the elastic pile-up depti)(sink-in
ness, which represents the degree of plastic deformatiodepth ) as shown in Figs. 3(a) and 3(c), respectively.

B. Change in contact morphology with
residual stress
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FIG. 3. Theoretical surface morphologies around the contact forby the maximum-depth-controlied path.

(a) tensile stress, (b) stress-free, and (c) compressive stress states.

(L+, h) is equivalent to those in the relaxed stdtg, f,).
Thus, the relationship between the two states can be ex-

C. Modeling of indentation-depth-controlled
pressed as

stress relaxation

The loading curve from nanoindentation has a lower 3
slope in the tensilely stressed state than the stress-free
state, as shown in Fig. 1, and a higher slope in the com- In the compressive stress state, the applied load and
pressively stressed state. The applied load increases frop@ntact depth decrease by stress relaxation under the
L+ to L. through L, with changing stress state maximum-depth-controlled path. Furthermore, this decreasing

from tension to compression through the stress-free poirftortion of the applied load was the residual-stress-induced
for a constant maximum indentation depth, A  normal loadL.s Therefore, the residual stress in a thin
stress-relaxation procedure controlling the maximundfilm can be evaluated by dividing..by the contact area,
depth as a constant is shown in Fig. 4. One commo#\., regardless of the stress state:

contact depth corresponds to an indentation load that
satisfies the residual-stress-independent intrinsic hard- LredAc
ness. The common contact loading line was made by

connecting each calculated common contact depth for
each indentation load. The applied lodd,, at the . EXPERIMENTAL PROCEDURES

stress-free state increases by stress relaxation from The nanoindentation test used to evaluate the residual
the load,L, in the tensile stress state for a given maxi-stress in thin films through the stress-relaxation model
mum depthh,. The differential load|, — L1, is the residual was performed as follows. First, diamond-like carbon
stress-induced normal load,. In addition, the detailed (DLC) and Au thin films were deposited on Si wafers
changes in contact morphology can be explained fronusing chemical vapor deposition and E-beam evapora-
the schematic diagram shown in Figs. 3(a) and 3(b). Th&on, respectively. The thickness of the DLC film was
residual stress is relaxed for a tensilely stressed specimén6 pm, and that of the Au film was 1.@m. A stress-free
maintaining the constant maximum degth.as the stress film was needed for comparison with the residually
relaxation pushes the indenter out from the surface. Howstressed film. Thus, a free-standing film was formed by
ever, the pushing force appears as the increase in themoving the Si substrate. Nearly all the residual thermal
applied load [ — Lo) and the contact deptihl — h),  and intrinsic stresses in the thin films, except for the small
because the maximum depth is held constant. The indentatress resulting from growth defects, were removed by re-
tion load and maximum depth for the tensilely stressed statmoval of the substrate. For the DLC/Si system, Si was

LO = I-T + Lres

(4)

Ores =
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dissolved in a 60% HN®+ 30% HF + 10% CHCOOH IV. RESULTS AND DISCUSSION

solution by a wet-etching technique, thereby removing The shape change in the indentation curve induced by
the substrate. In the case of the Au film, the interfacialgiress relaxation is displayed in Fig. 5 for DLC and Au
adhesion was so poor that the Au thin film was physicalypin fims, The load—depth curves from the as-deposited
ly peeled from the Si substrate without damage. Th&im \ere reproducible, unlike those from the free-standing
free-standing films were rinsed with ethyl alcohol, placedsjjms. For the free-standing film, the slope of initial load-
on asi t_)ase without adheswe! and indented. The MaximuiRg hart was very low, due to the compression of the air
indentation depth was determined to be less than one-tena}jlp between the free-standing film and the Si base during
of the film thickness, thus excluding the effect of sub-jngentation (no adhesive was used, to avoid the forma-
strate deformation” The indentation loads satisfying the tjon of additive residual stress from interfacial bonding).
condition of maximum indentation depths were 2Q00 g glope of the loading curve increased after tight at-
for DLC and 150QwN for Au films. Nanoindentation achment of the film to the base. Therefore, the leftmost
was done with a loading speed of 2ali/s using a Berk- ¢ ;rve without the air gap effect was selected from the 10
ovich indenter. , testing curves of the free-standing film. All analyzed
The average value of the_surface residual stress wWa§;rves shown in Fig. 5 displayed the representative de-
measured using the conventional curvature method. They-mation behavior of all as-deposited and free-standing
scan length of the laser source on the film surface wag§ms The loading curves for the as-deposited DLC and
20 mm. The average residual stress was analyzed from fiims were located to the left of the loading curves for
the measured curvature radius of thin film using Eq. (5)ihe free-standing films, thus confirming that the residual
_ > stresses in the two films were compressive.
Ores = EF/B(L — V)R (5) The assumption of invariant intrinsic hardness was
geonfirmed by direct observation of an indentation mark
using atomic force microscopy (AFM). The apparent
hardnesses of the DLC film from conventional curve
analysis were 23.4 GPa for the as-deposited and 21.1 GPa
for the free-standing films. The apparent hardness of the
as-deposited film was overestimated more than 10.9%

whereE, t, andv are the elastic modulus, thickness, an
Poisson ratio of the substrate, respectively, grahd R
are the film thickness and curvature radius.

2000
— 0.6gm DLC/Si compared to that of the free-standing film. However, the
g @ Stressed film effect of residual stress on the real contact length from
2 %01 O Free-standing film the cross-sectional AFM image shown in Fig. 6 was neg-
8 ligible: the difference in the contact length between
§ 1000 -
3 :
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FIG. 5. Shape change in indentation load—depth curves for (a) DLC/SFIG. 6. Invariant contact lengths in DLC film regardless of the stress
and (b) Au/Si from the effect of the thin-film residual stress. state.
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the stressed and stress-free states was only 1.1%. The con¥inally, the residual stresses in the thin films were
tact lengths were 249.0 + 8 nm for the as-deposited andvaluated by inputting the measured residual-stress-
246.3 = 6 nm for the free-standing films. The assumptionnduced normal load and the analyzed contact area into
of stress-independent intrinsic hardness was verifiedEq. (4) for various indentation load steps as shown in
from this result. However, an exact measurement of thé&ig. 7 and Tables | and Il. The evaluated residual stress
contact length in the Au film was impossible due to decreased with increasing indentation load and contact
the complex shape of plastic pile-up. depth. The corresponding stress values for the surface

The contact area for the stress-free stétg,and the residual stress from the conventional curvature method
residual-stress-induced normal lodgd,, were analyzed were obtained from the shallow indentation region (less
to evaluate the thin film residual stress from the shapehan 5% of the film thickness). The analyzed residual
change in the indentation loading curve in FigLi,was  stresses from nanoindentation were —-3.75 GPa and
measured as the difference in the indentation load fromr104.8 MPa for the DLC and Au films in this shallow
the effect of residual stress at a given indentation depth. Theontact depth region, respectively. These values were con-
contact areal., corresponding to the contact deptf),  sistent with the residual stresses of -3.8 + 0.5 GPa and
on the common contact loading line at a given indenta—93.4 + 28.5 MPa obtained from the curvature method.
tion depth was evaluated by analyzing the indentation The decrease in residual stress with increasing inden-
unloading curve on the basis of the invariant elastication depth can be explained in two ways. First, a stress
modulus of thin film regardless of the indenter penetrat-gradient can affect nanoindentation: the bending residual
ing depth. The elastic modulus was evaluated from thetress in the thin film decreases with increasing penetra-
indentation curve for the stress-free film using the flattion depth from the surface to the interior. Therefore,
punch theory° The indentation unloading curve was fit- with increasing contact depth, the indenter probes lower
ted as a power law. The initial stiffnesS, and the con- residual stresses than at the surface. The other explana-
tact depthh,, were determined from the tangent to thetion appeals to the enlarged plastic deformation region
power-fitted curve as the initial slope and the interceptaround the indenter. The stress-relaxation behavior was
depth, respectively. Then, the contact amda,was de-
termined using the tip-area function in Eq. (6). (The ac-
tual shape of the pointed Berkovich indenter was
calibrated by assuming a constant elastic modulus re-
gardless of the increase of indentation depth in a standard
material such as fused quartz.)

54 0.6umDLC/Si

AC — COhC2 + Clhc + Czhcl/Z + Cghcl/4 + C4hcl/8 ® ®

+ C5hcl/ 16 , (6)

-2+ ® Nanoindentation Analysis
EX -3.8 +0.5GPa(Curvature Method)

[ Residual stress (GPa) |
L

whereC, is a constant of 24.5, from the ideal geometry
of the Berkovich indenter. The values ©f to C; were
empirically determined by the polynomial-fitting proce- 0 , i i .
dure. In addition, the stiffness was expressed in terms of 14 16 18 20 22 24
the contact depth as shown in Eq. (7): Contact Depth (nm) I

S = Lynad(hmax—=ho) - (7) %

The reduced elastic modulus,, including the elastic
properties of a thin film and indenter, was expressed
using the term$ and A, as shown in Eq. (8J%**

E = m29(2A1%) = m2L 1 [2A A(Max = Do) @

—
o
~

1.0pm Au/Si

WM Nanoindentation Analysis
R -94.3+285MPa(Curvature Method)

=304

I Residual Stress (MPa) J

Thus, the contact depth and area for each analyzed load
can be evaluated from Egs. (6) and (8) by inputting the
constant value of,.. The reduced elastic moduli of 0 r r r r
the DLC and Au free-standing films were 493.2 and % * © %0 0 %

142.2 GPa, respectively. The elastic modulus and the (b) |_Contact Depth (om) |

Poisson’s ratio of the diamond indenter are 1141 GPa|G. 7. Comparisons of the analyzed residual stress values for
and 0.07, respectively (a) DLC/Si and (b) AU/Si with results from the curvature method.
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TABLE I. Residual stress values for the DLC film analyzed at various
contact depths.

Indentation Stress- Contact Residual
load induced area stress
(1N) load (.N) (nm?) (GPa)
1950 158.3 56059.5 -2.82
1850 147.3 51238.9 -2.88
1750 138.2 45720.4 -3.02
1650 132.0 38546.3 -3.42
1550 128.2 34227.6 -3.75

(2) A region sensitive to elastic residual stress was
modeled as the reversible deformation zone around the
contact area. The contact morphology agreed with the two
significant effects of residual stress, namely the shape
change in the loading curve and the invariant contact
depth for a given applied load.

(3) An equation for the residual stress was proposed
from the analysis of the additive stress-induced normal
load and the change in contact morphology during stress
relaxation under maximum depth control.

(4) The effects of compressive residual stresses in the

TABLE II. Residual stress values of the Au film analyzed at various DLC and Au films were identified from the indentation

results for the free-standing and the as-deposited films
under the same conditions. The residual stresses were
analyzed for various indentation load steps using the
theoretical modeling proposed in this study. The values
calculated for the DLC and Au films were —-3.75 GPa and
-104.8 MPa, respectively. These correspond well with
the —3.8 GPa and -93.4 MPa calculated from the curva-

contact depths.

Indentation Stress- Contact Residual
load induced area stress
(1N) load (.N) (nmP) (MPa)
1450 79.47 1062624.7 -74.8
1250 70.56 915775.6 -77.1
1050 53.98 749486.1 -72.2

850 60.00 585475.8 -102.5
650 49.22 469661.2 -104.8

ture method for the two respective thin films.
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