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The Effects of Surface Energy and Roughness on Adhesion Force
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Abstract

Surface energies calculated from measured contact angles between several solutions and test samples,
such as Si wafer, ALOs, SiO;, PTFE(Polytetrafluoroethylene), and DLC(Diamond Like Carbon) films,
based on geometric mean method and Lewis acid base method. In order to relate roughness to
adhesion force, surface roughness of test samples were scanned large area and small by AFM(Atomic
Force Microscopy). Roughness was representative of test samples in large scan area and comparable
with AFM tip radius in samll scan area. Adhesion forces between AFM tip and test samples were
matched well with order of roughness rather than surface energy. When AFM tips having different
radius were used to measure adhesion force on DLC1 film, sharper AFM tip was, smaller adhesion
force was measured. Therefore contact area was more important factor to determine adhesion force.
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Table 1 Surface tensions of solutions used to measure

contact angles on test samples (mN/m)
Surface W N
No. ension | 1. | 1L DSl I VAR I
Solution

1 | water 72.8 | 21.8 | 51 | 255 [255
2 | Glycerol 634 | 34 | 294 | 392 574
3 | Bromnaphtalene | 44.4 | 444 0 0 0
4 | Ethyleneglycol 483 29 | 193 | 192 | 47
5 | Formamide 5821 39 | 192 | 228 [39.6
32 25y 53 A
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Fig. 20 YERH Multimode SPM, NanoScope IIla
(Digital Instrument Company)E AF&-3}%1, force
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SFo] dojus R EW AL FA
A3 300x300 nm9] FHE& FALEIGon, FH
AAHA A7 2x2 me] 4F5& FAEA &
A8ttt EHol waveness’t lolA] 99 gHo

Fig. 2 Appearance of AFM used in measurement
of roughness and adhesion force

Fig. 3 Dimensions and SEM image of silicone
calibration grating TGTOl used in measurement

of AFM tip radius
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Fig. 4 Schematic diagram of deflection-distance
curve obtained during measurement of
adhesion force by AFM
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Table 2 Measured contact angles between various
solutions and test samples

XN#E | Si .
2] wofer AROs Si0, PTFE DLCI DLC2
Wat 33.0° 5850 577° 1137° 66.1° 632°
er £08 £16 £1.5 +£11 £1.5 09
loerol | 3020 S86° 572 1168 586 -
ycer £1.3 #1208 21 £15
Bromnaphi] 254 3167 M& 6lee 80 312
Do $03 407 08 05 0.1 08
350 5920 4470 694° 3550 430°
f;‘;yl"“egly £01 19 1.6 +01 01 £1.2
Ll 2 4170 4100 90° 3220 459°
Formamide | Joo 103 405 01 401 %02

Table 3 Calculated surface energy of DLCI film
according to geometric mean method.

Combination [D] (m}/dmz) (mJY;pmz) (mJY/‘ md)
1+2 15.50 27.59 30.87 58.46
1+3 47.69 4417 795 52.12
1+4 1830 24.11 1564  39.75
1+5 24.69 4331 8.19 51.5
243 15.14 22693 11.80 23873
2+4 1.30 13298 1822  151.20
2+5 5.99 127.53 15.89 14342
3+4 29.11 38.82 323 42.05
3+5 28.88  44.17 7.66 51.83
4+5 3.99 126.06 15.14  141.20

1. Water 2. Glycerol 3. Bromnaphthalene
4. Ethyleneglycol 5. Formamide

Table 32 DLCI filmo)] i FA3s F=z
5 72 &9 = 2 Lo zFoz A
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Roz =HR Aol AU B
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Fig. 5 Linear regression between solutions data and contact angles measured on (a) Si wafer, (b) Al203,

(c¢) Si02, (d) PTFE, (¢) DLC1 film, and (f) DLC2 film, representing the polar(slope) and the dispersive
(intersection of vertical axis) components of the surface tension
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Table 4 Calculated surface energy according to
Lewis acid base method with combinations

of three solutions (mJ/m®)
Kufl_lclirsn of Y TY | TR st Y
Combination| 1. Water + 2. Glycerol + 3.
1 Bromnaphthalene
Si wafer | 5643 | 40.21 | 16.21 | 1.82 | 36.05
ALO; 4032 | 35.67 | 465 | 022 | 24.92
Si0; 41.65 | 36.87 | 476 | 0.23 | 24.67
PTFE 30.87 | 2430 | 6.57 | 3.77 | 2.87
DLC1 46.12 | 4397 | 2.15 | 0.08 | 13.77
DLC2 - - - - -
Combination| 1. Water + 3. Bromnaphthalene + 5.
2 Formamide
Si wafer | 58.29 | 40.21 | 18.08 | 2.43 | 33.58
AlO; 4197 | 35.67 | 6.30 | 0.43 | 23.05
Si0; 4594 | 36.89 | 9.06 | 1.04 | 19.56
PTFE 24.31 | 24.30 | 0.01 0.07 |0.0007
DLC1 51.03 | 4397 | 7.06 | 1.73 | 7.22
DLC2 4422 | 3821 | 6.01 | 057 | 15.89
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Fig. 8 When Si AFM tip having nominal tip radius of 10nm was used, tapping mode AFM imrages of (a) Si wafer, (b) ALO;, (¢)
Si0;, (d)PTFE, (e)DLCI, (f)DLC2 (sacn area of 2pmx2ym vertical axis data scale of 100mrydivision); (g) ALO;, (sacn
area of 60ymx60um vertical axis data scale of 3zmdivision); (h) PTFE, (sacn area of 30umx30um vertical axis data scale
of 3yardivision)



g A e ALQ77 ¢ BK

4.2 Lewis acid base methodS &8 EH X
58 21

G oA A Yoz E HFZ0] 907 9
44 dehlle Algd dis] H48 + e
2 A 8§98 o839 BHAUANE FA3B
Lewis acid base methodE AMEEFRATE 14243,
143+52 2gd 8AL oj&dto] 7} ANUEY B
"o A& Table 49 Zo] 7& = UAA}. &4
2N FAE FAEXE o2 dve w=A
nj=Za gl Apgafol i v

Table 494 B = Sl& vie} Zo] ojmfjo=
gdol zgd o FddyAE AAE 2
o} ¢ Mo A 73 Table 39 Z 3o} PTFES E
Ao A7 o 20 mim’¢l HE R FH 14345
49 2ol 7 ANEEY FAANIAE IV
Z etz glch ek o] AJEe 9y
2E F8 v geometrical mean method®} Lewis
acid base methodE ¥ At AL8-8t= Zol wiE

A5},

43 S (Adhesion force) FH A

2 Ay 218d tojolE=rt ZPH
AFM tip9] &9 A4 Fig. 69 JeER &
AAMNE AR7] WA 100omETh € 123nm%
c}.

AFME 0|43 328 ZAHAANE Fig. 79 &
t}. Fig. 7(a)= 2+ Al s JE AR cantilever-
distance curve® R.HFI 9loH, (b)—‘\:‘ E£R343E
898t =AE Aeolth DLC1 flim %ﬁﬁ Hol 7}
Z yigtn 1 ool PTFE, DLC2 flim, Si0; , Si
wafer, ALO; ¥=°]%lt}

S&Y ZRHUA g RAE MuEEr) 9
3 ¢ AoA F3 FddUA FL AFud
(Fig. 59 Table 4) PTFEQ] EHANYA| 7} 7H3
9kl Si wafer®] ERANIAA I} A Ftel viE
o] DLC1 flim, DLC2 flim, SiO,, A1203t "] 5= 3t
BEXZ ngch Aoy e g2 o] vlaBA
of glhd EdolY A7} ¥ PTFEZ} $-2¥ ol
7+ zolop g} a8y EWAUX It oA ¥
& DLCI filmo] 7} $&Fo] @A Yetwrt
EH A7 &L pTFEMA 2ol 34
< AL PTFEQ ©t4A47) 0.4 GPaolx B Xx7}
0.05 GPa™2 u]-¢ ol AFM tipo] =T o
%o ghgugo] LAElY Fig 7@@)olA HEE v}

':z_L

rr

o3¢ 1343

9 7ol attractive forceo] ©igt WYYt Z3:,
AFM tipe] ol o t& ANHAF= 2 tipd
deflection©] 74%4?5] AEHE=E AL Rolxn Yt
ol &2 I& PTFE-—] gAo] o) Aol 7
H3HAA *‘1535]91 REo] A EYsA H
o] tiptte] Aol A&7 W agl:
ALO; A#H3} 37 PTFE A|HL ol Az EH

& 7ML glel ARM tdpel ol A#3 $24l
el A A }21 Eata 7)1 &0l WelA] AF
o] = o} izé ZFgo| A Yed 3o &
the T &, LCI film® DLC2 filme A

EAAYR ge HAAY (Fig. 7 &%), DLC 1
filme] EWHo]UXA kol FAl(Table 4 FZR) A
Hov 232 238 DLCI filmo] o w7
239U} ol AgAFgE FAYo] B
AZ7)9 A#aAr ks Rabinovich modeld
B3 9ol 7}36}4‘”*‘5’

Rabinovich 5& XHY 7% Fo| 3 =
Aol ¢ 7']‘3]22 17l A&7} Sl
BAE A 18y Zol el

_AR ! , 1
wd " 6h2 1;58R1§RM52 (Hszle:zMs,)(H:,xthoRMsz)z a8)

of 71| A} AE Hamarker A<+ , RE Tipd WA
, hot TipF Al| o] AR 7z, RMS, & A4
o] EHAA], RMS; = Tip°l AEste F9olA
9 A&7, 1,2 AHA wEFHoZ yYehtE
7t 2 8718 219 A, A= Tpdy ASH
oA wEHE 713 2 2718 19 AZE U
guln] ArAg A o)+ Rabinobichd 23 E mE
ct.

EHo AAE A7 AFM] tapping
modeE ©] &3t SAT AWREY BY JHE
Fig. 89 YeElNth ALO,, PTFE A 82 EH
4} wavenessE B9 FAFGHo| 2 um x 2 mY
O HEAS 7HR7] oY FAGLE 60 m x
60 i , 30 tm x 30 mZ Ztzt AA 3l EHY
4& ZA82.29 Fig. 8(g)2+ (ol F7A =AS)
Ak

Y3 Edzle] $HHL o F e FAA 300
nm ©o|&to| A WAEEE Fig. 9dlE FAIGYL
300 nm x 300 nm& 3o Tl FAL FA



1344 UEF - 48 - AEF

(© ®

Fig. 9 When Si AFM tip having nominal tip radius of 10nm was used, enlarged tapping mode AFM images
of (a) Si wafer, (b) ALO;, (c¢) SiO;, (d) PTFE, (¢) DLCI, (f) DLC2 (sacn area of 300nm>300nm,
vertical axis data scale of 100nm/division)

Aok E9el A&7 249 ALO;, PTFEE €3
DLCI filme A%+ A&7’ ¥%3 DLC2 Zo] o]FojAE FL JYdAe ik FEG
filme 7%= HAg EHL 2 Fig. 84X ML BPI Si wafer, Si0, E=JF FEF ZAHE
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Table 5 Surface roughness analysis, calculated adhesion
force, and measured between diamonf coated
AFM tip and test samples

Adhesion force
] Rms; Rms; A A2 (nN)

Al -
“| (nm) (am) (nm) (nm)

Calculated Measured

Si | 0204 0216 o 9792 1383 1796
+0.03  +0.006 +30.62

ALO; | 70687 5413 35675 26250 750"

156.99 +3.77 18903 +70.86

18.18

SIO, | 048  0.533 o 17519 1144" 16381

010 £0.29 +46.30

PTFE | 386.13 3208 12422 27117 610" 1471
+489 083 +4127 +88.43

DLC1) 380 4044 oo 12318 499" 1327
+008 035 +4547

DLC2| 0556 06923 o 10726 923" 1658

+0.005 +0.077 +41.27

: Calculated adhesion force according to eq.
(18).

A = 1.44x10™7s"Y
Ys*¥ : Values of combination 2 in Table 4 were

: Hamarker constant”

used.
R : Radius of AFM tip(= 123 nm)
ho : The nearest distance between suface of AFM
tip and surface of samples(= 0.3 nm).(”)

B}t Fig. 8, 9& ¥48lo] Table 590 55
e o] 3t 28 A a®)d sty At
d 5288 Table 5ol Adgo= JepAT.
AFME o] 8389 38 F2E @R 4 (18)
£ o] &3t Axd @EFHE B Aol Ho
3 en At8g AL g Al Atoldf g3}
£ P& van der Walls force(H|SAAE)US 2L
HatPom, FEA LA SHYHFEFL 1
a2 &st7] Wil SFARG WA AMd.
H3 JFo] dojues FEY RMS,, 1,94 53
&Y BAE A BHYH RMS 7t RO
W FEAEe A YEWI RMS7F 11 2,7
o AHL WA ekt RMS, 7t 3
7 E Afds §&ol %A YElY RMS,

-

e

e 1345
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Fig. 10 Cross-sectional images of three AFM tips having
different radii and measured values of adhesion
force between each AFM tip and DLC! film
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gtk ol A&7 wt SAHe dEA B
e AL Z HAaFa g)

Fig. 102 DLC1 filmol ﬂH] o] 8 AFM
g $2do fFAZ BAFU. dojolr=r}

798 ¥©id= 28 SN, §2 vwd 44 u
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olg=st IR E HE& Algete SEEHE SAS
Adoltty. g wHo] Folr HEWFHo]
2 SN, §9 §&8o] 713 BA dEon
ge] wtAo] Ftge ot gAY F1ES
HoFa 9l

o EdAYAE ¢ F UYL BHAYUYAE F
8l7] 918] geometrical mean methodZ ©]&3}=
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o4 Hi ANHY EHAWAE File Afde
Lewis acid base methodE o] &3] EHAYAE
T 4 Ut} Lewis acid base methodE AL &
gz gdol zgd wel AMdE EddUA
HAE Bo]2Z  geometrical mean method9}
Lewis acid base methodZ ¥ 3sle] A}&3t= A

o] u}Z A sje},
AFM% ol&g &Y &4
iL@]E T3 =

e EHAYA
A JdeErgdh ARt
2 PTFEIAME S2Ho] o}F
‘;%i Aqastd o A Jed ol
PIFE—J *éﬂlTQJr A=t wl§ ot g A
o] B AEY Al PTFEY WP s A
% WAool Az F&Yol A Yehte Aoz
wdEch =3 ZdHAYA 7 b ¥€ DLC 1
film9 729 &0 ¥A Yehd AL "3 =7
Ao AERAY AR AN BFE 93 l
ZFojgo] &Aoo A Ugd Aoz B
o 28l Yo wAo] ol HFHA ] 7—‘}0}
Ax o] ¥ Yehe AL 2}016}%14

EdolvR g gadne JABAE BFEst
7] sl g3 AEne FAEAAE golo
3 AEA FHAM FLs= g A H
Aglo] ME oz FEo] meHolok Y} B
Ao AHE uiol Zo] &Y FAHA PTFE
o} Zol gA W] gy AN B4

Hyo) 2)gt AEHAY Wyt ngFolof sn

A WAL EAE o doh. 1

EA3A A4 grog wio] e
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Z 7
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