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Polydimethylsiloxane (PDMS) elastomer has emerged as one of the most frequently

applied materials in microfluidics. However, precise and large-scale surface micro-

machining of PDMS remains challenging, limiting applications of PDMS for micro-

fluidic structures with high-resolution features. Herein, surface patterning of PDMS

was achieved using a simple yet effective method combining direct photolithography

followed by reactive-ion etching (RIE). This method incorporated a unique step of

using oxygen plasma to activate PDMS surfaces to a hydrophilic state, thereby

enabling improved adhesion of photoresist on top of PDMS surfaces for subsequent

photolithography. RIE was applied to transfer patterns from photoresist to underlying

PDMS thin films. Systematic experiments were conducted in the present work to

characterize PDMS etch rate and etch selectivity of PDMS to photoresist as a func-

tion of various RIE parameters, including pressure, RF power, and gas flow rate and

composition. We further compared two common RIE systems with and without bias

power and employed inductively coupled plasma and capacitively coupled plasma

sources, respectively, in terms of their PDMS etching performances. The RIE-based

PDMS surface micromachining technique is compatible with conventional Si-based

surface and bulk micromachining techniques, thus opening promising opportunities

for generating hybrid microfluidic devices with novel functionalities. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4964717]

INTRODUCTION

Microfluidics has shown a significant promise in improving the way modern biological

analyses are performed.1–4 Integrated microfluidics provides the possibility of miniaturizing and

integrating different biosample preparative and analytical techniques on a single chip to enable

rapid, sensitive, and multiplexed high-throughput on-chip assays.5–10 Polydimethylsiloxane

(PDMS), a silicone-based organic polymer, has become the key material used in microfluidic

applications. The intrinsic chemical structure of PDMS grants it favorable properties for biolog-

ical applications. Siloxane chains of PDMS are responsible for its high thermal stability, while

its organic backbone provides its mechanical elasticity and inert physiochemical properties.11
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Additionally, PDMS is optically transparent, permeable to gases, and is an electric insulator,

making it an ideal material for functional microfluidic systems.12–14

Currently, highly integrated microfluidic devices are most generated based on soft lithogra-

phy of PDMS.12 Soft lithography is a bulk micromachining method for PDMS, with the intrin-

sic difficulty in achieving a high fidelity patterning of surface structures with high resolution.12

Using soft lithography, PDMS polymer is cured onto a resist or silicon mold to transfer the

desired surface features from the mold to PDMS surfaces. Although convenient and efficient in

creating microscale features (i.e., wells, channels, and chambers) with a thick, supportive PDMS

base, it is difficult for soft lithography to produce high-resolution structures in PDMS thin films.

Such surface microstructures, such as filtration membranes and free-standing beam structures,

will be critical in advancing the overall complexity and functionalities of current microfluidic

devices. For example, microfiltration devices have been used to isolate circulating tumor cells

(CTCs).15,16 In the area of immune cell analysis, a microfiltration membrane holds great signifi-

cance for isolation of immune cell subsets. Yet, conventional microfiltration membranes have

low effective porosity and are integrated in a difficult manner with PDMS devices which limit

their biological applications. Free-standing beam structures are often required in microfluidic

devices that served as force-based mechanical biosensors.17 Integrating these free-standing surface

microstructure units into a microfluidic device will greatly advance the application of microflui-

dics in bioengineering. However, technologies for surface micromachining (including both

photolithographic patterning and dry/wet pattern transfer methods) to generate such functional

structures on PDMS thin films are currently limited.

Previously, there have been several surface patterning methods being reported to achieve

photolithographic patterning of regular structures on PDMS.18–23 However, most of them suffer

from constraints of limited resolution and/or alteration of physical and chemical properties of

PDMS.18–24 PDMS has been known incompatible with conventional lithography, due to a mis-

match of its surface energy with photoresist that results in dewetting of photoresist on PDMS

surfaces.24 Although photolithography on PDMS surfaces can be achieved by introducing an

intermediary adhesion layer on PDMS,18–20 this intermediary adhesion layer is difficult to be

removed after photolithography, causing additional constraints for device design and operation.

Furthermore, chemical and physical properties of the adhesion layer-PDMS combination could

divert from those properties of original PDMS.18–20 Recently, it has been shown that PDMS

can become photosensitive through chemical modification.21–23 Thus, a direct photo-patterning

of PDMS is applicable just like patterning photoresist in traditional lithography. Although the

direct photo-patterning of photosensitive PDMS is attractive, there are potential drawbacks such

as high cost and limited resolution. One additional major concern is that the biocompatibility of

photosensitive PDMS has not been well characterized yet. Compared with the conventional

PDMS that has long been used for biomedical applications, photosensitive PDMS presents a

risk of introducing cytotoxicity. There is another method being developed using mechanical

scrapping to achieve a thin PDMS membrane that can be transferred with functional structures

from a silicon mold.24 However, the minimum PDMS membrane thickness is restricted with its

uniformity compromised.24

In addition to the difficulty in direct coating of photoresist on top of PDMS surfaces, trans-

ferring patterns from patterned photoresist to underlying PDMS is also challenging. Recent

reports have shown both dry and wetting etching methods for patterning PDMS.25–28 However,

most of the attempts were still suboptimal, with limitations such as low etch rate, poor etching

selectivity, and surface defects. For example, approaches using wet etching to create desired

PDMS patterns still suffer from a limited resolution and poor selectivity. Undercutting and

detachment of PDMS from underlying substrates were also observed during wet etching pro-

cesses of PDMS.28,29 Furthermore, a uniform etch rate was difficult to maintain in wet etching

as the composition of etchent solution could vary during etching.25 Dry etching can achieve

anisotropic etch profile of different materials with good etching quality. However, most of the

current dry etching systems, such as reactive-ion etching (RIE) systems, are designed for etch-

ing of semiconductor materials such as silicon and oxides. There is no standard and efficient

dry etching technique available for etching polymers such as PDMS. Recent studies have
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explored the possibility of dry etching of PDMS, yet shown very low etch rates.18 In addition,

because of intense ion collision on PDMS in dry etching, a substantial surface roughness on

PDMS surfaces was observed, making it difficult to produce smooth surface features.30

Additionally, etching selectivity was difficult to control for dry etching techniques.

Previously, we demonstrated a photolithographic surface patterning method to generate

high-resolution features in PDMS thin films using conventional photolithography and RIE (Figs.

1 and 2).31 This method incorporates a unique step of using oxygen plasma to activate PDMS

surfaces to a hydrophilic state, thus enabling improved adhesion of photoresist on top of PDMS

surfaces for subsequent photolithography (Fig. 1). RIE is then applied to transfer patterns from

photoresist to underlying PDMS thin films. In the present study, we conducted systematic experi-

ments to characterize PDMS etch rate and etch selectivity of PDMS to photoresist as a function

of various RIE parameters, including RF power, total pressure, and gas flow rate and composi-

tion. We further compared two common RIE systems with and without bias RF power and

employed inductively coupled plasma (ICP) and capacitively coupled plasma (CCP) sources,

respectively, in terms of their PDMS etching performances. Our PDMS surface micromachining

technique was compatible with the existing Si-based surface and bulk micromachining techni-

ques, thus opening promising opportunities for generating hybrid microfluidic devices with novel

functionalities.

MATERIALS AND METHOD

PDMS thin film preparation

A PDMS thin film was prepared by spin coating. Briefly, a Si wafer was first treated with

oxygen plasma (Plasma Cleaner PDC-001, Harrick Plasma, Ithaca, NY) for 2 min before silanized

with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane vapor (United Chemical Technologies,

Bristol, PA) for 1 h in vacuum to facilitate subsequent release of patterned PDMS layers. PDMS

prepolymer (Sylgard-184, Dow Corning, Midland, MI) was prepared by thoroughly mixing PDMS

curing agent with PDMS base monomer (wt:wt¼ 1:10). PDMS prepolymer was then spin-coated

on the silanized Si wafer before cured at 100 �C for >4 h to generate PDMS thin layers with a

thickness ranging from hundreds of microns down to �2 lm. By adjusting the spin coating speed

or the viscosity of PDMS (through diluting PDMS prepolymer with hexane), ultra-thin PDMS

membranes with a submicron thickness could be fabricated.32

Surface activation and photolithographic surface patterning of PDMS

After preparation of thin PDMS layers on a Si wafer, PDMS surfaces were activated

through a gentle oxygen plasma treatment under 20 W and 300 mTorr for 5 min to temporarily

FIG. 1. Schematic showing photolithographic surface micromachining of PDMS.
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modify the original hydrophobic PDMS surface to a hydrophilic state. Photoresist (AZ 9260,

AZ Electronic Materials, Branchburg, NJ) was then directly spin-coated on PDMS, soft-baked

at 90 �C for 10 min, and patterned using conventional contact photolithography.

Pattern transfer by RIE

Photolithographically patterned Si wafers were processed using RIE to transfer patterns

from photoresist to underlying PDMS layers. For RIE, either an ICP-based system (LAM 9400,

Lam Research, Fremont, CA) or a CCP-based system (PlasmaTherm 790, Unaxis, Schwyz,

Switzerland) was used. During RIE, reactive gas species would etch exposed PDMS regions

anisotropically. Oxygen (O2), sulfur hexafluoride (SF6), tetrafluoromethane (CF4), and octafluor-

ocyclobutane (C4F8) were the gases used in the two RIE systems. Si wafers coated with PDMS

layers were etched by RIE for 10–30 min. In the present work, RF power and bias power and

gas composition and pressure were investigated to examine their independent effects on RIE

etching of PDMS.

Characterization of PDMS film thickness, etch rate, and selectivity

Thicknesses of PDMS layers and photoresist were measured before and after RIE etching

using a surface profilometer (Dektak 6M surface profiler, Veeco Instrument, Plainview, NY).

Etch rate of PDMS by RIE was calculated as the PDMS layer thickness change divided by RIE

etching time. Etch selectivity of PDMS was calculated as the ratio of etch rates of PDMS to

photoresist during RIE etching.

Scanning electron microscopy (SEM) and atomic force microscopy (AFM)

SEM images were taken to inspect geometrical features of patterned PDMS layers. Briefly,

samples were mounted on stubs, sputtered with gold palladium, observed and photographed

under a Hitachi SU8000 Ultra-High Resolution SEM machine (Hitachi High Technologies

America, Inc., Pleasanton, CA). Surface topology of PDMS layers was further characterized by

AFM (Digital Instruments, Tonawanda, NY).

RESULTS AND DISCUSSION

Surface activation of PDMS for photolithographic patterning

A major challenge preventing direct photolithography of PDMS is the poor adhesion of

photoresist on PDMS.20,25 Nonpolar methyl backbone groups in PDMS make the PDMS surface

extremely hydrophobic, prohibiting uniform coating of photoresist on PDMS surfaces, a critical

step for conventional photolithography. Our method applying an oxygen plasma treatment on

PDMS surfaces effectively addressed this technical issue by creating a temporary hydrophilic

PDMS surface (Fig. 1). During oxygen plasma treatments, methyl groups on PDMS surfaces

were destroyed while super-hydrophilic silanol groups were retained.20,33 Although the effect of

FIG. 2. Representative SEM images showing microfiltration membranes fabricated using the PDMS surface micromachin-

ing technique. (a) and (b) Top (a) and cross-sectional (b) views of PDMS microfiltration membranes sandwiched between

two microfluidic channels. (c) High-magnification cross-sectional view of the PDMS microfiltration membrane. The mem-

brane, with a thickness of 10 lm, contained an array of hexagonally spaced through holes with a hole diameter of 6 lm.
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oxygen plasma on hydrophobicity/hydrophilicity of PDMS surfaces was transient and revers-

ible, spin-coating photoresist on PDMS immediately after their treatments with oxygen plasma

would allow us to obtain a uniform photoresist coating on PDMS surfaces for subsequent pho-

tolithography (Fig. 1).

RIE with ICP and CCP systems

Etching of PDMS using RIE is resulted from both chemical and physical processes.34

Etchant gases such as CF4 and SF6 are mainly used in RIE, given the reactive fluorine (F) mol-

ecules used for etching silicon and silicon dioxide. These molecules enter the RIE plasma

chamber and are dissociated by a plasma to form fluorine radicals, which then diffuse into the

PDMS surface, break the Si–O bond in PDMS, and produce volatile compounds (mainly SiF4),

thus etching PDMS.28

Etching of PDMS using RIE is influenced by DC bias voltage formed in the sheath of the

plasma chamber.35 Positive ions arriving over the sheath are accelerated by DC bias and bom-

bard exposed PDMS surfaces, leading to increased vertical etch rate and promoting an aniso-

tropic etching of PDMS. Ion bombardment also helps break the chemical bond of PDMS to

form more active sites for fluorine to fill and react. Thus, increasing DC bias voltage leads to

higher ion flux and results in a higher etch rate and high-aspect ratio etching. These contribu-

tions for PDMS etching by RIE, either from reactive radicals or the assist of ion bombardment,

have been shown to have dependence on radio frequency (RF) power, process pressure, and

etchant gases, which can influence the density of reactive radicals and the energy of bombarded

ions.36 Specifically, increasing RF power will increase the density of a plasma so as to increase

the PDMS etch rate.36 Adding a small fraction of O2 (or N2) into the feed gas will decrease the

overall gas electronegativity and also may help to form volatile chemical compounds with poly-

mers produced on PDMS surfaces, thus facilitating fluorine-assisted PDMS etching process.37

Different plasma reactors will also lead to diverse PDMS etching performances. The com-

monly used CCP reactor creates an electromagnetic field between two parallel electrodes to

generate plasma for etching (Fig. 3(a)). The sheath DC bias voltage around the lower electrode

helps in improving the anisotropy of ion flux into the substrate to be etched. To obtain a high

DC bias for high aspect ratio etching, a low gas pressure is preferred for the CCP system.

However, it is difficult to generate dense and uniform plasma at low pressure in the CCP

reactor.37 Together, these limitations of the CCP system prevent achieving high etching rate

and high aspect etching ratio concurrently.

In ICP reactor, however, the electromagnetic field is generated by a RF current flowing

through a coil, and such design enables a separate control of bias power using an alternative RF

bias power source (Fig. 3(a)). The RF bias power in the ICP system can be used to independently

control the energy of ion bombardment. Thus, in the ICP system, a dense plasma can be created

at low pressure by controlling RF power, while the high energy ion bombardment can be obtained

independently through RF bias power, making the ICP system suitable for creating high etching

rate and highly anisotropic etching simultaneously. Thus, the ICP system might provide a relative

better etching performance for PDMS micromachining in terms of efficiency and selectivity.

Effect of RF power on PDMS etching

We observed that the PDMS etch rate increased with increasing RF power in both ICP and

CCP systems (Tables I and II and Fig. 3(b)), consistent with the fact that increasing RF power

in both reactors had resulted in an increase of reactive radicals to accelerate PDMS etching.

This is because that by increasing RF power, the density of a plasma in the chamber will

increase. These dense fluorine radicals, which then diffuse into the PDMS surface, break the

Si–O bond in PDMS. The more fluorine radicals reach the PDMS surface, the faster will the

etch rate be. However, PDMS etch rate was distinct for each system (Fig. 3(b)), with the

PDMS etch rate in ICP reactor much higher than that of the CCP reactor, which probably

resulted from RF bias power available in the ICP reactor. The RF bias power in the ICP system

drives the dense plasma to obtain high energy ion bombardment for creating high etching rate
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and highly anisotropic etching simultaneously. Consistently, increasing RF bias power in the

ICP reactor also led to higher PDMS etch rates (Fig. 3(d)) with vertical PDMS etch profile

(Fig. 2).

Even though for both ICP and CCP systems, the etch selectivity between PDMS and photo-

resist was maintained >1 under the power range applied (RF power: 0–500 W; RF bias power:

300–700 W), etch selectivity in the ICP system appeared constant (�1.5) and showed little

dependence on RF power or RF bias power (Figs. 3(c) and 3(e)). In contrast, increasing RF

power in the CCP system first led to a rapid increase of etch selectivity to a maximum of 2.5

(with the RF power of 100 W), before the etch selectivity decreased with further increasing in

RF power (Fig. 3(c)).

FIG. 3. PDMS etch rate and selectivity as a function of RF power in ICP and CCP systems. (a) Illustrations of ICP (left) and

CCP (right) systems. (b) and (c) PDMS etch rate (b) and selectivity (c) as a function of RF power in ICP and CCP systems,

as indicated. ICP system: RF bias power, 200 W; total pressure, 10 mTorr; etchant gases, 83.3% SF6 and 16.7% O2 with the

total flow rate of 96 sccm. CCP system: RF bias power, 200 W; total pressure, 30 mTorr; etchant gases, 100% SF6 with the

total flow rate of 60 sccm. (d) and (e) PDMS etch rate (d) and selectivity (e) as a function of RF bias power in the ICP sys-

tem. RF power, 500 W; total pressure, 10 mTorr; etchant gases, 83.3% SF6 and 16.7% O2 with the total flow rate of 96 sccm.
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Effect of gas composition on PDMS etching

Etchant gases used in RIE etching of PDMS were also investigated in this work. Table III

summarizes PDMS etching in the ICP and CCP systems using SF6 and O2. Here, etch power, total

pressure, and total gas flow rate were maintained the same (specific values are listed in Fig. 4).

Increasing proportions of SF6 in the mixture of SF6 and O2 led to accelerated PDMS etching,

which reached its maximum value of 70.7 lm h�1 (Fig. 4(c)) and 11.3 lm h�1 (Fig. 4(a)) in

the ICP and CCP systems, respectively, with SF6 ratio of 94% (ICP; Fig. 4(c)) and 100% (CCP;

Fig. 4(a)). With the respective gas compositions for maximal PDMS etch rates, etch selectivity for

each system also increased to its maximum value (ICP: 1.8 and CCP: 3.0; Figs. 4(b) and 4(d)).

Alternative fluorine based etchant gases C4F8 and CF4 were also investigated for the ICP

and CCP systems, respectively (Fig. 5). Compared with PDMS etching using SF6, PDMS etch

rates using C4F8 or CF4 were relatively small (Figs. 5(a) and 5(c)). Specifically, biphasic depen-

dence of PDMS etch rate on C4F8 (in ICP system) or CF4 (in CCP system) compositions was

observed. Too much C4F8 (in ICP system) or CF4 (in CCP system), or an absence of O2, led to

negligible PDMS etch rates (Figs. 5(a) and 5(c)). However, if too little C4F8 or CF4 in the CCP

or ICP systems, respectively, PDMS etch rate started to decrease as well.

The presence of a small fraction of O2 appeared to enhance PDMS etching in both CCP

and ICP systems, with the mechanism not yet fully understood. It has been suggested that add-

ing O2 as RIE etchant gas helps reducing accumulation of polymers on substrates.38 When only

reactive gases are injected into RIE chambers, etching is hindered because the production rate

of polymers on PDMS surface is greater than its etch rate that resulted from its reaction with

fluorine. However, when O2 is added, O and/or O2 can react with polymers, preventing excess

polymer accumulation on PDMS surface.

For RIE etching of PDMS using C4F8 or CF4 as etchant gases, etch selectivity for PDMS

was not as desirable as using SF6 as the etchant gas (Figs. 5(b) and 5(d)). Therefore, SF6/O2

should be considered more desirable RIE etchant gases for PDMS surface micromachining.

Effect of total pressure on PDMS etching

The total pressure in the RIE process chamber also influences PDMS etch rate and selectiv-

ity (Table IV and Fig. 6). With constant RF powers and gas compositions and flow rates

TABLE I. PDMS etch rate and selectivity as a function of RF power and RF bias power in the ICP system.

Sample RF power (W) RF bias power (W) PDMS etch rate (lm/h) Selectivity (PDMS/PR etch rate)

1 100 200 … …

2 300 200 39.6 1.4

3 400 200 42.6 1.3

4 500 200 58.6 1.5

5 700 200 69.0 1.5

6 500 50 30.7 1.4

7 500 100 45.0 1.5

8 500 200 58.6 1.5

9 500 350 72.8 1.6

TABLE II. PMDS etch rate and selectivity as a function of RF power in CCP system.

Sample RF power (W) PDMS etch rate (lm/h) Selectivity (PDMS/PR etch rate)

1 50 3.5 1.1

2 100 7.7 2.5

3 150 10.3 1.8

4 200 13.6 1.4
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(specific values are listed in Fig. 6), in the ICP system, PDMS etch rate decreased rapidly as

the total pressure increased (Fig. 6(a)). The effect of total pressure on PDMS etch selectivity in

the ICP system was less pronounced (Fig. 6(b)). A probable explanation for the effect of total

pressure on PDMS etch rate was that at higher pressure, the time of reactive radicals staying on

PDMS surface would increase, preventing timely renewal of reactive radicals, thus resulting in

lower PDMS etch rate. Thus, the total pressure should be kept low in the ICP system to achieve

high PDMS etch rate.

In the CCP system, PDMS etch rate reached a maximum as the total pressure increased to

100 mTorr, before decreased upon further increase of the total pressure (Fig. 6(a)). A similar

TABLE III. PDMS etch rate and selectivity as a function of gas composition in ICP and CCP systems.

Sample System %SF6 Etch Rate (lm/h) Selectivity (PDMS/PR etch rate)

1 ICP 0 … …

2 ICP 50 18.3 0.4

3 ICP 75 44.5 1.1

4 ICP 83 58.6 1.2

5 ICP 94 70.7 1.8

6 ICP 100 48.8 1.3

7 CCP 0 … …

8 CCP 50 6.4 0.4

9 CCP 75 7.9 1.5

10 CCP 83 10.3 1.8

11 CCP 100 11.3 3.0

FIG. 4. PDMS etch rate (a) and (c) and selectivity (b) and (d) as a function of SF6 / O2 gas composition in CCP and ICP

systems as indicated. CCP system: RF power, 150 W; total pressure, 30 mTorr; total gas flow rate, 60 sccm. ICP system:

RF power, 500 W; RF bias power, 200 W; total pressure, 10 mTorr; total gas flow rate, 96 sccm.
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biphasic response of PDMS etch selectivity was also observed as the total pressure increased

from 25 mTorr to 250 mTorr. Such biphasic responses of PDMS etch rate and selectivity to the

total pressure in the CCP system might be related to the density of plasma.37 However, a

detailed understanding of the underlying mechanism remains elusive and is out of scope of the

present study.

Other observations of RIE etching of PDMS

During RIE etching of PDMS, heat would accumulate and if not dispensed on time, photo-

resist would char. It should also be noted that in photolithography, sudden temperature changes

after soft bake of photoresist should be avoided, as cracks could easily develop in photoresist

FIG. 5. PDMS etch rate (a) and (c) and selectivity (b) and (d) as a function of CF4 (C4F8)/O2 gas composition in CCP and

ICP systems as indicated. CCP system: RF power, 150 W; total pressure, 30 mTorr; total gas flow rate, 60 sccm. ICP

system: RF power, 500 W; RF bias power, 200 W; total pressure, 10 mTorr; total gas flow rate, 96 sccm.

TABLE IV. PDMS etch rate and selectivity as a function of total pressure in ICP and CCP systems.

Sample System Total pressure (mTorr) Etch rate (lm/h) Selectivity (PDMS/PR etch rate)

1 ICP 10 58.6 1.2

2 ICP 50 35.1 1.5

3 ICP 100 26.4 1.6

4 ICP 150 13.7 1.4

5 CCP 30 10.3 1.8

6 CCP 50 11.1 2.2

7 CCP 100 13.3 2.6

8 CCP 150 12.1 2.8

9 CCP 200 8.8 2.2

10 CCP 250 1.1 0.2
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due to a mismatch of the coefficient of thermal expansion (CTE) between PDMS and

photoresist.

It is worth noting that RF power and RIE etching time could both affect the anisotropic

etching profile of PDMS, as excessive RF power or RIE etching time had often led to a slanted

sidewall of etched PDMS structures. When using CF4 and O2 gases to etch PDMS, a large sur-

face roughness (�lm) on etched PDMS surface was observed; such PDMS surface roughness

was not observed when using SF6 and O2 gases. Such PDMS surface roughness generation

when using CF4 and O2 gases has been explained elsewhere that the difference in etch rates of

organic parts and inorganic backbone of PDMS chains results in the formation of columnar-like

structures on etched PDMS surface.39

Although both the ICP and CCP systems achieved satisfactory patterning resolutions, the

ICP system equipped with a cryogenetic chuck generated a clean and vertical sidewall in etched

PDMS structures (Figs. 7(a) and 7(b)). In comparison, features generated by the CCP system in

PDMS thin films were relatively rough (Figs. 7(c) and 7(d)).

FIG. 6. PDMS etch rate (a) and selectivity (b) as a function of the total chamber pressure in ICP and CCP systems as indi-

cated. ICP system: RF power, 500 W; RF bias power, 200 W; etchant gases, 83.3% SF6 and 16.7% O2 with a total flow rate

of 96 sccm. CCP system: RF power, 150 W; etchant gases, 83.3% SF6 and 16.7% O2 with a total flow rate of 60 sccm.

FIG. 7. Representative SEM images showing PDMS microfiltration membranes fabricated using ICP (a) and (b) and CCP

(c) and (d) systems as indicated. The PDMS microfiltration membrane, with a thickness of 10 lm, contained an array of

hexagonally spaced through holes with a hole diameter of 6 lm. ICP system: RF power, 500 W; RF bias power, 200 W;

total pressure, 10 mTorr; etchant gases, 83.3% SF6 and 16.7% O2 with a total flow rate of 96 sccm. CCP system: RF power,

100 W; total pressure, 30 mTorr; etchant gases, 83.3% SF6 and 16.7% O2 with a total flow rate of 60 sccm.
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CONCLUSION

In summary, we introduced a PDMS surface micromachining method using direct photoli-

thography followed by RIE for applications in functional microfluidics. Independent effects of

different RIE parameters including RF power, gas composition and flow rate, and chamber

pressure on PDMS etching were explored in order to achieve a high PDMS etch rate, good etch

selectivity between PDMS and photoresist, as well as satisfactory PDMS etch quality (aniso-

tropic etching with smooth etched surfaces).

Optimal PDMS etching recipes were determined for both ICP and CCP systems regard-

ing PDMS etch rate and selectivity and quality of etched PDMS structures (Table V). PDMS

etch rates in both ICP and CCP systems were predominantly influenced by gas composition,

RF power, and gas pressure. Overall, PDMS etch rate in the ICP system was a magnitude

greater than that of the CCP system. This significant PDMS etch rate difference was largely

due to the maximum RF power that each system could provide while maintaining a good

quality of PDMS etching. Due to the absence of cryogenic chuck in the CCP system, the

maximum RF power in the CCP system was limited. Furthermore, RF bias power in the ICP

system played a beneficial role in providing accelerated and directional ion bombardment

contributing to faster and highly anisotropic PDMS etching. Different etchant gases SF6/O2,

C4F8/O2, and CF4/O2 were investigated in the PDMS etching process. Compared with C4F8/

O2 and CF4/O2, SF6-based etchant gases that appeared most effective for PDMS etching in

both ICP and CCP systems in terms of PDMS etch rate and selectivity as well as satisfactory

PDMS etch quality.

Our PDMS surface micromachining technique possesses great potential for generating

hybrid microfluidic devices with novel functionalities.40–45 For example, using the RIE-based

PDMS surface micromachining technique, we have successfully achieved wafer-scale fabrica-

tion of different planar PDMS microstructures (thicknesses of 0.2–10 lm), including PDMS-

based free-standing cantilever structures and large microfiltration membranes containing arrays

of through-holes (hole diameter of 6 – 20 lm) with a high porosity (up to 30%).46,47 The high-

porosity microfiltration membranes have been integrated in microfluidic devices for high-

throughput processing of raw blood specimens without clogging.46,47 Such PDMS microfiltra-

tion membranes could potentially be applied for size-based separation of circulating tumour

cells (CTCs) from whole blood samples.48 Since geometries of etched PDMS structures

are defined by photolithography, the size and pattern of such structures could be precisely con-

trolled with high resolution. Additionally, the RIE-based PDMS surface micromachining

technique is compatible with other traditional Si-based surface and bulk micromachining tech-

niques. Thus, highly integrated microfabrication involving both PDMS and Si-based materials

becomes possible, which will provide exciting opportunities for generating hybrid microfluidic

devices with well-defined functional PDMS microstructures for advanced bioengineering

applications.
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38Y. N. Grigoryev and A. Gorobchuk, Russ. Microelectron. 36(5), 321–332 (2007).
39A. Tserepi, M. Vlachopoulou, and E. Gogolides, Nanotechnology 17(15), 3977 (2006).
40N.-T. Huang, W. Chen, B.-R. Oh, T. T. Cornell, T. P. Shanley, J. Fu, and K. Kurabayashi, Lab Chip 12(20), 4093–4101

(2012).
41W. Li, Z. Xu, J. Huang, X. Lin, R. Luo, C.-H. Chen, and P. Shi, Sci. Rep. 4, 4784 (2014).
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