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Evaluation of Residual Stress in DLC Thin Films through the Theoretical
Modeling of the Transitional Behavior in Nanocontact Morphology
daring Stress Relaxation

Yun-Hee Lee, Wonjae Ji, Jeung-hyun Jeong and Dongil Kwon
School of Materials Science and Engineering, Seoul National University, Seoul 151-742, Korea

Abstract : Assessment of residual stress is an important point to prevent the failures of thin film devices.
Nanoindentation technique was proposed as a stress-measuring method of thin film in a previous research. However,
the stress-analyzing model used at the previous research had the problems of a partial deformation-irrelative stress
interaction concept and no consideration of the change in the contact area during continuous stress relaxation.
Therefore, we modified the model by analyzing a new residual stress-induced normal load based on deformation-
dependent shear stress component and by calculating the continuous relaxation procedure as an integration method.
The modified model was applied to evaluate the residual stresses in two diamond-like carbon films. The evaluated
residual stresses from the newly modified model were more consistent with the results from the conventional

curvature method than those from the earlier model.
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Fig. 1. Schematic diagram showing the contact depth analysis
from the power-law fitted indentation unloading curve'" and the
shap;: l\or)ariation in indentation loading curve by the change of stress
state”™ ™.
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Fig. 2. Stress interaction between residual stress, O, and
hydrostatic stress, 26, / 3 in the incompressible core of an elastic/
plastic indentation'>'¥; tensile residual stress decreases the indentation
load, L of stress-free state to L.
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Fig. 3. Schematic diagram of the changes in contact during maximum depth controlled stress relaxation®. A rebounding force originated
by removing tensile residual stress increases indentation load and contact area from (Lr, A7 ) to (Lo, A?) under the condition of constant

maximum indentation depth, h, .
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Fig. 4. (a) Transition of applied load from Ly of tenile stressed
state to L, of stress-free state™'” and (b) nonlinear increase of

contact area were occurred by assuming (c) a linear decease of
tensile residual stress in thin film.
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Table 1. Initial stress-analyzing model in the previous research was modified at 3 aspects of contact depth(area), residual stress-induced

normal load and stress relaxation procedure

Item Previous research (initial model) Current research (modified model)
D> Flat punch theory proposed by Doerner & Nix > Contact theory applicable to the Berkovich
D> Linear recovery of the unloading curve indenter (Oliver & Pharr)
Co:tac;g:grﬂleaand > Contact depth = intercept depth, h; [> Power-law fitted nonlinear recovery
on D> Contact area = intercept contact area, A; B> Contact depth, he(h; < h, < h)
> Contact area, A (A, = A))
D> Introduction of imaginary stress parallel to the > Decomposition of thin-film stress as hydrostatic
Residual indentation axis based on an equivalent part beneath an indenter and deviator stress part
stress-induced stress concept D Ly = {273} O - A, : the effect of residual stress
normal load D Lyes = Ores * INE hydrostatic stress remains on the indenting plastic deformation is expressed
in the effect of residual stress on the indenting by the deviator stress component
plastic deformation
D> Simple comparison between Ly for the tensile [> Integral equation for the continuous
stressed state and L, for the stress relaxed state stress-relaxation procedure using the definition
(discontinuous concept) of the residual stress-induced normal load
Depth-controlled stress Plo=Lrtle Dlo=Lr+ J'Lo dL
relaxation procedure TH )y, e
: expressions of residual stress, G and contact area,
A, with the term of indentation load during
the stress-relaxation
- 0 - 2
Equation for equi-biaxial D Ores = L/ A D O 33/12{} {I‘{““/Q}R 3
residual stress =Ry L1+ R, -Rilo)ls +
(R - RoLolL1 + (Ro - RiLo)Lt - Rolg
3. 4AH Wy A FaeEa 784 guig Aul disl 10318 Al

FAE 25789 MY HFS 98 dolokE=A R v
9}H(diamond-like carbon film)o] g ZFF&Y H7IE Pt
o} dojolr=A FHE uvtete] FAE WA (CeHeye R47H:
2 A48} radio frequency plasma-assisted chemical vapor
deposition(r.£.-PACVD) & o] &3ttt 53 5 ¥-871 W
AHL 10mtorr L, 71 vlojoj FAHLE 400 VE U7t
st 3 A7k 2AE] 049 0.6 um FAQ] wete 3
A3, e dIANES 98 S mmX5mm 37]2 9
He dstd Fusdh

25-38S 71 Faubeta) viwal] A 738 A 2
AL Ao Z1uke $hE] AASIAC el of
3 71w 742 AASE 289 2 dHdd YL £8,
utot Y8 Aol &) o7 ZA-SEHE IF A AHo 78
g Ao 23 €t 42]& 7|%e] HNOs:HF:CH;COOH
€ 6:3:12 EFT FYof] 7M84Q1 ubde tholol2ed 7R
Hhake HAAQl AL o] 83le] Aor] Ejel Lol Fx|3e]
APE 71%g A3 AASATDO. 71He] AA" AR T(free-
standing filmy o§h&-& ol 83l MAT F, A glo] A1
£ Aol 2R Wi A EE ST Ve 1S 9
21+9] #w)7o] FA¥ Hysitron Ak] Triboscope I Al2¥&
ol &3l t}. ututte] BA-S Hrisy] Asled Ho 4Yzelzt
uhek £A19] 1710 o3} HEE 4UEE-S AT, o2
HE 43FL 0.6 um 7712 vhetellA 2000 uN, 0.4 pm F
A2 wtalolAE 1000 N2 AASNL, 42 ARIAE o
£3lod 250 uN/isel YAEER IAEE 3. FF-3Ho]

e AASNE, 48 277 e AL A9 veA F
AEE FHIANL FHA ST A F4de 4 89 4
g tEshe FAos st B4 o g8t £,
= YAIEE B BAE AR danlnE Ast @
olA HEW¥E AHsle] DLC Hete] e F-3#e H7iet
st

4. W3t ¥ D@

38 eUiRM BAME Bf RS Rx TIsEe ARt

4 uts) 7|do] AAE ARt el toloe=A Tk
sretol] chg v 4AAE Az 29 59 e d]lke-d
AFAe] F4e FAT 28 5ol vehd Q-
108]9] 4} ATEE HHESl] ol YielE-HeFA e FH
32, 2t €8 JEE tRshe shte] H4E AHE Zojrt
-89 eie] ARl Uig RIS A7) BR-8ol
ZAY Fatete] qIEkE A7 Wil 2.8 fixjslee
F getdle ¢S AR EAe & 5 it

A (el AR Hete] AH-8Y HUE fsiA ARS
g f FAse Aol Hasit AF3Y % FYEe
YA HoiRi Aol 2294 $He Rl me iEEe 2}
olelir ZAsirt. 18 1ol vepd 23 o] AU HAF
A F A7 FEe Bedle] L=k h"e HI5
2 # 20) YEPIT, ki mo & H3} Folnt. 48
Z ke Hul YYFHolE E 20 HHIP o didteEH IR
99 f- 7o wet gt A7t A I, F @
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Fig. 5. Shape change in the indentation load-depth curves for (a)
0.4 um thick DLC/Si and (b) 0.6 pm thick DLC/Si by the effect of
thin film residual stress.

Table 2. Power-law fitting of the indentation loading curves of
two DLC films for as deposition and free-standing states

0.4 pm thick DLC/Si 0.6 pum thick DLC/Si
Asdeposited film  L=2459h5% L=5922h}"
Free-standing film L =2204h/% L=5301h/"®

o AN BREY FE A3 AvsA.

3E Hoi Halay gME B8 TREY Wt

THro 2 ZR-3Y 43y ol dske dAl HEFEFe
HELE E]sP] e YT AATA $A¢ B ¥R
ol R HFUHE BHYsloiol $itt. 27 13 2ol AU
AAFAE L=ky(h-h)™e] HEs FelZ vebd 5 A (1)
€ o188l HEFolE BHath kydt myE A A5
°olf, 4 2)F ol83l HFZolE HFA oz I
o2 FddololM HERHe Folg BHE) sl 2 (1),
() % 32 o183 #F dUskE AAFHY #HE T
3 et ejiRle] B8 S Taske RHIAISTE Al
A, B8kt she Al 4ol 9 digdke didkEat A
ke NAITE 4 3l thel o FEZlole HE:
HHZ A 5 ok ANE HEUAS Y e 3
Aoz A3 AAA 4 8l HHE FFRES Tk, 4
(10)° thdsted tete] AH-8H-E B8kt 0.4 um3t 0.6
pm FA 9] Bl gt Hof gddolelx $HE AAH
§ E 3% 40 YeEhi 28 edlXe & Aol +3E
S mdHE HEsp kst Ao 4delox Hrte
gpete] 2R3 YA %N ol AR-HXE TS
of Bl

Table 3. Residual stress values of 0.4 pm thick DLC film analyzed at various contact depths

Maximum indentation depth ~ Contact depth Contactarea  Residual stress induced Qtermin Eq. (10)  Analyzed residual stress
(nm) (nm) (nm’) normal load (UN) (UN - nm’) (GPa)
390 272 256976.1 2456 80091921.9 -1.13
359 249 226290.7 2116 61488946.5 -1.09
326 225 194585.5 178.2 44737965.6 -1.06
29.1 199 161772.1 145.3 30356744.6 -1.04
254 17.0 127813.0 113.2 18689123.5 -1.03
212 139 92916.9 819 9908295.8 -1.02
16.5 10.3 58445.0 51.8 4018296.5 -1.00
10.7 6.5 312927 23.6 848409.1 -0.99
Table 4. Residual stress values of 0.6 pum thick DLC film analyzed at various contact depths
Maximum indentation depth ~ Contactdepth ~ Contactarea  Residual stress induced Qtermin Eq. (10)  Analyzed residual stress
(nm) (nm) (nm?) normal load (UN) (UN * nm?) (GPa)
420 28.0 83985.7 149.7 13832819.5 243
393 257 72484.4 135.6 10881727.1 253
36.4 233 61346.6 121.3 8265912.8 267
333 20.8 50708.2 106.9 6024398.7 -2.85
30.1 182 40775.6 923 4177548.8 -3.05
26.7 15.6 318523 715 2726464.6 -3.30
23.0 129 242855 624 16521934 -3.53
189 104 18171.6 46.9 914609.0 -3.61
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Fig. 6. Comparisons of the analyzed residual stress values from
the previous and the newly modified models for (a) 0.4 um thick
DLC/Si and (b) 0.6 um thick DLC/Si with the results from
curvature method.
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Fig. 7. Overestimation of residual stress occurred in the previous
model especially in shallow indentation region by a significant
underestimation of intercept contact area, A (calculated from the
intercept depth, h} ) compare to A{ (calculated from the real contact
depth, hi ) and the effect of a blunt tip at shallow indentation.
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