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A Molecular Dynamics Study on Wetting Phenomena

at a Solid Surface with a Nanometer-Scale Slit Pore

Molecular dynamics simulations were conducted fbte tliquid wetting
phenomena on a solid surface with a nanometer-staf®re using the Lennard-
Jones potential. The objective was to investigat@itatively how the width of
the slit pore and the liquid-solid interactionduleihce the dynamic phenomena of
the liquid molecules. The results show that therisity of the liquid molecule—
solid atom interaction will determine whether ort be wetting phenomenon
occurs (that is, whether the inside of the sliteparill be filled with liquid
molecules within a definite period of time), ana tbharacteristic time of the

wetting phenomenon.

Keywords: molecular dynamics, wetting phenomena

I ntroduction

In semiconductor manufacturing, wafer cleaning psses account for a large part of
the total manufacturing process, and are considirdae key to the improvement of
final device performance. Recently, new materialshsas copper and low-k dielectrics
have been introduced to semiconductor devicesieduteires of which are shrinking to
the nanometer scale [1]. Under the influence ol¢htrends, stricter standards are
required for wafer cleaning processes. In orderd&al with this situation, the
understanding of nanometer-scale phenomena is legomore important in the
semiconductor device manufacturing process. Thisesgpecially true for the wet
cleaning process, where a nanoscale approach igctexp to elucidate more
fundamental cleaning mechanisms to solve compleklems which occur in the wet
process [1,2]. However, the wet cleaning procegslues nanoscale phenomena at the
liquid-solid interface, and the cleaning mechanisam been considered to be difficult to

clarify from the continuum mechanics point of view.
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On the other hand, some molecular dynamics sinomathave been conducted
for phenomena related to the liquid-solid interfaeend a variety of results and
discussions have been published [3-7]. Those messiiow that the liquid-solid
interaction greatly influences phenomena at theidigolid interface, and demonstrate
the validity of molecular dynamics simulations toderstand wetting phenomena at the
nanometer scale.

In the present study, molecular dynamics simulatiomere conducted to
examine liquid wetting phenomena on a solid surfaitk a nanometer-scale slit pore.
The simulations used the Lennard-Jones potentiah®liquid molecules and the solid
atoms in order to examine the fundamental mechanishthe wetting phenomena
qualitatively, and investigated how the width ok tklit pore and the liquid-solid
interactions influence the dynamic phenomena afidignolecules in the vicinity of the
slit pore. The model employed in the present sitrarlasystem, a solid surface with a

slit pore, is often seen in the manufacturing psses of semiconductor devices [1,8,9].

Numerical methods

Figure 1 shows the calculation model in the presamty. The calculation region above
the slit pore is 10.08x10.08x15.00 Hirand the region of the slit porelis10.08x5.04

nm®, whereL represents the width of the slit pore, and isechds one of the calculation
parameters in the present study. Periodic bounctamgitions are employed in tixeand

y directions and the mirror boundary condition [i€lised at the top of a unit cell. The
solid wall in the Figure consists of three soligdies where the outermost layer is fixed
and the temperature of the middle layer is corgtblit a constant value of 100 K by the
Langevin method [11,12]. An ensemble of 7500 satimins are arrayed in a fcc lattice

structure with th€111) surface in contact with the liquid moleculeshe unit cell. The
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solid wall potential parameters are taken to besé¢hof platinum(Pt) and the liquid is
assumed to be argon(Ar).
All interactions between molecules or atoms areurassl to obey the 12-6

Lennard-Jones potential, of the form,

=4[] (5] |

wherer is the distance between particles. The paramé&erthe liquid-liquid@r-Ar)
interaction employed arex = 3.40 A andea = 1.67x10°* J, respectively [4,6]. The
Lennard-Jones parametess, = 2.54 A andp = 109.2x1G" J in the reference [13] are
used for the solid-soli®{-Pt) interaction. The interaction between the liquidlecules
and the wall atoms is also described by the Lendamds potential form, and the
Lorentz-Berthelot combining rule is applied to abtthe standard parameterg.p: and
ear-pt. FOr controlling the liquid-solid interaction imigity, the relative parameteris
adoptedin addition to the standard valég.p; in the calculation. Hence, the potential

energy between the liquid molecules and the wathatcan be written as,

¢Ar—Pt (r) = 4a"E‘Ar—Pt |:( O-A;_Pt j _(JA;_H j :| ' (2)

As an initial condition, a liquid film consistingf 42960 liquid moleculeg()

exists on the solid walt) with a slit pore as shown in Fig. 1. The liquildfis initially
kept at 100 K by the velocity scaling control fdd010 ps, followed by 1.0 ns of the
relaxation calculation conducted to equilibrate slystem without the velocity scaling
control(NVT ensemble). 8is used for the cut-off radius. The number deneityhe
bulk part of the liquid film at 1.0 ns is 1.9¥8(n™ and the system is initially in gas-

liquid equilibrium at 100 K [14,15]. During the eation calculation, the value afis
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set to be 0.03, a relatively lower interaction msi¢y compared with the values
employed for the observation of the wetting phenaend\fter the relaxation calculation,
the interaction parameter is changed to the target value and the nonedquitibr

classical molecular dynamics (NEMD) simulations @vaducted for at least 1.0 ns.

Results and discussions

Effects of the liquid-solid interaction on the wetting phenomena

Figures 2(a) and (b) show typical calculated rasialt two cases, both with= 4.2 nm.
In Fig. 2(a), the inside of the slit pore is urddl with liquid molecules at= 1.0 ns,
while in Fig. 2(b) the pore filling is in progresad is completed at= 1.0 nsWhen the
liquid-solid interaction intensity is relativelywo (o = 0.03), the filling of the liquid
molecules into the inside of the slit pore doesotur as completely as the results given
by the NEMD during 10.0 ns. Meanwhile, the fillio§the liquid molecules into the slit
pore occurs only when the value ofexceeds a certain value. Figure 2(b) shows the
filling-in progress when the timet, is 150.0 ps. These results show the wetting
phenomenon of the slit pore, i.e., whether or hetitside of the slit pore is filled with
the liquid molecules within a definite time, dependn the liquid-solid interaction
intensity.

The simulation results of the slit pore wettingasbed by changing the value of
o are listed in Table 1. The wetting probabilityTiable 1 is defined as the result which
shows whether the inside of the slit pore is fileith liquid molecules within 1.0 ns. A
white circle indicates that the inside of the pwaras filled with the liquid molecules
within 1.0 ns, a white triangle is the case whemnfiliing wasn’'t completed within 1.0

ns, and a cross indicates a low probability offtlieg in the calculation during 1.0 ns.
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The results indicate that there is a critical valfie(= ac) which determines whether the
inside of the slit pore is filled with the liquidatecules within a definite time.

Figure 3 shows the time evolution of the numbeliqfid molecules inside the
slit pore for various values of the interactioremgityo(0.04 — 0.09). The initial number
of argon molecules inside the slit pore is sub&@drom the total number of liquid
molecules in Fig. 3. When the valuecois relatively low (0.04), there is little deviatio
in the number of liquid molecules inside the sbitgy and the initial state is stable for at
least 1.0 ns. Changing the valuesao 0.05, the number of the liquid molecules inside
the slit pore fluctuates, although there seemsetbttbe possibility of complete wetting,
judging from the simulation results for 1.0 ns. Whbe value of: is sufficiently high
(0.07, 0.08, and 0.09), the wetting phenomenomefstit pore is completed within 1.0
ns. These results also suggest that the wettinggohena, whether or not the inside of
the slit pore is filled with liquid molecules withil.0 ns, as well as the characteristic
time of the filling phenomena, are dependent onlithed-solid interaction intensity.
in the present calculation, in which the liquididdhteraction is assumed to obey Eq.
(2).

The effects of the liquid-solid interaction intelysii on the progress of wetting
phenomenon are shown in Fig. 4. Figures 4(a) apdngbcate that the liquid-solid
interaction intensityr has a considerable effect on wetting progressantbe seen that
the higher the interaction intensity the more that the filling is driven by the liquid
molecules in the vicinity of the solid wall, andetgreater the curvature of the gas-liquid
interface tends to become. When the value @ relatively high as shown in Fig. 4(c),
it can be seen more clearly that a monolayer iméar on the wall surface before the

bulk part of the liquid molecules proceeds into shiepore.
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The wetting process completion time when the valueis changed is shown in
Fig. 5. The wetting process completion time use#iqm 5 is defined as the time when
the number of liquid molecules inside the slit poeaches 95% of the final (or
equilibrium) value. 10 simulations are conducted dach value of:, and the initial
values are chosen at intervals of 50.0 ps afterré¢haxation calculation. The result
shows that when the value of is relatively low (0.07-0.10), the wetting process
completion time decreases with the increase.dn the other hand, at values af>
0.10, the completion time does not show pronourtiidrences in changes i This
could be due to the formation of a monolayer wipokcedes the bulk part of the liquid
molecules in the slit pore wetting process, andaimangement of the liquid molecules
in the vicinity of the wall surface as shown in Fig In the case o& > 0.10, the
monolayer is first formed inside the slit pore hg high interaction intensity with liquid
molecules before the bulk part of the liquid molesuyproceeds into the slit pore, and
the bulk liquid becomes less directly affected bg tiquid-solid intensity. Effects of
temperature are investigated and shown in Fig. & profiles of the curves are

qualitatively the same when the temperature rafrges 85 to 100 K.

Effects of the dlit pore width on the wetting phenomena

To examine the effects of the slit pore widtlon wetting phenomena, the calculations
were conducted with changirlg from 0.6 to 4.2 nm while the value afwas kept
constant at 0.08. Figure 8 clarifies the effectcbangingL on the slit pore wetting
completion time. The completion time used in Figs he same as that used for Fig. 5.
In the case oL < 2.2 nm, the completion time of the wetting pracdecreases with
decreasing slit pore width. This effect is dueht® thange of the potential field inside of

the slit pore depending on pore width. The potéffigdd inside the slit pore decreases
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when the slit pore width drops below a certain galu

The critical values ofi(= a¢) are defined as the values which determine whether
the inside of the slit pore is completely filledtwihe liquid molecules during the 1.0 ns
calculation. The values af; for each pore width. can be estimated from the results
shown in Table 2. The meanings of the marks in d@b&re the same as those in Table
1. In the case df < 2.2 nm, the wetting phenomenon occurs even thtlugvalue otx
is relatively low (0.05 or 0.06). From the resudtsown in Table 2, the critical valug
is changeable depending on the pore width. Thengatefield inside the slit pore
decreases and the liquid molecules are allowednter éhe slit pore when the pore

width drops below a certain value under the presalsulation condition.

Conclusions

Molecular dynamics simulations were conducted ler ltquid wetting phenomena on a
solid surface with a nanometer-scale slit porehlite objective of investigating how
the width of the slit pore and the liquid-solid erdactions influence the dynamic
phenomena of liquid molecules in the vicinity oétlit pore. The interactions between
liquid molecules and solid atoms are modeled asdesr\Waals forces described by 12-
6 Lennard-Jones potential functions. The main figdiin the present study are as

follows:

(1) The wetting phenomena of the slit pore, i.e., wlethe inside of the slit pore is
filled with liquid molecules within a definite timeas well as the characteristic
time of the phenomena, are dependent on the ityeofsihe liquid molecule—
solid atoms interaction.

(2) The completion time of the slit pore wetting pracésnds to become short when

the interaction intensity between liquid molecutesl solid atoms is relatively
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high.

(3) When the slit pore width is relatively narrow, i.e., wheln < 2.2 nm under the
present conditions, the wetting completion timdependent oh.

(4) The critical value of the interaction intensity Wween the liquid molecules and
wall atoms which determines whether the insidenefdlit pore is filled with the

liquid molecules is changeable depending on theaste width.
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Nomenclature

Ar argon

L width of the slit pore

Pt platinum
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distance between molecules or atoms, A

t time, sec

T temperature, K

X, Y, Z coordinates of the system; see Figure 1

Greek Symbols

a liquid-solid interaction intensity

0c critical liquid-solid interaction intensity

€ Lennard-Jones potential parameter, J

EAr Lennard-Jones potential parameter between argoaculek, J

Ept Lennard-Jones potential parameter between platatoms, J

EAr-Pt Lennard-Jones potential parameter between argoecuoiel and platinum
atom, J

o Lennard-Jones potential parameter, A

OAr Lennard-Jones potential parameter between argoecules, A

Opt Lennard-Jones potential parameter between platatoms, A

OAr-Pt Lennard-Jones potential parameter between argoecuoiel and platinum
atom, A

17 potential function between argon molecules, J

DAr-pt

potential function between argon molecule andimlan atom, J
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Subscripts

Ar argon

Ar-pPt argon-platinum
c criticality

Pt platinum

11



Figure 1. Calculation model (initial condition)efbdic boundary conditions are
employed in thex andy directions and the mirror boundary condition isdugt the top

of the unit cell.

Figure 2. Typical calculation results when theidaesof the slit pore isn't filled or is
filled with liquid molecules in the case bf= 4.2 nm: (aj = 0.03(t = 1.0 ns) and (i)

= 0.08(t = 150.0 ps).

Figure 3. Time evolution of the number of liquicblecules inside the slit pore for

various interaction intensity.

Figure 4. Effect of the liquid-solid interactionténsity on the distribution of liquid
molecules when the wetting phenomenon occursi @P.07, (b)e = 0.08, and (c =

0.10.

Figure 5. Effect of the liquid-solid interactionténsity on the completion time of the
slit pore wetting process in the case of T = 100 Ke completion time is defined by the

variation of the total number of the liquid moleesiinside the slit pore.

Figure 6. Effect of the liquid-solid interactionténsity on the completion time of the

slit pore wetting process in the case of T = 85,98) and 100 K.

Figure 7. Typical configurations and the liquid lesular arrangement durinthe
wetting phenomenon in the caseoof 0.20: (a) t = 100.0 ps, (b) t = 200.0 ps, and (c

= 500.0 ps.

Figure 8. Effects of the slit pore width on themgdetion time of the wetting

phenomenon in the casew¥f 0.08.
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Table 1. Thex value and wetting probability.

Probability of
wetting phenomenon
0.0: X
0.04
0.0t
0.0¢
0.07
0.0¢
0.0¢
0.1C

o

O O O O [P X

The white circle indicates that the inside of tleegpwas filled with the liquid molecules
within 1.0 nsthe white triangle is the case when the filling wasompleted within

1.0 ns, and the cross indicates a low probabifitye filling in the calculation during
1.0 ns.

Table 2. The effects of pore width am@alue on wetting probability.

. L (nm)

0.€ 1.C 2.2 3.C 4.2 5.C
0.04 X X X X X X
0.0t ) X X X X X
0.0¢ o o A A A A
0.07 o o o o o o

The Table shows the effects of the pore widémd the value af on the probability of
the wetting phenomenon of the slit pore. The symbekd in the table have the same
meaning as in Table 1.



