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Abstract: A simple fabrication method in the surface modification of electroosmotic silicon 14 
microchannel using thermal dry oxidation is presented. The surface modification is done by coating 15 
the silicon surface with a silicon dioxide (SiO2) layer using thermal oxidation process. The process 16 
is aimed not only to improve the surface quality of the channel to be suitable for electroosmotic fluid 17 
transport but also to reduce the channel width using a simple technique. Initially, the parallel 18 
microchannel array with dimensions of 0.5 mm length and width ranging from 1.8 µm to 2 µm are 19 
created using plasma etching on the 2x2 cm <100> silicon substrate. The oxidation of silicon channel 20 
in a thermal chamber is then conducted to create the SiO2 layer. The layer properties and the quality 21 
of the surface are analyzed using SEM and surface profiler, respectively. The results show that the 22 
maximum oxidation growth rate occurs in the first 4 hours of oxidation time and the rate decreases 23 
by time as the oxide layer becomes thicker. It is also found that the surface roughness is reduced 24 
with the increase of process temperature and oxide thickness. The scallop effect on the vertical wall 25 
due to plasma etching process also improved with the presence of the oxide layer. After the 26 
oxidation, the channel width is reduced by ~40%. The demonstrated method is suggested for the 27 
fabrication of a uniform channel cross section with high aspect ratio in sub-micro and nanometer 28 
scale that will be useful for the electroosmotic flow (EOF) manipulation of the biomedical fluid 29 
sample. 30 

Keywords: surface modification; electroosmotic flow; microfluidic; silicon nanochannel; thermal 31 
oxidation 32 

 33 

1. Introduction 34 
The past decade has seen the rapid advancement of microfluidic chip development. The main 35 

reason is because of the fluid flow characteristics in micrometer structure that allows for an extremely 36 
slow fluid movement, less sample volume consumption and precision in fluid control. In microfluidic 37 
systems, electroosmotic flow (EOF) becomes one of the most important parts in which the fluid can 38 
be manipulated by the electric potential between inlet and outlet. EOF in a microchannel has been 39 
used for numerous microfluidic applications, including for fluids transport and manipulation [1], 40 
charge separation [2] and fluids pump [3]. As an example EOF mechanism has been applied to 41 
transport fluids as in electroosmotic pump (EOP) [4]. The system was capable to generate a maximum 42 
flow rate of 15 µL/min, a significant amount of flow rate per device volume for a microfluidic system. 43 
The microchannel width in the fabricated pump is much greater than the height to ease the fabrication 44 
process. Such design suffers from clogging due to structure collapsing after bonding process for 45 
microsystem integration. Therefore, a microchannel structure for EOF requires a sufficient high 46 
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channel aspect ratio (H/W>>1) to create a uniform electric field distribution along the channel hence 47 
induces a stable electroosmotic flow. 48 

Microfluidic channels are typically fabricated in glass, silicon, polymeric substrate. Without 49 
doubt, the fabrication procedures of polymeric material like PDMS and PMMA offer a significant low 50 
cost and ease fabrication procedures [5,6]. In spite of that, the polymeric based materials has lower 51 
wall zeta potential and heat dissipation rate as compared to glass because glass has a superior 52 
chemical properties for surface electrostatics reaction. Glass also has an excellent dielectric property 53 
that is important for electroosmotic flow [7]. However, the glass fabricating technique is the major 54 
drawback due to its low etching rate that must be considered in designing a glass based EOF 55 
microfluidic device.  56 

On the other hand, silicon material has been established since many years as the material to be 57 
employed for a wide range of microelectronics devices and applications. Silicon microchannel has 58 
similar electrical properties as glass substrate and it can be fabricated using the well-established 59 
integrated circuit (IC) fabrication technology [8]. A reactive ion etching using SF6 plasma is widely 60 
used to create uniform microchannels with vertical wall for microfluidic device. But the wall quality 61 
is poor due to the scallop effect resulting from the repetitive alternating phase of the passivation gas 62 
(C4F8) deposition and the etching gas (SF6) on the targeted wall. Some work has been reported in 63 
order to reduce the scallop effects by optimizing the DRIE parameter. However, this needed 64 
complicated studies, such as additional gas composition [9], an optimum etch and passivation cycle 65 
time [10] as well as the controlled flow rates of etching/passivation ratio [11]. Hence, a surface 66 
modification is preferable to improve the quality of etched surface. 67 

Since EOF is highly driven by the surface charge properties of the microchannel wall, shrinking 68 
the channel cross-section might increase the fluids flow rate and enhance charge molecule separation 69 
in the solution [12]. For this reason, thermal oxidation of silicon surface has been used to produce a 70 
planar channel dimension down to nanoscale. In addition, the creation of SiO2 layer enhanced the 71 
electrical property of the channel by eliminating the large leakage current encountered in bare silicon. 72 
This method is also preferable because it eliminates the complex nanolithography process. 73 

2. Microchannel Electroosmotic System Design 74 
The principle of electroosmotic flow (EOF) is based on the spontaneous reaction of a solid surface 75 

in contact with an ionic solution, accumulating the negative charge ions and forming an electrical 76 
double layer (EDL) on the capillary wall. EOF is induced when cations in ionic solution move due to 77 
body force effect of the EDL on the surface wall with the presence of the electric field. The cations 78 
migration will drag the bulk fluid in the capillary towards the negative potential in flat flow profile. 79 

The microfluidic EOF system consists of several surface modified microfluidic channels in 80 
parallel array with SiO2 coating having the length of 500 µm that is fabricated on a 390 µm thick 81 
silicon wafer <100>. The channel shape is rectangular with the width of smaller than 1 µm and depth 82 
of about 2 µm. A microchannel input (Inlet A - Outlet 1) having channel geometry of 200 µm width 83 
and 20 mm length are integrated with the SiO2 coated silicon microchannel array. On the other end 84 
of the surface modified channel, the outlet channel (outlet 20 with similar dimension with the inlet 85 
channel is integrated. The inlet port contains buffer and ionic solution that will be transported 86 
through the microchannel array towards the outlet reservoir by electroosmotic flow. For that 87 
purpose, a voltage potential V is applied across the microchannel array to create an electric field as 88 
shown in Fig. 1. 89 
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 90 
Fig. 1 The microchannel electroosmotic system 91 

 92 
In this work, the SiO2 coated silicon microchannel reduces not only the channel cross-section 93 

dimension but also improves the surface quality. To create micron size rectangular microchannels, 94 
we utilized standard photolithography and the reactive ion etching technique. The thermal oxidation 95 
is performed under atmospheric pressure with a constant O2 stream flow of 2000 ml/min at various 96 
process temperature. Through the conducted procedures, a uniform oxide growth on both vertical 97 
and horizontal surface and a uniform size and shape of SiO2 rectangular channels in parallel array 98 
are produced. 99 

 100 
Fig. 2 Mechanism of dry oxidation on silicon microchannel 101 

 102 
As shown in Fig. 2, the oxidation process should produce an approximately uniform oxide 103 

growth rate at both horizontal and vertical silicon walls. Hence, accurately control on depth to width 104 
ratio (H/W) of the microchannels can be achieved after the oxidation process. The final dimension 105 
width of the electroosmotic channel is in the range below 1 µm with a higher aspect ratio. 106 

 107 

W 

H 
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3. Fabrication Process of EOF Channel System 108 

3.1. Fabrication of Silicon Microchannel Using Plasma Etching Procedure 109 
Initially, a set of electroosmotic microchannel arrays was fabricated using the standard 110 

photolithography and deep reactive ion etching (DRIE) on the silicon wafer. The parallel 111 
microchannels were designed to have a length of 0.5 mm and variation of width from 1.8 µm to 2 µm. 112 
The microchannel was in a straight line form and the distance between each channel was set to 5 µm.  113 

The microchannel design was transferred onto a cleaned silicon surface by exposing the 114 
substrate coated with a positive photoresist under UV-light exposure. To pattern a vertical 115 
microchannel on the silicon substrate, we employed the high-density reactive ion SF6 etching, with 116 
passivation gas C4H8 and O2 at cryogenic temperature with an approximate etch rate of 1 µm per 117 
minute. After DRIE process, the mask resist was removed and the geometries of the microchannels 118 
array were observed using scanning electron microscope (SEM). 119 

 
(a) 

 
(c) 

 
(b) 

 

 
(d) 

Fig. 3 The diagram of silicon microchannel fabrication process (a) Photoresist as etching mask 120 
coating, (b) Transfer pattern using photolithography, (c) Pattern development using resist developer, 121 
(d) Si DRIE along the unprotected microchannel lines & photoresist removal 122 

3.2. Surface Modification of Fabricated Silicon Microchannel Using Thermal Oxidation 123 
The surface modification of the prefabricated silicon microchannel was done using oxidation 124 

process in high thermal ambient. Basically, the oxide was grown on the heated silicon surface at very 125 
high temperature between 800 ~ 1200 ˚C with the presence of oxygen gas flow or water vapor, 126 
referring to dry and wet oxidation respectively. In this work, we created the SiO2 microchannel based 127 
on oxidation of silicon in dry flowing oxygen at atmospheric pressure in three different process 128 
temperatures, 990 ˚C, 1020 ˚C and 1040 ˚C. The formation of silicon dioxide layer on silicon channels 129 
was described by the chemical reaction below, 130 

Si + O2 = SiO2      (1) 131 

In dry thermal oxidation, O2 molecules diffuse through the surface oxide layer and reacts with 132 
the silicon atom at the Si-SiO2 interface. The resulting SiO2 surface layer is not coplanar with the 133 
original silicon surface. Which means, a 0.44d of silicon is consumed for a thickness of d oxide layer 134 
growth in thermal dry oxidation process. 135 

Before starting the oxidation procedure, the etched sample was cleaned in acetone and methanol 136 
ultrasonic bath for five minutes each followed by rinsing the substrate in DI water for 1 minute. The 137 
sample was then soaked in 10% HF solution for 60 s to eliminate undesired native oxide layer before 138 
it was rinsed again in DI water and dried with nitrogen. 139 
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 140 

 141 

Fig. 4 Schematic diagram of oxidation furnace 142 
Then, the samples were placed in the ceramic boat and put them at the mouth of the oxidation 143 

glass tube furnace that previously has been filled up with nitrogen (N2) gas at 2000 ml/minute stream 144 
rate. The resistance heater on the tube furnace was then heated up according to the targeted process 145 
temperature. After the furnace temperature reached the required temperature, the sample boat was 146 
pushed to the heated zone which is at the center of the furnace tube. The oxidation process began 147 
after we stopped the supplied N2 gas and started to flow in the dried oxygen gas into the tube furnace 148 
under a constant flow rate of 2000 ml/minute. The oxidation process was maintained under a constant 149 
oxygen flow rate at atmospheric pressure for 4 to 12 hours. Fig. 4 shows the oxidation furnace 150 
apparatus for thermal dry oxidation. A uniform color scheme with no surface abnormality appeared 151 
on the oxidized sample’s surface at all experiment condition. The morphology of SiO2 growth surface 152 
on the sample was scanned using F50 Thin Film Metrics at 20 different points while the cross-section 153 
of the SiO2 microchannel was verified using the scanning electron microscope. 154 

4. Results and Discussion 155 

4.1 SiO2 layer thickness and oxidation growth rate 156 

The average thickness of oxide layer on the silicon microchannel was highly controlled by the 157 
process temperature and oxidation time. A plot of average oxide thickness against time at various 158 
process temperature are shown in Fig 5. In the time range of 4 to 12 hours for all oxidation 159 
temperatures, the oxidation layer thickness was found to increase linearly with the oxidation time. In 160 
addition, the higher the process temperature, the thicker the oxide layer will be grown. This 161 
relationship of temperature and time for the oxide thickness was well agreed with the finding 162 
reported in [13]. From the plot, we perceived the maximum thickness of 520 nm oxide grown at 1040 163 
˚C for 12 hours of oxidation time. 164 

The oxide thickness was measured at every after 4, 6, 8, 10 and 12 hours of oxidation process. 165 
The highest growth rate was observed for the first 4 hours oxidation time for all process temperatures. 166 
The growth rate at all conducted process temperatures is presented in Fig. 6. It is shown that for the 167 
first 4 hours of oxidation, the maximum growth rate was up to 72 nm/hr at 1040 ˚C. As the oxidation 168 
time increased, we observed a consistent decrease of growth rate. The same trend was observed for 169 
other process temperature of 1020 ̊ C and 990 ˚C. The decreasing growth rate by time can be explained 170 
by the slower reaction between the O2 molecules with the Si atom on the substrate since the oxide 171 
thickness was getting thicker. We also found that the maximum oxide growth rate was 33% higher 172 
with the increasing of 50 ˚C in process temperature for 12 hours oxidation time. This finding proved 173 
the strong relation of temperature to the oxide growth rate as the oxidant diffusivity increased with 174 
the increasing temperature [14]. 175 

 176 
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Fig. 5 Oxide thickness against oxidation time 
of   thermal dry oxidation for silicon <100> 

Fig. 6 Oxide growth rate of thermal dry 
oxidation for silicon <100>. 

 177 
4.2 Surface Uniformity 178 

 179 
The thickness of the oxide layer on the sample surface at all oxidation time was found to be 180 

uniform across 2x2 cm2 samples. The thickness measurements were characterized using F50 181 
Filmetrics at 20 random and scatter points across the samples. The measurement principle was based 182 
on the ellipsometry technique where it computes the oxide thin film thickness with Armstrong 183 
resolution.  184 

As presented in Fig. 7, the surface roughness was evaluated based on the oxide thickness 185 
variations at every growth temperature. In general, the oxide thickness measurement showed that 186 
the oxide layer was grown with the lowest roughness as the oxidation temperature increased that is 187 
about 2.03 nm at 1040 ˚C. The oxide surface roughness also improved when we prolong the oxidation 188 
time to 12 hours. Longer oxidation time allows for a thicker oxide layer growth with better surface 189 
roughness quality of the microchannel. 190 

 191 

 192 
Fig. 7 Surface roughness of oxide layer for various process temperature 193 

 194 
Figure 8 shows the SEM observations on the EOF channel before and after oxidation process. 195 

The scallop effect becomes a major challenge of high aspect ratio microchannel fabrication using DRIE 196 
[15]. The scallop roughness as shown in Fig. 8(a) was not desirable especially for an electroosmotic 197 
microfluidic system because it can create unnecessary flow characteristic and induce unwanted 198 
pressure inside the microchannel. On top of that, the surface roughness can change the EDL 199 
properties near the surface wall, hence reduce the electroosmotic flow inside the microchannel [16, 200 
17]. Figure 8(b) shows the effect of oxidation on the side wall smoothness. . It can be seen that the 201 
scallop roughness on the vertical wall of microchannel resulted from the plasma etching process was 202 
improved by oxide layer growth on the silicon vertical wall after 12 hours oxidation.  203 
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Fig. 8 Scallop effect on ther silicon vertical wall (a) before and (b) after oxidation 

4.3 Microchannel Structure Improvement after Thermal Oxidation 204 
A high aspect ratio SiO2 microchannel was successfully created by using dry thermal oxidation 205 

that is suitable for an electroosmotic flow application. The shape and cross section of the 206 
microchannel was uniform, as demonstrated by Fig. 9(a) and (b). The width of the microchannel was 207 
reduced to 42% with the oxide layer of 520 nm on the channel wall. The color scheme on the top 208 
surface of the substrate was seen consistent without any abnormal spot. 209 

 210 

  
Fig. 9 (a) Silicon microchannel before oxidation process (b) SiO2 microchannel after 12 hours 
thermal dry oxidation at 1040 ˚C 

5. Conclusions 211 
In conclusion, we presented a simple technique to fabricate a silicon electroosmotic channel with 212 

surface modification. The microchannels array were initially realized by reactive ion etching coupled 213 
with post processed thermal dry oxidation to produce a high aspect ratio microchannels with 214 
improved cross section and surface morphology. The strong relation of oxide thickness with the 215 
temperature was presented by performing the thermal dry oxidation at 990 ˚C, 1020 ˚C and 1040 ˚C. 216 
Oxide growth rate was found to increase at higher process temperature. By using this method, the 217 
microchannel width was reduced by ~40 % with the minimum aspect ratio (H/W) of 2. The surface 218 
quality was also improved as the scallop effect from the plasma etching process was reduced by 219 
adding an adequate amount of oxide layer. A uniform cross section with a good quality of surface 220 
roughness were essential to demonstrate a steady electroosmotic flow inside the microchannel. The 221 
final structure of SiO2 microchannels array will be integrated with PDMS structure to work as a 222 
complete electroosmotic microfluidic device. This process was foreseen to be able to produce a high 223 
aspect ratio sub-microchannel and nanochannels without implementing the nanolithography 224 
procedure. 225 

(a) (b) 

1.9 µm 

1 µm 

(a) (b) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2018                   doi:10.20944/preprints201803.0268.v1

Peer-reviewed version available at Micromachines 2018, 9, 222; doi:10.3390/mi9050222

http://dx.doi.org/10.20944/preprints201803.0268.v1
http://dx.doi.org/10.3390/mi9050222


 8 of 8 

 

Acknowledgments: This work is supported by Ministry of Higher Education under LRGS Project Grant No. 226 
LRGS/2015/UKM-UKM/NANOMITE/04/01 and FRGS Project Grant No. FRGS/1/2016/TK05/UKM/02/2 and 227 
partly supported by the French RENATECH Network and its FEMTO-ST Technology facilities.  228 
Author Contributions: J.Y., T.N.T.Y. and B.Y.M. conceived and designed the experiments; J.Y., and T.N.T.Y. 229 
performed the experiments and analyzed the data; A.A.H. M.F.R.W. contributed reagents/materials, T.N.T.Y., 230 
J.Y. and R.L. wrote the paper. 231 
Conflicts of Interest: “The authors declare no conflict of interest."  232 

References 233 
1. Pennathur S.; Santiago J.G. Electrokinetic transport in nanochannels. 2. Experiments, Anal. Chem. 2005, 234 

77(21), 6782–6789. 235 
2. Buyong M.R.; Larki F.; Faiz M.S.; Hamzah A.A; Yunas J.; Majlis B.Y., A tapered aluminium microelectrode 236 

array for improvement of dielectrophoresis-based particle manipulation, Sensors, 2015, 15(5), 10973–10990. 237 
3. Zeng S.; Chen C.H.;, Mikkelsen J.C.; Santiago J.G., Fabrication and characterization of electroosmotic 238 

micropumps, Sensors Actuators, B Chem., 2001, 79(2–3), 107–114. 239 
4. Chen C.H.; Santiago J.G., A planar electroosmotic micropump, J. Microelectromechanical Syst., 2002, 11(6), 240 

672–683. 241 
5. Rodríguez-Ruiz I.; Babenko V.; Martínez-Rodríguez S.; Gavira J.A. Protein separation under a microfluidic 242 

regime, Analyst, 2018,. 143(3), 606–619. 243 
6. Masrie M.; Majlis B.Y.; Yunas J. Fabrication of multilayer-PDMS based microfluidic device for bio-particles 244 

concentration detection, Bio-Medical Materials and Engineering 2014, 24, 1951–1958. 245 
7. Kirby B.J.; Hasselbrink E.F. Zeta potential of microfluidic substrates: 2. Data for polymers, Electrophoresis, 246 

2004, 25(2), 203–213. 247 
8. Madou M.J., Fundamentals of Microfabrication, 2nd ed.; CRC Press, Taylor & Francis Group, USA, 2002. 248 
9. Abdolvand R.; Ayazi F. An advanced reactive ion etching process for very high aspect-ratio sub-micron 249 

wide trenches in silicon, Sensors and Actuators A: Physical, 2008, 144 (1), 109–116. 250 
10. Miller K.; Li M.; Walsh K.M; Fu X.A,The effects of DRIE operational parameters on vertically aligned 251 

micropillar arrays, J. Micromechanics Microengineering, 2013, 23(3). 252 
11. Chang C.; Wang Y.F.; Kanamori Y.; Shih J.J.; Kawai Y.; Lee C.K.; Wu K.C.;, Esashi M. Etching 253 

submicrometer trenches by using the Bosch process and its application to the fabrication of antireflection 254 
structures, J. Micromechanics Microengineering, 2005, 15(3), 580–585. 255 

12. Garcia A,L.; Ista L.K.; Petsev D.N.; O’Brien M.J.;. Bisong P.; Mammoli A.A.; Brueck S.R.J.; López G.P.  256 
Electrokinetic molecular separation in nanoscale fluidic channels, Lab Chip, 2005, 5(11), 1271–1276. 257 

13. Deal B.E.; Grove A.S. General relationship for the thermal oxidation of silicon, J. Appl. Phys., 1965, 36(12), 258 
3770–3778. 259 

14. M. Razeghi, Technology of quantum devices, Springer , Heidelberg, Germany, 42-52, 2010. 260 
15. Gao F.; Ylinen S.; Kainlauri M.; Kapulainen M., Smooth silicon sidewall etching for waveguide structures 261 

using a modified Bosch process, J. Micro/Nanolithography, MEMS, MOEMS, 2014, 13(1) 13010. 262 
16. Qiao R. Effects of molecular level surface roughness on electroosmotic flow, Microfluid. Nanofluidics, 3(1), 263 

2007, 33–38. 264 
17. Masilamani  K.; Ganguly S.; Feichtinger C.; Bartuschat D.; Rüde U. Effects of surface roughness and 265 

electrokinetic heterogeneity on electroosmotic flow in microchannel, Fluid Dyn. Res.,2015,.47(3), 35505. 266 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 March 2018                   doi:10.20944/preprints201803.0268.v1

Peer-reviewed version available at Micromachines 2018, 9, 222; doi:10.3390/mi9050222

http://dx.doi.org/10.20944/preprints201803.0268.v1
http://dx.doi.org/10.3390/mi9050222

