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A physical model is presented to describe the kinds of static forces responsible for adhesion of nano-scale
copper metal particles to silicon surface with a fluid layer. To demonstrate the extent of particle cleaning,
equilibrium separation distance (ESD) and net adhesion force (NAF) of a regulated metal particle with
different radii (10-300 nm) on the silicon surface in CO,-based cleaning systems under different pressures
were simulated. Generally, increasing the pressure of the cleaning system decreased the net adhesion
force between spherical copper particle and silicon surface entrapped with medium. For CO, +isopropanol
cleaning system, the equilibrium separation distance exhibited a maximum at temperature 313.15Kin the
regions of pressure space (1.84-8.02 MPa). When the dimension of copper particle was given, for example,
50 nm radius particles, the net adhesion force decreased and equilibrium separation distance increased
with increased pressure in the CO, + H, O cleaning system at temperature 348.15 K under 2.50-12.67 MPa
pressure range. However, the net adhesion force and equilibrium separation distance both decreased
with an increase in surfactant concentration at given pressure (27.6 or 27.5 MPa) and temperature (318
or 298 K) for CO, + H, 0 with surfactant PFPE COO~NH4* or DiFg-PO4~Na*.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Cleaning is a frequent operation unit to the semiconductor
industry, ranging from improving raw material specifications to
the high standards applied in chip manufacture. As the features
in semiconductor devices shrink to nano-scale dimension, the abil-
ity of cleaning solutions to penetrate small features and contact the
residues will become significantly more challenging. During sol-
vent evaporation, capillary forces in such structures may collapse
the sidewall and cause device failure [1,2]. Therefore, new concepts
in semiconductor manufacture are required to challenge this com-
plexity. Dense CO,, liquid and supercritical, has many desirable
properties for cleaning semiconductors. It is inexpensive, essen-
tially nontoxic, nonflammable and inert. Compared with liquid
solvents, supercritical fluids are less viscous as a consequence of
the great free volume, further more, solutes often diffuse ~100
times more rapidly. The surface tension of liquid carbon dioxide is
1.5mN/m at 25°C and reaches zero at the critical point [3], where
liquid droplets are no longer formed. These beneficial transport
and interfacial properties accelerate the rates of mass transfer and
promote the penetration of small features [4], and provide a sig-
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nificant advantage over liquid and aqueous-based cleaning agents
particularly with respect to cleaning high aspect ratio features [5,6].

The numerous designs of dense CO, cleaning and drying sys-
tems in semiconductor processing have been described previously
[7-12]. Few of these studies focused on the microscopic behav-
ior and physics models of particle removing in dense gas solvent.
To understand the engineering and science of these new tech-
nological regimes, a physical model is required to gain a more
in-depth knowledge of the study. Removal of particles and con-
taminations on surface with dense CO, is governed by a complex
array of factors that include van der Waals and electrostatic inter-
actions, drag and lift forces, and phase changes that occur when
the CO, molecule impacts on the surface. Many authors have tried
every effort to investigate different factors that affect the clean-
ing efficiency [13,14]. Garate [13] extended the DDM-model, which
is developed for textile detergency based on aqueous solution,
to dense CO, system, and analyzed the variety factors including
solvent flows, drag forces, slip flows, local micelle concentration
gradients, mass transfer etc. on the cleaning and gave a satisfactory
explanations for the real cleaning system based on CO,.

As many researchers pointed out, high solvent velocities impart
high drag and shear forces that, if great enough, will overcome the
particle adhesion and carry the particle into the bulk of detergent
solutions [15-17]. However, the particles or residues in micron-
scale vias and trenches on the wafer have to be lifted into the bulk
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Nomenclature

Aii Hamaker constant of component i

A132 Hamaker constant of a copper particle (1) and silica
surface (2) across a medium (CO,/polar solvent) (3)

d the sum of the particle radius and the particle-
surface separation distance (z+rp)

e dielectric constant of the fluid between the particle
and surface

E permittivity of free space

Fyaw van der Waals force

Feca classic Coulombic attraction

Fep contact potential force

Fg gravitational force

Fqy fluid bridge force

Fepe capillary pressure effect force

g acceleration due to gravity (9.8 m/s2)

h Planck’s constant

ky Boltzmann’s constant

1 distance between charge centers

n; refractive index of component i

Nvacuum Tefractive index of vacuum

P system pressure

Pc capillary pressure

P particle radius

™ meniscus radius

8% Kelvin radius

R gas constant (8.314]/mol K)

T absolute temperature

Upd potential difference of particle and surface

VM molar volume

z particle-surface separation distance

Greek letters

& dielectric constant of component i

&vacuum dielectric constant of vacuum

ob; volume fraction of component i

A characteristic wavelength of the van der Waals inter-
action

0 interfacial contact angle of meniscus

o surface tension of entrapped fluid/solvent interface
(N/m)

Pc critical density of CO,

) CO, density under certain temperature and pressure

Pg density of dense gas (solvent) (kg/m3)

Op density of particle (kg/m?3)

Ve maximum electronic ultraviolet adsorption fre-
quency

solvent before this process. Within these vias and trenches, solvent
velocity approaches zero, so that the inside pores can be deemed
approximately as a static-force system, in which imposed pressure
helps lift particles from the substrate of pores due to the capillary
effect. Mattews and Becnel’s [18] calculations based on the ide-
alized system (1 m graphite particle on a metal surface that is
contaminated with a thin layer of n-dodecane) demonstrated that
the use of dense CO, in cleaning systems could significantly alter
the static force balance on adhered particles. As the distance of par-
ticles from the pores-substrate increases, the influence of the bulk
solvent increases, which in turn leads to a hydrodynamic removal
process.

The solvation properties of CO, are unique. It has no dipole
moment; the outer oxygens are collinear with the central carbon.
As a result, CO, has far weaker van der Waals forces than those of

hydrocarbon solvents even when it is compressed to 30 MPa. Conse-
quently, many organic and inorganic substances are poorly soluble
in CO,, which influences the applications. For cleaning systems,
addition of an excess amount of solvent should lead to a wetting on
the surface and particles to be easily removed. In some cases, small
amounts of surfactant are needed to further augment the clean-
ing efficiency. For the removal of metal particles, small amount of
chelating agent is useful for solvating metal or metal ion residues
[19,20]. Theoretically, the introduction of excess amount of solvent
into CO,-system forms a fluid bridge between microscopic particles
and surfaces, which makes the static-force system more susceptible
to pressure changes. This second fluid phase forms a well-defined
phase interface with the bulk CO, solvent. Because of the curva-
ture of this phase interface, there is a pressure change within the
entrapped fluid bridge, which can be calculated by the Kelvin equa-
tion [21]. The entrapped fluid brings two opposing forces on the
particle, one adding to the adsorption forces, the other acting to
counteract those forces [22].

The objective of this work is to investigate the effect of pressure
on static forces for removal of nano-scale metal particles by simu-
lation in hierarchy of the CO,-based solvents systems and develop
an understanding of the mechanism of the metal residue removal.
Equilibrium separation distance (ESD) and net adhesion force (NAF)
of a regulated metal particle with different radii from the silicon
surface under different pressures, temperatures can be determined.
The metal residual selected was copper.

2. Model description and procedure

In the general case, adsorption forces of particles adhering to
substrate consist of van der Waals force, classical Coulombic attrac-
tion (electrostatic image force), contact potential force, and fluid
bridge force. Gravitational force also adds to the adsorption force.
These forces all together act as an obstacle for removing particles
adhering to the surface. With regard to the fluid bridge entrapped
between the particle and the surface, there is an opposing force or
the capillary pressure due to the curvature of the interface acting
against the adsorption force. In the model, the particle is taken to
be a perfect sphere close to a perfectly flat smooth surface. Both
the particle and the surface have homogeneous physical proper-
ties. No deformation of the particle and substrate are considered

(Fig. 1).
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Fig. 1. Graphical description of metal particle and static equilibrium in solvent
assisted CO,-systems. (1) Particle (Cu), (2) entrapped fluid, (3) bulk solvent, and (4)
substrate. ry is the meniscus radius, r¢ is the Kelvin radius, z is the particle-surface
separation distance. The five downward arrows represent van der Waals force Fqy,
classical Coulombic attraction force Fc,, contact potential force Fep, fluid bridge force
Fpp,, and gravitational force Fg. The upward arrow represents capillary pressure effect
force Fepe.
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2.1. van der Waals force

The van der Waals interactions between bodies of material, aris-
ing from the interaction of oscillating dipoles in the interatomic
bonds of each body, manifest themselves in various aspects of
behavior ranging from the determination of surface energies, and
consequently wetting behavior, to the stability of colloidal suspen-
sions and emulsions [23]. The Hamaker constant is convenient for
representing these interactions. The Hamaker constant of pure sub-
stance i depends on its dielectric constant (¢) and refractive index
(n) of the particles and the nature of the solvating medium. The
Hamaker constant A;; can be estimated using a simplification of the
Lifshift theory [24]

3 g —¢ 2
Ajf = 7ka< i — Evacuum )
4 €i + Evacuum

3hve (niz_n\2/acuum)2
16v2 2 (n2 4 n )3/2

(1)

vacuum

in this case, ¢ is the dielectric constant, n is the refractive index, kj,
is Boltzmann’s constant, T is absolute temperature, h is Planck’s
Constant, Ve, is the maximum electronic ultraviolet adsorption
frequency typically taken to be 3 x 101> s=1 [24]. The density depen-
dence of the refractive index and dielectric constant must be
accounted for when the supercritical fluids are used as the solvent.
Using Eq. (1), CO, interactions across a vacuum can be determined
by setting €yacuum and nyacyum to 1. The equilibrium adsorption of
nano-particles in a pore onto the silicon surface may be expected to
be driven primarily by the chemical potential of the nano-particles
in the solvent and long-ranged van der Waals forces between the
particles and silicon surface. For simplicity, we treat the silicon sur-
face as a flat wall. The Hamaker constant A;3;, for a copper particle
(1) and silicon surface (2) across a medium (CO,/solvent) (3) may
be approximated by [23]:

Az = (\/IE— \//TB) (\/g— \/ITB) (2)

The As3; was determined for the binary solvent mixture
(COy/solvent) from Eq. (1) along with the Lorenz-Lorenz mixing

rule:
(nle Z ¢l n — 1 (3)
(Mmix +2)° (n; + 2

where ¢; is the volume fraction of component i. An equivalent
expression for the dielectric constant is obtained by replacing n
with /¢ in Eq. (3). The n and ¢ for CO, were obtained as a function
of density from the following [25,26]:

n?-1 B _
HZ4_5=0.07016,o,ﬂ+1.412x104,0373.17“104,05' (4)
& —1=0.2386p; + 0.02602p? (5)

where pr = p/pc, pc is the critical density of CO, usually taken to be
333.5kg/m?3.

Because of the presence of a medium between the particle and
substrates, the magnitude of the van der Waals force is decreased or
retarded. The modified equation for van der Waals force between a
spherical particle and surface entrapped with medium was derived
by Chen and Anandarajah [27]:

Fyaw = A132[F1(d) 4+ F>(d)] (6)
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In this case, c=3.11/2m, A is the characteristic wavelength of the
van der Waals interaction which is taken to be 100 nm [27]. With
A =100nm, c is computed to be 49.363 nm. In Egs. (6-8), d is the
sum of the particle radius rp and the particle-surface separation
distance z, where z is the distance between the underside edge of
the particle and the bottom of the substrate. F;(d) represents non-
retarded contributions; F,(d) represents the retardation effects.

2.2. Electrostatic attraction force

Two types of electrostatic interactions that cause particles to
adhere to surfaces exist in this model. The first type is owing to bulk
excessive charge in the particle or surface, which accounts for the
classical Coulombic attraction between the particle and the surface,
also named electrostatic image force, represented by [28]:

4mErs Uﬁc
Faa = —b 9)

In this case, e is the dielectric constant of the fluid between the
particle and surface, E is the permittivity of free space, and [ is the
distance between charge centers. For the case of a particle and a
surface, [ is taken to be twice the particle radius plus the separation
distance (2(rp +2)) [29]. Ugc is the bulk charge in volts.

The second type of form of electrostatic interaction is the result
of differences in local energy states and electron work functions,
resulting in a contact potential difference which establishes a dou-
ble layer charge region and a resulting adhesion force, given by
[28]:

2
wErpUpy

2 (10)

cp =
where 1p is the particle radius, z is the separation distance, and Upp

is potential difference in volts.

2.3. Gravitational force

The gravitational force can be given by:

Fy = 33 (o — g) an)

where pp denotes the density of copper, pg denotes the vapor phase
density of the solvent, and g is the acceleration of gravity.

2.4. Fluid bridge force

The interface of entrapped fluid bridge with the bulk solvent
creates two opposing forces, one of which is the fluid bridge force,
called surface tension force as well, acting to add to the total adhe-
sion force. This force is given by [28]:

Fg, = 4oy (12)

In this case, o is the surface tension and ry is the meniscus
radius. The meniscus radius is defined as the perpendicular length
from the particle centerline to where the phase interface contacts
the particle. The particle centerline is the line passing through the
particle center and perpendicular to the surface (Fig. 1).
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2.5. Capillary pressure effect force

The other aspect of the interface effect mentioned above is the
capillary pressure effect force, which acts to lift the particle from the
surface. This effect has been related to capillary effects in narrow
pores.

The Kelvin equation has been used extensively to describe the
pressure increase within a particle-surface entrapped fluid. This
pressure increase is analogous to the capillary pressure rise and
can be calculated by the Kelvin equation [21]:

In (&) _ 20VMcost
P o RTT](

In this case, o is the surface tension; r¢, the Kelvin radius, is
approximately half of the perpendicular distance from the surface
to the point of contact between the fluid interface and the particle;
Vu is the molar volume; P is the system pressure; Pc is the cap-
illary pressure (i.e., pressure within the entrapped fluid); 6 is the
interfacial contact angle; R is the gas constant; and T is the sys-
tem temperature. Molar volume concerns phase compositions and
liquid phase density, and is estimated by:

Vm = MW/, (14)

(13)

where p| is the liquid phase density of the CO,/solvent mixture
under a certain pressure and temperature. MW is the molecular
weight of liquid phase of the CO,/solvent mixture, calculated by:

MW = MW(CO;) x ur(CO3) + MW(solvent) x ui(solvent) (15)

where 11 (CO;3) and i (solvent) are the molar fraction of CO, and
that of solvent in the CO,/solvent mixtures of liquid phase.

For an interface with a contact angle of less than 90°, the pres-
sure within the entrapped fluid is greater than that of the ambient
pressure. In these cases, the particle experiences a force away from
the entrapped fluid which can be calculated using mensuration
formulas:

Fepe = (P — Pc) {anp <rp -\ /13— rfd)] (16)

Each group of calculation followed the same route to reach a
result. The first step was to solve Eqgs. (1-5) to work out the param-
eters, such as Hamaker constant Aq3,, dielectric constant of fluid
mixture &, and refractive index of the fluid mixture n. This opti-
mizing process utilized the trial and error method, so as to reach
an appropriate ESD, where the capillary pressure effect force off-
sets the total adsorption force completely. Egs. (6-16) were used
to calculate the static forces of a particle on substrate under dif-
ferent pressures and temperatures. The solution of them employed
Mathematica to obtain a series of data. Static forces at its ESD were
calculated. When the particle reaches its equilibrium distance, the
downward forces imposed on it equal to the upward forces indicat-
ing that a particle will be stable to minor perturbations in separation
distance [18]. The force balance on the particle was calculated with-
out any dynamic removal forces such as solvent drag, slipping or
rolling.

Bulk charge and potential difference vary much according to par-
ticle type, substrates as well as cleaning media; these values can be
taken to optimize the magnitude of the Coulombic forces in the
model [28]. We selected the CO,-isopropanol as the model system,
and chose a series of bulk charge and potential difference, and found
if there existed a stable ESD. The calculation results demonstrated
that there existed a stable ESD (10~'°m) only setting bulk charge
and potential difference as 6 and 0.1 V, respectively. For other values,
the ESD was either 0 or of too small magnitude (10~ or 10-12 N),
making separation impossible.

In this study, we assume that the residues are all complete
sphere particles with identical radius of 10-300 nm. The entrapped

Table 1

Model parameters for Fig. 2(a and b).

Parameter Value
Particle bulk charge, Upc (V) 6.0
Material potential difference, Upp (V) 0.1
Vacuum permittivity, E (F/m) 8.854 x 10-12
Interfacial contact angle (°) 0
Critical density of CO; (kg/m?) 3335
Density of copper (kg/m?3) 8930
Dielectric constant of isopropanol at 313.15 K 16.2
Refractive index of isopropanol at 313.15K 1.37

fluid is idealized to entirely wet both the particle and the surface
(0° contact angle). Due to the complexity and method limitation
of predicting or observing the meniscus radius, it is often taken as
the free variable by setting a fixed scale between particle radius
(rp) and meniscus radius (ry). In this case, a dimensionless radius
rv/rp was taken to be the value of 0.1. Using the similar method of
setting bulk charge and potential difference mentioned above, we
calculated ESD under different ry/rp ratios 0.1, 0.15, 0.2, 0.25, 0.3,
and 0.4 for the particles with different radius, finding that only the
value of 0.1 exhibited a stable ESD.

3. Results and discussion
3.1. CO, +isopropanol system

Isopropanol is well accepted as the most effective cosolvent for
semiconductor cleaning [30]. The calculation was done for parti-
cles with different radius in CO,-isopropanol medium at 313.15K
and pressures from 1.84 to 8.14 MPa. In the calculation, the data
of isopropanol and CO, were taken from references [3,31,32]. Sur-
face tension, vapor liquid equilibrium phase compositions, phase
densities were taken or calculated according to the references
[33-35]. Detailed model parameters for Fig. 2(a and b) are listed
in Table 1. As there was no accurate data concerning the interfacial
tension of CO,-isopropanol, in this study, the interfacial tension of
CO,-isopropanol under different pressures was substituted approx-
imately by employing the CO,-ethanol system, which depends on
the carbon dioxide density and was almost independent of temper-
ature, and could be calculated by following equation [36]

0=1.759 x 1074 x PEo,—1.127 x 107" x pco, +1.898 x 101 (17)

In each set of calculations, the NAF and ESD were computed.
Fig. 2(a and b) gave the NAF and ESD as a function of the pres-
sure and particle radius, respectively, and related data listed in
Table S1(a and b). The NAF is the sum of all of the forces which
adhere the particle to the substrate. At given pressure, NAF and ESD
increased with the increase of particle radius. In current model, the
meniscus radius was taken as the free variable, and the dimension-
less radius value (ry/rp) was fixed to 0.1.

For a given particle radius, the NAF decreased with increased
pressure. A significant decrease of the NAF could result from the
decrease of fluid bridge force (Fg,) which decreased with increased
pressure (shown in Table S2). Unlike the trends of NAF, the value
of ESD had a maximum in the pressure ranges, and the maximum
shifted to low pressure range with decreased particle radius. The
value of ESD trended to relatively small value (<4 A) as the pres-
sure was larger than 7.0 MPa when the particle radius smaller than
50 nm, suggesting that the system could not achieve the stable
equilibrium separating state, and that it was impossible for these
particles to be removed under these pressure conditions [18].

ESD means the distance at which the downward forces imposed
on the particles equal to the upward forces. From Egs. (13-17), we
can see that surface tension and molar volume of the entrapped
fluid decreased with increased pressure. The reduction in surface
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Fig.2. (a) Net adhesion force (NAF) between spherical Cu particle and silicon surface
entrapped with isopropanol medium as a function of the pressure and particle radius
in CO, +isopropanol at 313.15 K. (b) Equilibrium separation distance (ESD) between
spherical Cu particle and silicon surface entrapped with isopropanol medium as a
function of the pressure and particle radius in CO, +isopropanol at 313.15K.

Table 2
Parameters for Fig. 3.

Parameter Value

Particle bulk charge, Ugc (V) 6.0

Material potential difference, Upp (V) 0.1

Vacuum dielectric constant, E (F/m) 8.854 x 10-12
Interfacial contact angle (°) 0

Critical density of CO; (kg/m?) 3335

Density of copper (kg/m?3) 8930

Dielectric constant of water at 348.15K 63.73
Refractive index of water at 348.15K 1.32

tension decreases the fluid bridge force Fg,, while the decrease
in surface tension and the molar volume of the entrapped fluid
increases the capillary pressure effect force Fcpe. The data listed
in Table S1 showed that the fluid bridge force (Fg,) was the main
proportion of NAF in the lower pressure stage, the decrease of Fy,
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Fig. 3. Equilibrium separation distance (ESD) and net adhesion force (NAF) of 50 nm

copper particle in CO,-H,0 system, at 348.15K and under pressures from 2.50 to
12.67 MPa.

lead to an increase of ESD with pressure increasing. In the higher
pressure stage, the proportion of Fg, in NAF decrease, the quanti-
tative difference of all downward forces (except for gravitational
force (Fg)) becomes insignificant. The value of ESD curved to the
maximum at which the kinds of forces reach to the compromise.

3.2. CO, +H,0 system without and with surfactant

Besides CO,-isopropanol system, CO,-H,O0 with and without
surfactant systems were also selected. We took 50 nm Cu parti-
cles as the sample to calculate the NAF and ESD under different
pressures for the cleaning systems. Interfacial tensions of CO5 + H,O
and CO, +H,0 + surfactant were taken from the references [37-40],
respectively. The dielectric constant and refractive index of pure
water were taken from the reference [41]. Relative parameters
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Fig. 4. ESD and NAF as a function of the ionic surfactant (PFPE COO~NH4" or DiFg-
PO4~Na*) concentration for 50 nm copper particle in CO; + H, O system under 318.0 K
and 27.6 MPa for PFPE COO~NH4*, and 298.0 K and 27.5 MPa for DiFg-PO4~Na*. Other
parameters are identical to the system CO, +H;O.
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listed in Table 2. The computation was taken in the system of CO,-
H, 0 vapor-liquid equilibrium at 348.15 K under different pressures
from 2.50 to 12.67 MPa. Fig. 3 demonstrated that high pressure
could increase the particle-substrate separation distance in the
regions of pressures studied and this effect might be coupled with
a decrease in the NAF for the CO,-H,0 system without surfactant,
suggesting the particles would be removed more easily at high
pressure.

The use of surfactants in H;0-CO, system has the potential to
facilitate particle disengagement from surfaces. In this case, the
replacement of the high interfacial tension between the substrate
and particle with two new interfaces with lower interfacial ten-
sions is energetically favorable. The surfactant helps overcome the
adhesive forces that bond the particle to the surface. From Fig. 4,
we could see that addition of surfactant could significantly reduce
the surface tension, the NAF of H,0-CO, system with surfactant
(PFPE COO~NH4* or DiFg-PO4~Na*) was much less, and the value of
NAF decreased with the increase of surfactant. The surfactants can
also provide steric stabilization for particles suspended in CO,, as
the hydrophobic tails extend outwards into CO,. These cooperative
effects improve the efficient removal for the particles. Meanwhile,
we could see that the ESD also decreased with increasing surfac-
tant concentration, suggesting that adding surfactant into cleaning
system facilitated the particles removal, but it was still a chal-
lenge to lift these particles out of the trench with large aspect
ratio. In this work, we calculated the NAF and ESD in the case
of H,0-CO, system with anionic surfactant (PFPE COO~NH4* or
DiFg-PO4~Na™*). Studies on more kinds of surfactants are now in
progress.

4. Conclusions

A model has been presented to demonstrate pressure effect on
the kinds of static forces of nano-scale particle adhesion on the solid
surface with a fluid layers on the substrate. Using realistic parame-
ters, the net adhesion force and equilibrium separation distance in
CO, +isopropanol, CO, + H,0 with and without surfactant cleaning
systems were calculated. The calculated results showed that high
pressure could impose enough capillary pressure effect beneath a
particle to compete with the net adhesion force and increase the
particle surface separation distance. Although an increase in the
pressure facilitates the particle removal, the equilibrium separa-
tion distance exhibits a maximum with respect to the pressure
in CO, +isopropanol cleaning system. Increasing pressure facili-
tate the particle removal in the CO, +H,0 solution because the
net adhesion force decrease and equilibrium separation distance
increase with increased pressure in this cleaning system. Addition
of surfactant (PFPE COO~NH4* or DiFg-PO4~Na*)into the CO, + H,O
cleaning system can result in the net adhesion force decrease signif-
icantly, yet the equilibrium separation distance decrease also with
an increase in surfactant concentration. This model is helpful to
design and analysis of high pressure CO,-based precision cleaning
systems.
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