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Abstract

Isopropyl alcohol (IPA) is frequently used for cleaning fine patterns of semiconductor devices
and technology to remove the fine particles from IPA is desired in the industry. In this study,
an anion exchange membrane was used to remove silica nanoparticles, and zeta potential
measurements were conducted on the particles and the membrane in an [PA/water solution.
Also, molecular dynamics (MD) and density functional theory (DFT) simulations were
conducted to clarify the removal mechanism. As the portion of IPA increased in the ratio of
the IPA/water solution, the zeta potential of the particles remained negative, while that of the
anion exchange membrane in the solvent turned from positive to negative and the particles
were not removed. The reason for this behavior was examined by studying the movement of

chloride ions near the membrane using MD simulations and by constructing an energy-level
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diagram using DFT theory simulations. As a result, we found that when the IPA ratio was
increased, the chloride ions and solvent molecules in the vicinity of the anion exchange
membrane donated electrons. This development could be useful when searching for more

effective materials for the removal of fine contaminative particles.

1. Introduction

In recent years, the development of Al and other technologies has led to further performance
improvements in semiconductors. One of the main trends has been miniaturization that
improves integration density and reduces power consumption for a technology node that is
approaching 3 nm. Semiconductor devices are made by repeatedly stacking and etching
materials. In between these processes, there is always a wet cleaning process using liquid,
and ultrapure water has played a role until now. However, as semiconductors become
increasingly miniaturized, pattern collapse due to the surface tension of ultrapure water is
becoming a problem. Against this backdrop, the low surface tension of IPA makes it suitable
for cleaning microfabricated structures, thus cleaning with IPA is indispensable for currently
semiconductor cleaning process. Furthermore, it is increasingly being used in conjunction
with ultrapure water to clean the wafers used in semiconductor manufacturing processes
[1-12]. As semiconductor structures have become smaller, however, the restrictions for the
amount of impurities in ultrapure water, especially particulates, has become stricter every
year. The 2020 revision of the International Roadmap for Devices and Systems (IRDS) for
particulates in IPA indicates that the number of particulates in 1L should be reduced to 50 or
less [13]. Semiconductor structures are expected to become even smaller and/or more
complex in the future, and the use of IPA for cleaning them is also expected to increase in the
future. Although electronic-grade (EL grade) IPA is available from various suppliers for use
by the electronics industry, it would be desirable for the purity of IPA to be much improved
and for the environmental impact to be reduced via a mechanism such as on-site filtration
with a filter similar to those used in the production of ultrapure water. Filters for solvents are
investigated and improved daily [14-22], but they are used mainly for size exclusion to

remove fine particles.
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Methods of particle removal using charge and polarity have been reported only in aqueous
systems [23-26], and more detailed removal mechanisms have not been introduced. IPA is
often mixed with water in the cleaning process [1,2], and the behavior of the solid interface
when using a mixture of water and alcohol has been investigated [27-30]. Although there
have been extensive investigations on particle removal in ultrapure water [31-34], the effect
that the interaction between the particles and the membrane structure can exert on the particle
removal mechanism in the solvent has yet to be clarified. Furthermore, the chemical states of
the membrane and particle surfaces are expected to change with respect to charge and
coordination due to the influence of the solvent species. Computer simulations have been
used to evaluate the effect that water molecules and IPA molecules exert on polymer surfaces
[35,36], but few studies have focused on the interaction between a membrane and particle
surfaces that undergo surface-state changes.

In this study, we investigated the particle removal mechanism in organic solvents zeta
potential measurements of an ion exchange membrane and the particle surfaces in an
IPA/water solution during particle removal tests. The effects that solution molecules and ions
exert on the membrane were evaluated using MD and DFT simulations. The solvent was a
mixture of [PA and water in various ratios, and silica nanoparticles (SNP) served as the model

particles.

2. Experimental and simulation models

2.1. SNP removal and zeta potential measurement

2.1.1 SNPremoval in an IPA/water solution

SNP adsorption and removal tests were carried out using an anion exchange membrane. The
anion exchange membrane used was a Neocepta AHA (ASTOM Corporation), which was
immersed for more than 1 day in solutions containing various levels of IPA in the ratio. The
model particles used were 30 nm SNPs (sicastar®, Micromod Partikeltechnologie GmbH,
polydispersity indices < 0.2). A 100 cm? anion exchange membrane was immersed in a
solution containing 10 ppm of SNPs and was stirred for 30 min over an additional 1-3 days.

Afterwards, the total silica concentration was analyzed by heated dissolution-molybdenum
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blue absorption spectrophotometry with sodium carbonate. The adsorption removal ratio in

each solution was calculated using Equation 1.

(Csnp before test) — (Csyp after test)

Removal ratio [%] X 100 (Equation 1)

(Csyp before test)

In the case of 0% IPA in the ratio, the test was also conducted by the additions of 10 and 100

ppm of sodium chloride after stirring for 1 day to investigate the effect of CI ions.

2.1.2. Zeta potential measurement of SNP and an anion exchange membrane in an
IPA/water solution

The zeta potential of AHA in each IPA/water solution was measured using a Zetasizer Nano
ZS (Malvern Panalytical). A flat-plate zeta potential measurement cell (ZEN1020) was used,
and 50 nm SNPs (sicastar®, Micromod Partikeltechnologie GmbH, polydispersity indices <
0.2) served as the tracer particles. KCI was dissolved in water to a concentration of 10 mM.
The membranes were immersed in each solution for 10 min after being fixed on the
measurement stage and replace the water in the membrane with the solution. The physical

properties in each solution are shown in Table 1.

Table 1 Physical properties of IPA/water solutions [37-39]

IPA ratio Density Refractive index Viscosity Dielectric  constant
[vol%] [g/cm?] [-] [10°Pa s] [-]
0 1.00 1.333 1.0 80
10 0.98 1.339 1.4 70
30 0.96 1.352 2.6 58
50 0.92 1.363 3.4 47
70 0.88 1.371 3.5 35
90 0.83 1.377 2.6 22
100 0.79 1.378 24 18
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The zeta potential of the SNPs in each version of the [PA/water solutions was measured using
a Zetasizer Nano ZS (Malvern Panalytical) with a solution of 250 ppm of 30 nm SNP model

particles (sicastar®, Micromod Partikeltechnologie GmbH, polydispersity indices < 0.2).

2.2. Molecular dynamics simulation

This simulation used BIOVIA Materials Studio® 2020 software. In view of the simulation
models, all atomic size is displayed in a unified manner. Amorphous Cell module was used to
pack the unit cells of the membrane model with the solvent molecules, and Forcite Plus
module was used to stabilize the simulation model and perform molecular dynamics
simulations. COMPASS 1I [40,41] was used for a force field. COMPASS 1I is an improved
and developed force field from COMPASS, whose potential parameters are shown in [40].
The potential parameters of COMPASS are given in [40]. Validation of COMPASS 1I for
several materials is given in [41]. Additionally, in references [42—44], physical properties
such as diffusion coefficients and densities of organic and inorganic materials are evaluated
using COMPASS, and good results are reported in comparison with experimental values.
Especially, the reference [44] evaluates the densities of water and IPA calculated using
COMPASS, and reports that the error is only a few percent. Based on these references, we
considered that the COMPASS force field would be applicable for simulations of water/IPA
systems studied in this work. The potential functional forms of COMPASS II have been

showed in Supplementary Materials.

2.2.1. Membrane model

In order to represent and simulate the structure of the AHA membrane, styrene and
Divinylbenzene (DVB) monomers were used as crosslinking agents that formed a polymer.
The polymer was constructed by connecting styrene and DVB at a ratio of 14:1 that achieved
a crosslinking ratio of 7~8% [45,46]. The membrane model was prepared by packing 15
styrene-DVB polymer chains as described above and 210 CI” ion exchange group counterions
into a unit cell at a density of 1.05 g/cc. The prepared styrene-DVB polymer model in

chemical structural formula model and membrane slab model are shown in Fig. 1. The size of
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the unit cell was set as @ = b = 60 A. The c-axis of the unit cell was automatically determined
at ¢ = 21.177 A when the loading number, density, and the a- and b-axis lengths were
determined. Also, three-dimensional periodic boundary conditions were adopted. After
optimizing the structure of the membrane model using molecular mechanics, MD simulations
were performed under NPT ensemble conditions (2.0 GPa, 298 K, 40 ps, Time step = 1.0 fs)
with a constant number of molecules, pressure, and temperature. The cell size after MD
simulation under NPT ensemble condition was a = b = 57.035 A and ¢ = 19.4086 A. To
represent the conditions of immersion into an IPA/water solution, solvent molecules of

different concentrations were packed into the vacancies in the membrane model.

ClI" "N(CHj;),

CH — CH, (H,0);N<_ CI
15 polymer chains
@ []:; 210 CI ions
— CH CH,

m n

m=10,n=4

Fig. 1 Chemical structural formula of Styrene-DVB polymer model and membrane slab

model including CI" ions (Atom colors: white, H; gray, C; blue, N; and, light green, CI°)

Table 2 Number of atoms of Styrene-DVB polymer model and membrane slab model

Atom Styrene-DVB polymer model Membrane slab model
C 178 2670
H 266 3990
N 14 210
Cr 14 210

Since the model used in the MD simulation was focused on a small region of the actual
membrane, it was difficult to use the physical properties of an actual membrane. To avoid this
problem, the density of the anion exchange resin was used as a reference. Membrane models
with densities ranging from 1.05 to 1.2 g/cc were prepared and MD simulations were

performed as described above to optimize the structure. As a result, 1.05 g/cc, which is the
6
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lowest total level of energy, was adopted as the density of the membrane model. In the MD
simulation under NPT ensemble conditions, Breandsen [47] was used as the pressure
adjustment algorithm with a decay constant of 0.1 ps and a cutoff distance of 1.55 nm. The
density of the membrane model after MD simulation was 1.22 g/cc. Although there was an
error of approximately 15% with respect to the actual density, the priority in this simulation

was to avoid pinholes in the membrane model.

2.2.2. Model for evaluating the differences in CI ion diffusion in IPA/water solutions

In order to evaluate the differences in the diffusion of Cl” ions in an IPA/water solution,
models containing solvent molecules with the ratios of interest and Cl” ions were prepared.
MD simulations under NVT ensemble conditions were performed for 250 ps with a constant
number of molecules and volume at a constant temperature of 298 K and the time step was
set 1.0 fs. The Nose temperature adjustment algorithm was used in this simulation [48—50] In
addition, layer models containing solvent molecules with the ratios of interest were connected
along the c-axis of the membrane model to create a model that could be used to evaluate the
diffusion of CI" ions. The a- and b-axis lengths of the layer model were aligned with those of
the membrane model, and the c-axis length was set to 40 A. The three-dimensional periodic
boundary conditions were adopted. The connected slab model is shown in Fig. 2 and number
of solution molecules in each simulation model is shown in Table 3. Note that when the
membrane model and the layer model containing solvent molecules are combined, the
maximum and minimum heights of the surface waviness of the membrane model are
considered as the maximum and minimum values of the unit cell, and therefore the length of
the combined model in the C-axis direction is somewhat larger than the sum of the thickness
of the membrane model (19.41 A) and the solution model (40 A), which was 76.57 A. After
MD simulation under NVT ensemble conditions, the c-axis distribution profiles of the CI

ions were obtained and compared with the distribution profiles at =0, 100, and 250 ps.

Table 3 Number of solution molecules in each simulation models to evaluate the differences
in CI" ion diffusion
IPA ratio” Number of IPA molecules Number of water molecules
100% 1109 0
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90% 1088 513
70% 873 1588
50% 641 2719
30% 394 3899
10% 134 5120
0% 0 5747

*This ratio is vol% based on the volume of the pure component before mixing.

Fig. 2 Simulation model to evaluate the differences in CI” ion diffusion; IPA ratio = 30%
model is shown as a sample (Atom colors: white, H; gray, C; red, O; blue, N; and, light green,

CI)

2.3. Density functional theory simulation for the membrane slab model

DFT simulation was used to simulate the HOMO/LUMO energy levels of the ion exchange
membrane. This simulation used the BIOVIA Materials Studio® 2020 software, and the
calculations were performed with DMolF module, which can perform quantum mechanical
simulations based on density functional theory.

The membrane model was prepared by packing one styrene-DVB polymer chain and 14 CI°
ions, which are the counterions of the ion exchange groups, into a unit cell with a density of

8
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1.05 g/cc. Also, three-dimensional periodic boundary conditions were adopted. The size of
the unit cell after packing was a = b = ¢ = 16.985 A. The configuration of CI ions was
determined to be located within 5 A from N atoms according to the simulated annealing
method using Monte Carlo sampling with N as the target atom in the polymer [51,52]. The
number of cycles and Monte Carlo steps per cycle was set to 5 and 50000 each other. The

slab membrane model is shown in Fig. 3.

Fig. 3 Membrane slab model with CI" ions for DFT simulation (Atom colors: white, H; gray,

C; blue, N; and, light green, CI")

The created slab membrane model was structurally optimized using the molecular mechanics
method, and DFT simulation was performed to obtain the HOMO/LUMO energy levels of
the membrane model. The basis set was used DNP, a functional GGA-RPBE [53] was applied,
and the k-point was set to 1x1x1. DNP has been shown to have a sufficiently small basis set
superposition error (BSSE)[54], and it can be used in this simulation as well. The
convergence conditions for all calculations were set to an energy level of less than 10° Ha
with a maximum force of less than 0.002 Ha/A and a maximum displacement of less than

0.005 A. The membrane slab model shown in Fig. 3 was prepared without CI" ions, and the

9
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same DFT simulation was performed with the charge set to +14.

3. Results and discussion

3.1. SNP removal and zeta potential measurements in IPA/water solutions

Fig. 4 shows the removal ratio of SNPs in [PA/water solutions with different levels of IPA.
The horizontal axis represents the removal time. When the IPA level in the ratio was 0%, the
removal rate reached 50% in a short time and increased slowly thereafter. For other IPA ratios,
the removal performance could not be improved after more than 1 day of stirring time.
Removal was observed, however, following 30 minutes of agitation for IPA levels in the ratio
of 10 and 30%. These results indicate that the SNPs were adsorbed onto the membrane

surface at 30 min, but subsequently were then desorbed.

80

70t =4 S
, 30min
60 r

50
40
30 |
20
10

0 &

Removal ratio [%]

£ X

Time [day]

@-IPA 100% FIPA 90% IPA 70% IPA 50%
-<IPA30%  *¥IPA10%  ©IPA (0%

Fig. 4 SNP removal from IPA/water solutions with different concentration ratios

Fig. 5 shows the removal ratio of SNPs when 10 and 100 ppm of NaCl were added after 1
day of stirring under 0% IPA solvent conditions. At this point, however, the SNP removal
ratio was decreased because the SNPs that had adsorbed onto the membrane were desorbed

by the addition of NaCl.

10
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subsequently approached neutral. The zeta potential remained negative, however, even when
the IPA level in the ratio reached 100%. The surface charge of the membrane was almost
neutral when the IPA level in the ratio was 50%, and the membrane showed a negative zeta
potential when the IPA level exceeded 70%, Removal of the SNPs was prevented when the
IPA level in the ratio was higher than 50%. The results of the experiment can be summarized
as follows: (1) SNPs were removed via the electrostatic interaction between the membrane
and the SNPs; (2) As the IPA level in the ratio increased, the driving force for adsorption was
decreased, which decreased the removal performance; (3) When the IPA level in the ratio
exceeded 50%, the removal performance was lost due to the lack of a driving force; and, (4)
Even when the IPA level in the ratio was 0%, the adsorbed SNPs were desorbed by the

addition of NaCl.

3.2. Simulating the molecular dynamics in an IPA/water solution

Fig. 7 shows the results of the c-axis distribution of CI ions for IPA levels in the ratio of 0, 50,
and 100% at =0, 100, and 250 ps, respectively. The local density distribution was calculated
at 4 A intervals. Snapshots of the MD simulations for each time slot and for each level of IPA
in the ratio are shown in Supplementary Fig. 1 (Please refer to the Supplementary Materials
link in the online version of this article). Note that the solvent molecules are not drawn in the
snapshots in order to facilitate viewing. Fig. 8 shows the transition of total energy in the
model with each IPA level in the ratio wherein the calculated model was sufficiently
stabilized after 100 ps. Fig. 7 shows that when the IPA level in the ratio was low, the Cl ions
were diffused from the vicinity of the membrane surface as time passed, and when the IPA
level in the ratio was high, the Cl” ions remained in the vicinity of the membrane and were

constrained to the surrounding area.

12
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Fig. 7 MD simulation results of CI" ions’ c-coordinate profiles and local density distribution

in IPA/water solutions with levels of IPA in the ratio of 0, 50, and 100%
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Fig. 8 Total energy transition in IPA/water solutions with levels of IPA in the ratio of 0, 50,
and 100%

3.3. Considering the phenomenon whereby the zeta potential of a membrane turns
negative

Fig. 7 shows that Cl" ions were constrained to the vicinity of the membrane when the IPA
level in the ratio was high, but were diffused to the bulk when the IPA level in the ratio was
low. Therefore, in the DFT simulation model, the membrane model "with CI" ions" was
regarded as the membrane model in IPA, and the model "without CI" ions" was regarded as
the membrane model in water. Fig. 9 shows a diagram of the energy level of the membrane
slab model (with and without CI" ions) obtained from the DFT simulation, along with the
HOMO levels of the renormalized solvent molecules, IPA and water [55-57]. The HOMO
level of the water/IPA mixture was unknown, but was assumed to be located between the

HOMO levels of pure water and IPA.

14
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Fig. 9 Diagram of the energy level of a membrane slab model with and without CI ions

Fig. 9 shows that the conduction-band edge of the membrane model with CI" ions, i.e., in IPA,
was lower than that of the membrane model without Cl ions, i.e., in water. The Donor
Numbers (DN) of CI" ions in methanol and ethanol were -0.98 eV and -1.0624 eV [58],
respectively, and the same trend of high electron-donating properties was expected in IPA,
where the conduction band edge of the membrane became lower. As a result, the solvent
molecules would donate electrons to the membrane model in IPA [57]. Since the HOMO
level of IPA is higher than the conduction band edge of the membrane model in IPA, it acts as
an electron donor and contributes to the stabilization of the entire system. This suggests that
the zeta potential of the membrane immersed in a solvent with a high IPA ratio became
negative because it actively received electron donations from the IPA molecules.

On the other hand, the membrane model in water did not receive electron donations from CI
ions, and the conduction band edge rose. In addition, the HOMO level of the water molecule
was lower than the conduction band edge in the case of the membrane model in water, and,

therefore, there were no electron donations from the solvent molecules to the membrane
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model. This suggests that the zeta potential of a membrane either in water or in solvents with
an IPA level in the ratio of less than 50%, particularly when it is less than 10%, is positive
because the membrane receives no electron donations from either the CI™ ions or the solvent
molecules.

From the above discussion and the results shown in Fig. 6, it seems apparent that the HOMO
level of the molecules in the mixture solvent and the conduction band edge level of the
membrane in the solvent are reversed, and, therefore, the zeta potential of a membrane turns
from positive to negative within that range.

As shown in Section 3.1, for IPA levels in the ratio of 10 and 30%, SNPs were removed only
after 30 minutes of stirring and were desorbed afterwards. Fig. 4 shows that in the system
with 0% IPA in the ratio, SNPs once adsorbed onto the membrane were then desorbed by the
additions of 10 and 100 ppm of NaCl. When NaCl was not added, CI" ions were present only
as counter ions in the membrane. When NaCl was added, however, there was an excess of CI’
ions in the bulk, which represents the same condition as when Cl ions are present in the
vicinity of the membrane. Therefore, it seems apparent that the SNPs were desorbed via an
exchange with CI” ions. These results showed that the desorption after 30 minutes of stirring
time in the cases of IPA levels in the ratio of 10 and 30% was caused by a lack of sufficient
diffusion by the CI ions from the vicinity of the membrane, which resulted in them being
easily exchanged with SNPs. Since AHA was positively charged in water, it was not affected
by Na" ions and the effect could be ignored. On the other hand, the absolute value of zeta
potential of SNP decreases with increasing concentration of NaCl[59], but in this paper, the
addition of NaCl has no effect because it is as low as 10 ppm (= 0.171 mM,) 100 ppm (= 1.71
mM). The removal of SNPs is greatly influenced by the surface properties of the ion
exchange membrane that vary with the IPA content of the contacted aqueous solution. The
useful information on the surface properties could be obtained by even the very short time
molecular simulations compared with the actual experimental time. Therefore, we can
reasonably assume that the dominant factor of the removal of SNPs could be recognized by
the simulation for a limited small scale in a short time. For the removal of SNPs in solvents

with high IPA ratios, the understandings of the mechanism obtained in this study would be

16



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

applied to a future purification system of IPA/water solutions.

4. Conclusions

In this paper, testing for the removal of SNPs using anion exchange membranes, zeta
potential measurements of SNPs and membranes in [PA/water solutions, and MD and DFT
simulations were carried out. The zeta potential of the SNPs gradually approached neutral as
the IPA level in the ratio increased, but it always remained negative. The zeta potential of the
membrane approached neutral, however, when the IPA level in the ratio was about 50%.
When the IPA level in the ratio exceeded 70%, the zeta potential turned from positive to
negative and the SNPs were not removed. MD and DFT simulations were used to explain
these results. MD simulation showed that Cl” ions were more abundant in the vicinity of the
membrane as the level of IPA in the ratio increased. DFT simulations suggested a relationship
between the HOMO level of the solvent molecules and the conduction band edge level of the
membrane model with and without CI” ions, which indicated that the solvent molecules
donated electrons to the membrane. In order to remove the negatively charged SNPs in all
IPA levels in the ratio, the results of this study showed that the overall design is necessary on
the ease of diffusion of counterions near the membrane, the HOMO level of solvent

molecules, and the conduction band edge level of the removal membrane.
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