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Abstract: In this paper, a low-cost yet effective method of irreversible bonding between
two elastomeric polydimethylsiloxane (PDMS) interfaces using Piranha solution is
investigated. Piranha solutions at a weight ratio of 3:1 using different acids and
hydrogen peroxide were attempted. The average tensile strengths of the device bonded
with concentrated sulfuric acid-based piranha solution and nitric acid-based piranha
solution were found to be 200 + 20 kPa and 100 + 15 kPa respectively. A PDMS surface
treated with Piranha Solution demonstrated an increase in hydrophilicity. In addition,
relatively straightforward swelling studies of PDMS using a weight loss method with
common organic solvents were also investigated. Experimental results show that
hexane, toluene, ethyl acetate, n-propyl alcohol and acetone swell PDMS significantly
over a duration of up to 1 h and above; PDMS samples reached a steady state of
swelling only after 5 min of immersion in other solvents. This will enable researchers to
develop devices for the future according to the interaction between the material and the
solvents in contact.
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1. Introduction

Utilisation of Polydimethyl Siloxane (PDMS) as raw material for microfluidic fabrication has been
extensively reported in various fields [1-4]. However, microfabrication of the devices, especially using
soft-lithography methods remains a challenge for researchers, particularly those with the necessary
sophisticated configuration. Although various high-end equipments are frequently used to ensure high
quality of fabrication products, they are expensive and unaffordable for many researchers with limited
resources, especially those from developing countries.

PDMS-PDMS interface bonding techniques such as hydrophobic bonding, oxygen plasma [5,6],
corona discharge [7], partial curing method etc., have been used commonly and are still being
optimized in the fabrication of PDMS-based microfluidic devices. Uncured PDMS adhesive is the
method that provides maximum bonding strength of approximately 671 kPa, followed by partial curing
and then the oxygen plasma method. Bonding strength by the Corona Discharge method is
290 kPa [8]. UV exposure is also one of the low cost solutions and widely used in a laboratory without
clean room facilities. Bondings based on these methods are robust and near permanent. Also, these
methods are not only highly appropriate for PDMS-PDMS homogenous bonding, but also possess
broad applicability for numerous substrates such as glass, metal and silicon wafers [9].

There are many drawbacks associated with these methods, including the requirements of a
low-vacuum environment in the presence of oxygen gas for exposed bonding surfaces and clean room
facilities for the oxygen plasma technique. Furthermore, reliability and repeatability of these
techniques is a controversial theme as there is a fluctuation up to 50% in the bonding strength using
oxygen plasma [5] and 20% in utilizing the corona discharge method respectively [5].

PDMS layers can be adhered both reversibly and irreversibly, depending on the technique used.
Reversible bonding methods are only suitable for low pressure applications, because the Van der Waals
bonding is too weak, which is not suitable for applications higher than 35 kPa [10]. At the same time,
an irreversible bonding technique involves material surface modifications, and is generally able to
sustain relatively higher pressures, typically 100 kPa and above. It is generally compatible with most
chemicals and biological applications, hence the irreversible bonding method has become the main
research focus.

One of the low cost but rarely reported methods is utilising piranha solution as the bonding reagent.
Piranha solution is a strong oxidizer normally consisting of concentrated sulfuric acid and hydrogen
peroxide, commonly known as a cleaning agent in wafer cleaning in the soft-lithography process. The
Piranha solution is also known for changing the surface properties of polymers, such as PDMS,
comprised of repeated units of —O—Si(CH3),—, in which silanol groups are developed when the surface
is oxidised. The silanol groups are highly polar, resulting in a surface layer which is highly
hydrophilic. When two such layers are brought into contact, the Si—-O-Si bond is formed as a water
molecule is displaced.

The covalent bond is the main reason for irreversible bonding between the interfaces. The method is
robust and can easily sustain high pressure applications. In this study, the oxidising power of piranha
solution is utilized to modify the surface property of PDMS to achieve bonding. Although the bonding
process has been widely demonstrated, shown to be robust, and proven to be compatible in most of the
microfluidic applications, a quantitative study of its bonding effect has never been reported in detail.
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Another issue in using PDMS as a structural material for microfluidic devices is related to its
swelling properties when in contact with organic solvents. This obstacle is typically influenced by
various factors such as the chemical properties of solvents used, the dimension of the polymer network
(i.e., volume and total surface area) [11], as well as the operating temperature of the polymer swelling.
This problem rarely attracts attention from researchers although ignoring it may cause relatively
important consequences. The use of a large amount of organic solvent throughout the fabrication
process, for example the cleaning process, may increase the risk of distortion of the desired dimensions
of the microchannels.

In the first part of this paper, a quantitative study on the use of Piranha solution for PDMS-PDMS
bonding will be reported. The bonding strength of homogeneous PDMS-PDMS interfaces is tested
using four different combinations of piranha solutions with various types of acids, namely
concentrated sulfuric acid (99.999 wt% purity, Sigma-Aldrich), nitric acid (63 wt%, Sigma-Aldrich),
hydrochloric acid (63 wt%, Sigma-Aldrich) and phosphoric acid (85 wt%, Sigma-Aldrich) to hydrogen
peroxide (Maersk) respectively in a 3:1 weight ratio. This simple bonding method provides an easy
and powerful strategy for irreversible bonding of PDMS-PDMS microfluidic devices with its specific
needs and features.

The second part of the paper involves study of PDMS swelling using a weight change method in
which PDMS samples were drenched into different organic solvents for durations of up to a week. To
the best of our knowledge, this is the first time that the rates of swelling of PDMS under the influence
of various solvents has been reported.

In the last section, the effect of Piranha solutions on PDMS surfaces and the influence of the
thickness of PDMS on its swelling behavior will be discussed.

2. Theory
2.1. Bonding Mechanism

The chemical reaction between concentrated sulfuric acid with hydrogen peroxide, generates
hydronium ions, bisulphate ions and a reactive atomic oxygen species, as shown in Equation (1) [12].
The formation of a reactive atomic oxygen species is the key leading to the formation of an oxidized
PDMS surface because it attacks the Si-CH; bonds in PDMS to form a silanol group (Si—~OH), as
shown in Figure 1(a—c) [13]. The increase in the concentration of hydroxyl groups leads to the
formation of strong intermolecular forces [13]. In addition, the reactive atomic oxygen species also
reacts with water simultaneously to form a hydroxyl ion, OH . The displaced —CH3 entities rapidly
react with H+ in the solution to form methane. Thus, when two oxidized PDMS interfaces are brought
into conformal contact, the silanol groups merge with each other to form Si-O-Si bonds by displacing a
water molecule from the contacting silanol groups. These covalent bonds results in a strong and
irreversible seal between the layers. The bonding can withstand up to 210-350 kPa of air pressure,
compared to liquid flow which is normally applied at 60 kPa [14,15].
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Figure 1. Methyl group in a Polydimethyl Siloxane (PDMS) network replaced by a Silanol
group. (a) Methyl group being attacked by the reactive atomic oxygen species, generated in
Piranha Solution. CH3;0™ intermediate is formed (b) Unstable CH3O  is detached from
—Si—O- branch (¢) The vacancy in the structure is taken by OH to form a silanol group.
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Silanol groups generated by Piranha solution are known to be highly polar in nature, which changes
the surface of the PDMS from hydrophobic into hydrophilic [16]. The contact angle of water droplets
is expected to be reduced as more silanol groups are formed on the PDMS surface, indicating an
increase in hydrophilicity.

H,S0,+ H,0, — H;0" +H,04 + O- (1)

Equation (1) shows that the concentration of acid and the dissociation strength of the acid are the
determining factors in determining the aggressiveness of the piranha solution. A diluted acid mixed
with hydrogen peroxide compared to a strong acid may not generate similar effects of attack on the
same material.

Since Piranha solutions with concentrated sulfuric acid and hydrogen peroxide pose serious
handling and storage issues, replacement with other acids has been investigated to reduce the risk in
handling and storage while still achieving the desired bonding strength.

2.2. Swelling of PDMS

PDMS is commonly known as a polymer that swells with non-polar solvents (i.e., hydrocarbons,
toluene, dichloromethane) due to empty networks in the polymer. Solubility parameters, o (call/ 2 em ),
have been shown to be one of the most convenient ways of correlating swelling [17,18]. An organic
solvent has a solubility parameter similar to that of PDMS and can cause a higher degree of swelling.
Silanol groups formed at the expense of methyl groups (Si—CH3) on the PDMS surface will condense
with appropriate groups (—OH, —COOH, C=0) on another surface when they are brought into
conformal contact [19-21].

Swelling by organic solvents not only increases the mass of the PDMS device but also causes
changes in the dimensions of the microchannels or microstructures in the device, induces distortion,
bending, a change in flow characteristics and ultimately leads to a change in flow profile and residence
time in the device. This is sometimes important especially when chemical reactions are involved. In
addition, swelling of the polymer network also causes delamination of the PDMS-PDMS bonded
surfaces [22]. Understanding the swelling behavior of PDMS with various solvents is hence crucial as
it serves as a thumbnail in designing PDMS based microfluidic devices.
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3. Experimental Section
3.1. Surface Treatment with Different Piranha Solutions and Tensile Stress Test

PDMS monomer (Sylgard 184 Silicone Elastomer Kit, Dow Corning) was mixed with its curing
agent in the volume ratio of 10:1. The mixture was degassed before it was poured into a mold. Strings
were embedded into the PDMS liquid before it was solidified during thermal curing at 65 °C for
60 min. The samples were then cut into 2 cm x 2 cm squares, cleaned with methanol (Sigma-Aldrich,
99%) and dried with nitrogen gas. Piranha solutions were prepared by mixing hydrogen peroxide with
concentrated sulfuric acid, nitric acid, hydrochloric acid and phosphorous acids respectively. All of the
above solutions were prepared at a weight ratio of hydrogen peroxide to acid of 1:3. Then, the surfaces
of the PDMS were drenched with the Piranha solution for times ranging from 15-75 s. The oxidized
polymer was then cleaned with DI water, dried with nitrogen gas and kept in conformal contact before
a thermal curing process of 70 °C was applied for 60 min.

Strength measurement of PDMS-PDMS bonding was carried out using a tensile tester
(Llyod Instrument, LRSOK Plus). It is a ‘pull-to-break’ strategy in which temporal stress is recorded
until the device finally fails. The strength of the strings was initially measured for characterization.
During the experiment, strings were first tightened at clamps, then the upper end of the string was
pulled upwards at 100 mm/min while the lower end of the string remained fixed until the bonded
PDMS-PDMS sample detached. A graph of temporal stress applied was plotted after the test. The
experiments were repeated five times for each sample as a repeatability and reliability check.

To analyze the quality of samples with excess Piranha solution treatment, the PDMS pieces were
examined under a scanning electron microscope (SEM, Quanta400F, FEI)

3.2. Swelling in PDMS Samples

A large piece of PDMS was prepared using the method mentioned above. The samples used for
swelling were then cut into sizes of 2 cm (/) X 2 cm (w) X 2 mm (k).

In each experiment, the gross weight of the PDMS samples was recorded before immersion into a
solvent. Then, the weight gain of the PDMS samples was recorded every 5 min for the first
60 min, followed by every 10 min up to 120 min. Subsequent readings were recorded after 24 h
immersion in the solvents. In each measurement step, the PDMS sample was dried rapidly after
removing from the solvent, weighed on a mass balance and re-immersed into the solvent. The weight
measurement was completed within 30 s to minimize the amount of solvent evaporating from the
PDMS surface. The amount of swelling with each solvent was then recorded for a week. A total of 18
solvents from different chemical families was utilized in this experiment. The above procedures were
repeated at least five times for each sample.

In most cases, the density of the PDMS sample was higher than that of the solvent in which full
immersion was viable. In denser solvents such as DMSO and the buffer solutions, fine strands of
stainless steel wires were wound around the sample in order to achieve full immersion.

In order to study the influence of swelling on interface bonding, pieces of the PDMS samples with
dimensions mentioned previously, drenched in concentrated sulfuric acid-based Piranha solution for
45 s, were bonded into sample thicknesses of 1:1 and 1:2 respectively. The samples were then
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immersed in 25 mL of hexane for 10 min. The samples were then removed from the solvents
for observation.

3.3. Measurement of Contact Angle

Pieces of the PDMS samples were drenched into piranha solutions for a duration of time in order to
modify the surface properties. The samples were then cleaned thoroughly with cleaning agents and dried
with nitrogen gas after removal from the Piranha solution. A contact angle goniometer (Model 250,
Rame-Hart) was then used to measure the contact angle of distilled water droplets that were randomly
dispersed on the PDMS surface. Five droplet measurements were taken for each piece of PDMS sample.

4. Result and Discussion
4.1. Tensile Strength Measurement

While the string was being pulled, the tensile stress in the string increased until a point at which the
string broke and the tensile stress dropped drastically. The maximum tensile stress before the
detachment is referred to as the critical tensile stress. A graph of temporal tensile strength was
reported after each experiment of tensile strength measurement, as shown in Figure 2. Initial tests show
that the strings can sustain an average critical tensile stress of 46.2 kPa for 9.3 s before breaking.
When two pieces of PDMS without treatment were put together, an average 21 kPa of tensile stress
was required to pull them apart.

Figure 2. Graph depicted of the tensile tester when the sample was pulled apart with a
speed of 100 mm/min for samples drenched in concentrated sulfuric acid for 60 s. The
tensile stress in the string increased until the PDMS sample broke away after which the
tensile stress dropped significantly.
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The experiment was also repeated by replacing concentrated sulfuric acid with hydrochloric acid
and phosphoric acid in hydrogen peroxide with the same weight ratio, but the bonding failed as the
tensile strength was approximately 20 kPa, which is similar to the values obtained without treatment as
in previous cases.

As shown in Figure 3, the drenching time of the PDMS surface in the oxidizing solution has a
significant influence on the critical strength of bonding. Longer drenching times allow oxidation on the
PDMS surface to take place and hence generate higher critical tensile stress between the bonded
surfaces. Bonding of PDMS-PDMS surfaces using Piranha solution based on concentrated sulfuric
acid initially shows an increased critical strength when the drenching time is increased.

Figure 3. Critical Tensile Stress of bonding and its sustainable time against drenching time
of PDMS pieces in sulfuric acid and nitric acid-based piranha solution respectively. Solid
lines refer to the data of Critical Tensile Strength while the dotted lines refer to sustainable
time before string breakup.
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For the case of concentrated sulfuric acid-based Piranha solution, the sustainable duration
demonstrates an almost similar trend to the critical tensile strength, as shown in Figure 3, in which the
maximum critical tensile strength and maximum sustainable time before breakup is achieved with 45 s
of drenching time. However, there is no predictable pattern for nitric acid-based Piranha solution. As
the increase in drenching time gives an increase in the critical tensile stress, the sustainable time peaks
at 18 s and drops to a minimum after a further 12.3 s. The sustainable time before string breakup then
increases proportionally with the drenching time. In addition, although critical tensile strengths are
reduced after formation of a silica layer on the PDMS surfaces for bonding, the sustainable duration
before breakup continues to increase. At 120 s of drenching time, the sustainable time for nitric
acid-based bonding is approximately 20 s, comparable to 20.8 s for that of concentrated sulfuric
acid-based bonding.
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The experiment shows that the number of hydrogen ions in the piranha solution is a determining
factor, which depends on the dissociation strength of the acids. Concentrated sulfuric acid is known to
have a high dissociation constant and is almost completely dissociated in aqueous solution. It contains
more hydrogen ions than nitric acid and hence a shorter time is required to oxidise the surface for
bonding. A higher concentration of hydrogen ions is indicative of a higher degree of oxidation and
hence results in longer endurance of PDMS-PDMS bonding before detachment. Phosphoric acid and
hydrochloric acid, which have low dissociation constants, may not generate sufficient H' for
subsequent reactions to fully replace the methyl groups with silanol groups in the PDMS structure.

Prolonged contact between the PDMS surface with piranha solution results in more methyl groups
being removed and replaced by —OH groups in the PDMS network. H" in the solution subsequently freed
from silanol groups combines with CHj- free radicals to form methane while a network of O-Si-O, or
silica, is formed at the surface of the PDMS, resulting in scratches at the surface of the PDMS, as
shown in Figure 4. The silica layer prevents the bonding mechanisms taking place when it is in contact
with another piece of treated PDMS, thus contributing to the drop in the critical tensile stress. This is
particularly noticeable for bonding with sulfuric acid-based piranha solution, in which the critical
tensile strength drops significantly from 202 kPa to 45 kPa when the drenching time is extended from
40 s to 75 s. For sulfuric acid-based piranha solution, a maximum critical tensile strength of 202 kPa is
achieved with 40 s of drenching time while for nitric acid-based Piranha solution, a drenching time of
60 s only gives a critical tensile strength of 95 kPa.

Figure 4. SEM images of PDMS surfaces. (a) Surface of untreated PDMS before
immersion into piranha solution; (b) Oxidized surface of PDMS after excessive exposure
in piranha solution at 400x magnification; (¢) SEM image of cracks as seen in Figure 2(b)
at 1,600x magnification.
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4.2. PDMS Swelling

As shown in Figure 5, 5 the most soluble solvents in order of decreasing solubility are hexane,
toluene, ethyl acetate, n-propyl alcohol and acetone. However, only hexane, toluene and ethyl acetate
cause a large degree of swelling with at least 70% increase in weight of the PDMS samples throughout
the duration of the experiment while the remainder of the solvents cause only a maximum of 20%
increase in weight of the PDMS samples. The behavior of PDMS towards hexane, toluene and ethyl
acetate is highly interesting. While PDMS has the highest rate of swelling in the first 15 min in contact
with hexane, the rate of swelling decreases gradually until it reaches a steady state in approximately
40 min. Prolonged immersion of the PDMS sample in hexane causes negligible change in its weight.
For toluene and ethyl acetate, the solvents have a relatively low rate of swelling compared to hexane,
but a steady state is difficult to achieve even when submersion was carried out for 18 h. Overall, only
hexane and toluene are able to cause more than 100% swelling throughout the duration of the
experiment. Other solvents do not swell PDMS significantly, achieving a steady state of swelling
within 5 min and a maximum swelling of 7%, as shown in Figure 6. Based on the swelling trend, the
amount of swelling can be compensated for and built in during manufacture of the components if the
exposure time of a component to a particular solvent is known.

Figure 5. Rates of PDMS sample swelling, based on percentage of weight increase, when
immersed in different solvents for a duration time up to 24 h. Organic solvents which
causes less than 10% of swelling by weight in the figure are reproduced in Figure 6.
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Figure 6. Organic solvents which cause less than 10% of swelling in PDMS for duration of
one week.
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Our experimental data shows close agreement to that reported by Lee et al. [17], as shown in Table 1.

Table 1. Comparison between our experimental results (Swelling of Polydimethyl
Siloxane (PDMS) 10 min after submersion in organic solvents.) with that reported by
Lee et al. [17]. Both experimental data show similar trends and ranking in swelling
properties. The differences in percentage of swelling are due to different measurement
methods as well as to sample size and dimension. The size and dimensions of the samples
are not drawn to scale.

Our Experimental Result Experimental Result from Lee ef al. [17]
(In Decreasing Order of (In Decreasing Order of
Swelling Rate after 10 min ') Swelling Extent after 24 h)
20¢ 2m
[ ] /
—
2cm 4 mm
1. n-Hexane (65%) 1. n-Hexane (35%)

2. Ethyl acetate (34.5%) 2. Ethyl acetate (18%)
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Table 1. Cont.

Our Experimental Results Experimental Results from Lee ef al. [17]
3. Ethanol (15%) 3. n-Propyl alcohol (9%)
4. Acetone (12.5%) 4. Acetone (6%)

5. DMSO (11.5%) 5. Ethyl alcohol (4%)

6. n-Propyl alcohol (7%) No comparison

7. Acetic acid (6%) 6. Methanol (2%)

8. Buffer solution of pH 11 No comparison

9. Water * 7. Acetonitrile (1%)

10. Methanol > No comparison

11. Buffer solution of pH 7 2 No comparison

12. Acetonitrile 8. DMSO (0%)

13. PBS? 9. Water (0%)

14. Buffer solution of pH 5 * No comparison

15. Buffer solution of pH 3 * No comparison

16. Buffer solution of pH 4 * No comparison

17. Buffer solution of pH 10 * No comparison

' The swelling rate is calculated based on mass change in the first ten min, during which the
swelling has been most apparent; > Percentage of swelling less than 5%.

Discerning the swelling rate of PDMS based on the weight method provides a simpler, less costly
approach than other methods. The use of dimension changes for example to determine the swelling
ratio is far from accurate owing to the fact that evaporation occurs upon contact with air, and the
sample starts to shrivel and distort seconds after it is taken out from the solvent, thus prohibiting
precise measurement of the dimensions.

In fact, there are three methods to reduce the influence of the solvents on microfluidic devices
fabricated from PDMS. One of the methods is to assess the degree of swelling in a pre-study and allow
room for swelling to take place, so that at steady state after swelling, the dimensions of the
microchannels or microchambers are exactly the desired dimension. Another approach is to limit the
contact time between the devices with the solvents so that the degree of swelling is reduced while the
third approach is to seek a solvent replacement that can complete its work but have less influence on
the PDMS. The following study was completed to identify solvents to reduce contact times.

Figure 7. PDMS-PDMS samples of thickness ratio 1:1(a) and 1:2(b) were prepared by
drenching the surfaces in concentrated sulfuric acid-based piranha solution for 45 s; (¢,d) the
samples were immersed in hexane for 10 min; (e) little distortion with no significant
delamination in the sample, (f) drastic delamination leads to failure of the sample.
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Figure 7. Cont.

Swelling by organic solvents has a noticeable influence on the bonding strength of PDMS-PDMS
interfaces. In Figure 7, after two pieces of PDMS with thickness ratios of 1:1 and 1:2 were immersed
in hexane respectively for 10 min, absorption of hexane into the polymer network caused the thinner
layer to curve, and the layer to be delaminated. The phenomena are described in Section 4.3 in which
samples of ratio 1:1 and 1:2 were compared.

4.3. Effect of Piranha Solutions on PDMS Surfaces

As shown in Figure 8, treatment of Piranha solutions changes the surface properties of a PDMS
surface. Hydrophilicity of the surface increases with prolonged drenching time in piranha solution due
to an increase in silanol groups on the PDMS surface until over-treatment in which a silica layer is
formed at the surface of the PDMS surface. After surface failure, the contact angles of water on the
surface treated with sulfuric acid-based piranha solution show an increase in contact angle with
increasing drenching time whereas continuous hydrophilicity is shown on the surface treated with
nitric acid-based piranha solution.

Figure 8. Average contact angle of distilled water droplets on a PDMS surface treated with
Piranha solution.
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5. Conclusions

From the experimental data it can be concluded that the use of sulfuric acid in piranha solution
yields samples with the highest bonding strength of 200 + 20 kPa as proven by tensile testing whereas a
nitric acid-based piranha solution only gives a bonding strength of 150 + 20 kPa. The exposure time
requires critical attention as results indicate a decline in tensile strength after immersion in piranha
solution exceeds 45 s. On the other hand, the low dissociation constants of hydrochloric acid and
phosphoric acid associated with the low presence of atomic reactive oxygen prohibits the application
of these acids in piranha solution.

The experiment on the swelling extent of PDMS immersed in solvents shows that only hexane,
toluene and ethyl acetate cause a large degree of swelling in PDMS while the degree of swelling for
PDMS samples submerged in other solvents, is relatively small at 20%, with a steady state of swelling
achieved within 5 min of submersion.

Swelling is indirectly linked to the solubility parameter and is affected by the molecular weight, and
structural similarity of the solvent to the sample. Reducing the area of exposure reduces the absorption
rate, and this can be further expanded to study the effect of ratios of height to width upon the degree of
distortion of microfluidic channels. PDMS pieces that were bonded using piranha solution and placed
into organic solvents produced results illustrating the effect of thickness ratios on bonding strength
after swelling. Bonds remained intact after swelling provided the thickness ratios did not differ much.

This study is important for researchers and industry in several ways. First Piranha solution is a low
cost yet reliable method for the bonding of PDMS-PDMS microfluidic devices. If the devices are to be
used in low pressure flow, nitric acid-based piranha solution is a feasible option as it is cheaper and
safer to handle. In addition, care has to be taken when fabricating and bonding microfluidic channels
with vast differences in thickness as delamination and distortion may occur which could ruin the

entire system.
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