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Abstract
In this project, fabrication and characterization of nano/microfluidic channels on borosilicate
glass substrate were carried out using a Photo/Ultraviolet (UV) lithography method, which
has applications in single-cell analysis. In our single-cell analysis glass system, the bacterial
cells will be made to sit in the micrometer channels and also the sub-micron size channels
around 300 nm is aspired so it helps in passing the fluid to the outlet hole while holding the
cells back. This system will help in microscopic analysis of the bacterial cell growth over
generations. A multi-layer mask approach is used to pattern the etch masks on a glass for the
consecutive Isotropic wet etching of the glass substrate. Isotropic wet etching is utilized to
transfer the patterned structures from a metal mask to the glass and also to under etch the
differently sized spacing pitches (area separating nano/microfluidic channels in our design) to
obtain sub-micron channel dimensions. Many test structures were designed on the photomask
to optimize during the fabrication process with combinations of differently sized channels
with differently sized spacing pitches ranging from 300 nm to 300 µm dimensions. In order to
obtain this sub-micron sized channels on glass using an UV lithography technique is a
challenging task, so the initial aim was to use the designed spacing pitches present between
the channels as a platform to isotopically etch and create an under etched space width size in
sub-micrometer. But we were able to obtain channel structure in sub-micron scale directly by
optimizing multiple steps of the fabrication process. Characterization of the nano/microfluidic
channels were done with the help of Optical microscopy and Dektak profilometer to measure
the width, depth and uniformity of the structures during the optimization of the lithography
process and scanning electron microscope (SEM) images were taken to analyze the channel
dimensions and to get images of the fabricated channels.
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Nano/microfluidic glass channels
Popular Science Summary
Krishna Narayan
Nano/microfluidic systems have great potential in facing challenges and solving problems in
life science research and biomedical applications. Glass nano/microfluidic systems serve as a
very good single cell analytical tool. Single-cell analysis offers new insight into the cell
behavior, growth study over generations, also physiology, and biological study.
UV lithography also known as photo or optical lithography is a process used in
microfabrication for patterning designs on the substrate. It basically uses UV light to transfer
the patterns from the photomask to the light sensitive photoresist layer on the substrate.
Substrate is usually called as wafer, in our project the base wafer is glass, which serves as the
foundation upon which the single cells are analyzed. UV lithography is used here to pattern
nano/micro resolution etch masks on glass for the consecutive wet etching of the
nano/microfluidic channels. For this project, we are interested in investigating the possibility
to use UV lithography in a multi-mask approach to achieve sub-micro meter resolution of the
glass channels. In this project, my task was to design the nano/micro fluidic system, draw the
photomask in CAD, optimize the fabrication process of the glass channels and evaluate the
final structures with respect to channel dimensions and process yield. Characterization on
channel dimensions was performed using analytical instruments such as Dektak profilometer,
Optical microscope and SEM. A sub-micron dimension of the glass channel was desired in
the system for the fluid to exit the outlet while holding back the bacterial single cells for
analysis. The sub-micron dimension of the channels was initially aimed to obtain by under
etching the spacing pitches using the isotropic etching but was directly obtained by mainly
optimizing the fabrication process.
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Abbreviations

BHF

Buffered hydrofluoric

CAD

Computer-aided design

Cr

Cromium

DI

Deionised

e-beam

electron beam

HDMS

Hexamethyldisilizane

HF

Hydrofluoric

IPA

Isopropyl alcohol

mm

Millimeter

Mo

Molybdenum

NIL

Nano-imprinting lithography

nm

Nanometer

PDMS

Polydimethylsiloxane

RCA

Radio Corporation of America

SEM

Scanning electron microscope

UV

Ultraviolet

µm

Micrometer
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1 INTRODUCTION
Nano/microfluidic systems can serve as extremely powerful analysis tools for single cell
analysis in life science research. Visualization or observation of single cells is very important
in many fields such as clinical diagnostics, molecular physics (Hoang et al., 2011),
quantitative and metabolic studies (Lee et al., 2003). Nano/microfluidic systems have
emerged recently and are growing rapidly due to their advantages associated with
miniaturization, portability, automation, integration, parallelization, rapid analysis, high
efficiency, cost effectiveness, including low sample and reagent consumption and less
interaction with the user during the operation (Li and Zhou, 2014) (Bahadorimehr et al.,
2010). Nano/microfluidic glass channels give improved control of the chemistry in the
microsystem. Device materials like polydimethylsiloxane (PDMS) or other polymers are
often used due to their low-cost fabrication process (Lee et al., 2008), but they are chemically
active and strongly absorb proteins to their surface unlike glass channels, which are inert to
most chemicals. Also, glass channels are easy to clean, maintain and reuse. They are very
efficient in microscopic diagnostics and bioanalysis (Lee et al., 2008). To obtain sub-micron
sized glass fluidic channels there are many techniques like electron beam (e-beam)
lithography, nano-imprinting lithography (NIL), ion beam sculpting of nano channels (Jiali et
al., 2001), also PDMS moulding. Though e-beam lithography produces precise and uniform
channels, they are very expensive and difficult to scale up for producing on mass (Wong et
al., 2007). On the other hand, techniques like polymer based moulding (Quake and Scherer,
2000) are relatively cheap, but as a down-side, polymer materials are chemically active and
strongly absorb proteins to their surface. Simplifying and improving the reliability of the
microsystem during the manufacturing steps is considered and attentions are directed towards
it (Stjernstrom and Roeraade, 1998).

UV lithography and isotropic wet etching techniques are utilized in this work to obtain fluidic
channels of micron and sub-micron width and depth. The fabrication of these fluidic glass
channels required designing of multiple test structures using computer-aided design (CAD)
software and optimization of fabrication processes in multiple steps. A multi-layer mask
approach was necessary to successfully transfer the designed structures from the photomask
onto the glass substrate. The design structures are transferred from photomask to the
photoresist using UV lithography, then to the molybdenum (Mo) metal layer by etching and
finally then transferring it to the glass substrate by the isotropic wet etching technique.
Optimization of the fabrication process was mainly carried out during resist layering, UV
exposure, resist development and when etching down the patterned structures. Resolution of
the patterns transferred from mask onto glass substrate is analyzed using instruments such as
Optical microscope, Dektak profilometer and Scanning electron microscope (SEM). Optical
microscope helps in the visual analysis of the structures, and the contact Dektak profilometer
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with stylus tip radius 2 µm moving vertically in contact with the sample and then moved
laterally across the sample for a specified distance and specified contact force gives a profile
data of height, width and uniformity of the structures. And images were taken using SEM for
producing efficient morphology and topography of the sample.

Wet etching is the most cost-effective process and is mostly used when a high etch rate is
needed, wet etching substrate in all directions is called isotropic etching (figure 1). When
compared to wet etching, dry etching is a slow process and has poor selectivity relative to
mask (Iliescu et al., 2007). Dry etching for glass fabrication is recommended only when an
anisotropic vertical etch profile is required. Also, dry etching of borosilicate glass is rather
difficult since it produces non-volatile fluorides (Ichiki et al., 2003). Bonding process of the
fabrication to close the fluidic channels at the end of the fabrication step is preferred with
glass-glass thermal fusion bonding, which is not done in this project. Glass substrates are
preferred due to their optical transparency, mechanical strength and non-conductivity (Kuo
and Lin, 2012) (Iliescu et al., 2012). High-temperature thermal fusion bonding results in a
high bonding yield and good bonding strength but may lead to distortion, like collapsing of
the channels if the etch depth is lower than one µm.

Isotropic wet etching of the
spacing pitches

Mo Mask
Channel

Glass

Figure 1. Drawing showing the cross-sectional view of isotropic wet under etching of the
differently sized spacing pitches in between differently sized channels in the glass substrate,
which is used as the initial test designs to obtain the nano/micrometer dimensions for the final
channels of the system.
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In this project, to obtain the sub-micron channel in the system, the initial plan was isotropic
etching of the differently sized sacrificial pitch layer in between differently sized channels to
create an under etched space of width in sub-micro meter and a depth height of around 1 µm.
We were able to obtain channel structure in sub-micron scale without creating an under
etched space but mainly through optimizing the steps during the fabrication process. These
fabricated sub-micron channel dimensions will later serve as the media fluid exiting pathways
to the outlet in the final designed system. The final design of the nano/microfluidic system for
single cell analysis in our design contains an inlet hole for feed of around 1.5 µm in radius,
where the bacterial cells and media can enter the system, followed by cell trapping channels
for microscopic analysis, sized around 1 µm which are then connected to the fluid exiting
channels sizing in sub-micron channel dimensions around 300 nm. These small channels in
sub-micron sizes are required to hold the cells back and only let the fluid waste pass through
them to the exit outlet hole which is around 1.5 µm in radius (figure 2).

fluid exit
(~300 nm)

Cell trap
(~1 µm)

Feed in
Outlet

Inlet

Figure 2. Pictorial design of the nano/microfluidic system for the
single cell analysis showing inlet and outlet holes for feed in and out
from the system, cell trapping channels for analysis of the bacterial
cell over generations and the fluid exiting channel aspired to be in
sub-micron size around 300 nm so it holds the cells back and only lets
the fluid to the outlet hole.
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2 Materials and Methods
2.1 UV lithography
The photolithography process starts with designing the nano/microfluidic channels and
structures for the photolithographic mask with an ordinary AutoCAD program. The pattern
structures in the mask are transferred to a photosensitive resist using UV lithography then,
with the help of the etching process, the geometric structures are transferred to a metal layer
to withstand the following buffered hydrofluoric (BHF) etching of the glass substrate as
shown in the stepwise schematic representation (figure 3). A 4-inch borosilicate glass of
thickness 1.1 and 0.7 millimeters (mm) are used as the substrate for fabricating and obtaining
the nano/microfluidic channel structures. The glass is first cleaned with Radio Corporation of
America (RCA) 1 and RCA 2 which removes most of the organic and ionic contaminants
present on the layer of glass. Then the glass is cleaned in a plasma asher which breaks down
most of the organic chemical bonds and other particles which result in producing an ultraclean surface. A 1 µm thickness of Mo metal is now sputtered on both sides of the wafer
using metal sputter equipment (von Ardenne sputter magnetron) as shown in step 2 of figure
3. The wafer is then directly baked in the Hexamethyldisilizane (HDMS) oven. Then the
wafer is spin coated with 1 µm thickness of positive (+ve) photoresist on both sides of the
wafer as shown in step 3 of figure 3 using resist spin coater equipment (Shipley 1813) with
soft and hard baking steps. Next the designed photomask having structures is mounted onto
the chuck of MA6 mask aligner facing flat on the wafer for UV exposure as shown in step 4
of figure 3.
Parameters affecting the optimisation of UV lithography:






Surface thickness of the resist: First, a safety edge was made on the wafer using edge
bead removal mask to remove the uneven edge formed during spin coating of resist
and to make the surface uniformly flat. The edge bead removal mask was aligned over
the wafer which let the UV light to expose around the edge of the wafer. During the
development step a safe circle of photoresist edge was dissolved where the UV was
exposed.
Contact mode and Alignment gap: For structure designs having dimensions below 1
µm it was necessary to choose hard contact mode with around 20 µm of alignment gap
for obtaining a good resolution of structures.
Exposure and Development time: UV exposure time in the aligner was varied between
2-5 seconds and also later the resist development time was varied between 20-40
seconds. It was noticed that with a change in exposure time it was necessary to change
development time. Increase in exposure time needed less development time and vice
versa. After several trial and error and stepwise optimization of these steps with the
help of optical microscope, it was determining that 4.5 seconds exposure with 25
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seconds development time was the optimal time to obtain good patterned structures on
the resist.

Glass
Cr

1. Design and fabricate photomask

Glass

Autodesk AutoCAD

Glass substrate

von Ardenne sputter
magnetron

Mo metal
Glass

2. Prepare wafer by cleaning with RCA and
plasma asher and then sputter metal layer
on it

Photoresist

Shipley 1813

3. Apply photoresist layer on both the sides of
metal

ass
C
r

4. Expose photoresist to UV light through
photomask

MA6 mask aligner

5. Develop photoresist

FK 351 developer

6. Etch metal layer

Mo etchant

7. Strip photoresist

Acetone and IPA

8. Wet etch glass

Buffered HF

9. Strip metal

Mo etchant

10. Thermally bond cover layer of glass
(This step was not done in this project)

ass

Figure 3. Stepwise overall schematic representation of the glass fabrication process.
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Dektak profilometer and Optical microscope was used to check and note down the developed
channel structures uniformity, resist thickness, channel defects, and size dimensions. Any
presence of residual resist in the channels was then completely removed using plasma asher
cleaning. If the resolution of the transferred channel structures was not adequate then the
resist was stripped completely from the substrate using acetone and isopropyl alcohol (IPA)
and the process was repeated by spin coating the resist again.

2.2 Designing structures for photomask using AutoCAD
To obtain the sub-micron channels it was necessary to first design several test structures/chips
with different combinations of channel sizes and pitches and evaluate which design would
give the best small sized channel structures for the final system design. Using the Autodesk
AutoCAD software platform was the first step in designing a nano/microfluidic device. The
structure patterns of nano/microfluidic channels are designed for the photomask wafer of 4inches in length and width. The initial test structure design consisted of 18 different chips
ranging in size from 300 nm to 300 µm. Chip 1 was located on the top left of the wafer
followed by other chips and ending with chip 18 on the bottom right of the wafer (figure 4).
The two pink structures are alignment patterns, helping during the alignment of the wafer
during the lithography step.

Figure 4. AutoCAD design of a 4-inches square photomask wafer consisting of 18 different
chips with different dimensions ranging from 300 nm to 300 µm, used as the initial test
design to obtain the nano/micrometer dimensions for the channels.
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Table 1. Different scales of channels and pitches designed in 18 different chips for a photomask to fabricate
micron and submicron size fluidic channel.

Chip number

Channel

Pitch

1

300 nm-300 µm

Constant 300 nm

2

300 nm-300 µm

Constant 500 nm

3

300 nm-300 µm

Constant 1 µm

4

300 nm-300 µm

Constant 2 µm

5

300 nm-300 µm

Constant 5 µm

6

300 nm-300 µm

Constant 10 µm

7

300 nm-300 µm

Constant 20 µm

8

300 nm-300 µm

Constant 100 µm

9

300 nm-300 µm

Constant 300 µm

10

Constant 300 nm

300 nm-300 µm

11

Constant 500 nm

300 nm-300 µm

12

Constant 1 µm

300 nm-300 µm

13

Constant 2 µm

300 nm-300 µm

14

Constant 5 µm

300 nm-300 µm

15

Constant 10 µm

300 nm-300 µm

16

Constant 20 µm

300 nm-300 µm

17

Constant 100 µm

300 nm-300 µm

18

Constant 300 µm

300 nm-300 µm

From chip 1 to chip 9, the pitch widths are constant with increasingly varying channel widths
from 300 nm to 300 µm (Table 1), where close-up picture of chip 1 having constant 300 nm
pitches with channel widths varying are shown in figure 5a and figure 6 and also chip 9
having constant 300 µm pitches with channel widths varying are shown in figure 5b.
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Figure 5a. Chip 1 having constant 300
nm pitches with varying channel widths,
with 8 groups of similarly designed
structures.

Figure 5b. Chip 9 having constant 300
µm pitches with varying channel widths.

300 nm
500 nm
1 µm
2 µm
3 µm

Channels
(etching areas)

4 µm
5 µm

spacing pitches
(Constant 300 nm)

6 µm

Figure 6. Close-up picture of chip 1 having constant 300 nm spacing pitches with
increasing varying channel widths.
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From chip 10 to chip 18 the channel widths are constant with increasingly varying pitch
widths size from 300 nm to 300 µm (Table 1), where close-up picture of chip 10 having
constant 300 nm channels with pitch widths varying are shown in figure 7a and figure 8 and
also chip 18 having constant 300 µm channels with pitch widths varying are shown in figure
7b.

Figure 7a. Chip 10 having constant 300
nm channels with varying pitch widths,
with 8 groups of similarly designed
structures.

Figure 7b. Chip 18 having constant 300
µm channels with varying pitch widths.

300 nm
500 nm
1 µm
2 µm
3 µm

Channels
(300 nm constant,
etching areas)

4 µm
5 µm

Spacing pitches
6 µm

Figure 8. Close-up picture of chip 10 having constant 300 nm channels with increasing
varying spacing pitches.
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The designed AutoCAD file is transferred to an AutoCAD. dxf file and given to the
photomask maker. The designed structures will be transferred onto a Cr layer which is layered
on a 4-inch transparent glass wafer mask done by the mask maker. The photomask is later
inspected using profilometer to check the dimensions of the obtained structure patterns. The
smallest measured structures had pitches of around 500 nm and channels of around 700 nm
(Table 2, 2nd column) and also shown in figure 9 and figure 10.

Spacing
pitches (Cr
layer, 480 nm
constant)
Channels
(etching area)

Figure 9. Micrograph of photomask of chip 1 measuring constant 480 nm pitches in bright
color which is a Cr layer, with increasingly varying channel widths in blue color.

Pictures of the photomask were taken using an optical microscope of chip 1(figure 9) and
chip 10 (figure 10). Chip 1 showing constant 480 nm pitches in the designed 300 nm pitches
displayed in bright color which is a Cr layer, with channels varying increasingly displayed in
blue color. And Chip 10 showing constant 750 nm channels in the designed 300 nm channels
displayed in blue color, with pitches varying increasingly displayed in bright color. This
photomask serves in transferring structure patterns onto the photoresist for etching.
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Channels
(750 nm constant,
etching area)

Spacing pitches,
Cr layer

Figure 10. Micrograph of photomask of chip 10 measuring constant 750 nm channels in blue
color, with increasingly varying pitch widths in bright color which is a Cr layer.

2.3 Etching
After the development process of the photoresist, the exposed Mo layer is wet etched so that
the resist patterns are now transferred to metal using Mo etchant (1,020 ml H3PO3:62.5 ml
CH3COOH:62.5 ml HNO3:852 ml H2O) as shown in step 6 of figure 3, which is prepared in
the metal etch bath. The metal is etched for 4 minutes to fully clear the channel structures to
expose the underneath glass substrate, followed by rinsing in deionised (DI) water and spin
drying with nitrogen. The profilometer is then used to check and note down the etch depth
and structure patterns transferred. Next, the resists on both sides are stripped using acetone
and IPA as shown in step 7 of figure 3. In this project, wet isotropic etching is desired to
finally transfer pattern structures from metal to glass substrate where the etchant hydrofluoric
(HF) acid etches the substrate in all directions. The glass is isotropically etched with different
etch timings and also the glass is etched through channels trying to obtain sub-micron
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dimensions in the spacing pitches (figure 1). Glass composition is a mixture of oxides hence
affects the etching rate, so it is preferred to use glass with low content of any oxides that
produce insoluble products (Iliescu et al., 2012). In this project we worked with borosilicate
glass, composed of 80 % silica, 13 % boric acid, 4 % sodium oxide and 2-3 % of aluminum
oxide. The glass was etched in the buffered HF bath having an etch rate of ~30 nm/minute.
Different etching times are analyzed to obtain sub-micron size fluidic channels, which is
afterward followed by stripping of Mo layer on both sides using Mo etchant as shown in step
9 of figure 3 resulting in the transfer of the designed patterns on the glass substrate.

2.4 Characterization
Characterization of the nano/microfluidic channels during fabrication was mainly done with
the help of Dektak 150 stylus surface profilometer having stylus tip size 2 µm, which is an
efficient technology for an analytic study such as surface quality, depth and width
measurements of channels, etch uniformity and roughness. It measures multiple steps for a
long run in a single scan and provides an average of all with high resolution. Since the stylus
tip size is above a micron, it was difficult measuring structures were both the channels and the
pitches next to them had measurements below a micrometer. The Optical microscope was
used during optimization of lithography steps, which helped in checking the development of
the micro patterns, channel size and structure uniformity and presence of resists and metal
residue in the channels and other defects during development. Also, Optical microscopy
helped in setting the optimal time for development of the structure patterns mainly during
resist and metal layer development. SEM is another effective tool used to obtain images of the
patterned structures. The obtained nano/microfluidic structures on the 4-inch borosilicate
glass substrate are scanned with a focused beam of electrons to obtain images with
measurement scales. SEM has the ability to achieve a resolution of about 100 nm, but when
using SEM images it was not possible to measure the etching depth of the channels.
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3 Results and Discussion
Initial designs were made from 18 different chips having combinations of differently sized
channels with differently sized pitches ranging sizes from 300 nm to 300 µm to obtain
channel dimensions in nano and micrometer on the glass wafer, so that the appropriate design
measurements to obtain nano and micrometer channels could be used in the final system
design. The patterned structures which are in sub-micron sizes were challenging to
successfully transfer from the designed photomask drawings to the glass substrate using UV
lithography and wet etching. The smallest AutoCAD designed channels and pitches in this
project were in 300 nm dimensions but when the photomask was made, the smallest measured
channel in the mask was around 700 nm and the pitch was around 500 nm due to the size
limitations in the photomask printer. As the structures are transferred from mask to resist with
an optimized exposure time 4.5 seconds and development time 25 seconds, the designed chips
having structure patterns below sub-micron were not seen under Optical microscope and also
when scanned using Dektak profilometer. The chip 3 with 1 µm constant pitches and chips
with above 1 µm having constant pitches with varying channels and also chip 13 with 2 µm
constant channels and chips with above 2 µm constant channels with varying pitches were
measured (Table 2, 3rd column). All other chips with smaller dimension of structures were
lost after development or not been picked by Dektak profilometer. Next, during etching down
these patterns from resist layer to the metal with the optimized etching time 4 minutes, the
chip 5 with 5 µm constant pitches and chips with above 5 µm constant pitches with varying
channels and also chip 14 with 5 µm constant channels and chips with above 5 µm constant
channels with varying pitches were measured (Table 2, 4th column). All the other chips with
smaller than 5 µm dimensions were lost after development or not been picked by Dektak
profilometer. Finally when the structure patterns were transferred to glass, all the structures
having channels and pitches in 5 µm and above dimensions were transferred successfully onto
the glass substrate. In chip 6 which having 10 µm constant pitches with varying channels,
were when the glass was etched for 5 minutes optimized time, a smallest channel of 3.4 µm
was measured with etch depth of 239 nm in a designed 2 µm channel. While the other smaller
channels in the chip were either not obtained or not been picked by Dektak profilometer
(Table 2, 5th column). The same substrate was then etched for 15 minutes to see if it is
possible to connect the obtained smaller channels to produce an under etched channel in submicron dimension. This 15 minutes etch time produced a 3.7 µm wider channel in a 2 µm
designed channel with a constant size decreased pitch of 7.6 µm between the channels and a
depth of 465 nm when measured using Dektak profilometer (Figure 13). This confirmed that
the under etching connection of the pitches between the channels to obtain sub-micron
dimension from our design was not possible. So next when chip 6 was analyzed under SEM,
we were able to surprisingly measure the designed 1 µm channel which had a width of around
600 nm (Figure 14b) and also the pitch width between designed 2 µm and 1 µm channel
which was around 10 µm (Figure 14a). However, we managed to get a channel size around
600 nm on the glass substrate without isotropic under etch connection of the channels but
directly by all the optimization steps carried out during the fabrication process. Since the
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obtained channel size was not good enough for designing the system for single-cell analysis,
we did not proceed further in checking the mechanical and bonding strength of these
channels.

Table 2. Dektak profilometer measured result summary of the structure patterns transferring from CAD design of the
photomask to the etched glass substrate. Showing from chip 1 to chip 7 having constant pitches with varying channels, in which
chip 1 has the smallest measurement of constant 300 nm pitches and chip 7 with largest measurement of constant 20 µm pitches.
And also chip 10 to chip 16 having constant channels with varying pitches, in which chip 10 has the smallest measurement of
constant 300 nm channels and chip 16 with largest measurement of constant 20 µm channels. Were the optimized times of UV
exposure-4.5 seconds, resist development-25 seconds, metal etch-4 minutes and glass etch-5 minutes was used. Here, also the best
smallest measured channel from chip 6 is highlighted, showing the 3.4 µm channel with 8.1 µm pitches measurement from a
designed 2 µm channel and a constant 10 µm pitches on the glass substrate .

Constant pitches with varying channels
1. CAD

2. Mask

3. Resist

Designed pitches

Pitch / Smallest obtained
channel

Pitch / Smalest obtained
channel

Chip 1 - 300 nm

533 nm / 1 µm

Chip 2 - 500 nm

760 nm / 1 µm

Chip 3 - 1 µm

1 µm / 750 nm

3.2 µm / 2.5 µm(1.0 µm
thickness)

Chip 4 - 2 µm

2.2 µm / 1 µm

3.1 µm / 1.9 µm(1.0 µm
thickness)

Chip 5 - 5 µm

5.2 µm / 940 nm

Chip 6 – 10 µm

Chip 7 – 20 µm

4. Metal

5. Glass

Pitch / Smalest obtained
channel

Pitch / Smalest obtained
channel

5.9 µm / 1.9 µm(1.0 µm
thickness)

8.1 µm / 2.7 µm(1.5 µm
etch depth)

4.8 µm / 4.5 µm(126 nm
etch depth)

9.7 µm / 1 µm

10.1 µm / 2.4 µm(1.1 µm
thickness)

10.7 µm / 2.4 µm(1.6 µm
etch depth)

8.1 µm / 3.4 µm( 239 nm
etch depth)

19.3 µm / 1 µm

21.45 µm / 4.2 µm(1.0 µm
thickness)

16.2 µm / 5.2 µm(1.4 µm
etch depth)

14.6 µm / 5.2 µm(135 nm
etch depth)

Constant channels with varying pitches
1. CAD
Designed channels

2. Mask
Obtained channel /
Smallest pitch

3. Resist
Obtained channel /
Smallest pitch
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4. Metal
Obtained channel /
Smallest pitch

5. Glass
Obtained channel /
Smallest pitch

Chip 10 – 300 nm

790 nm / 1 µm

Chip 11 – 500 nm

810 nm / 1 µm

Chip 12 – 1 µm

850 nm / 1 µm

Chip 13 – 2 µm

1.4 µm / 1 µm

1.5 µm(884 nm thickness)
/ 2.1 µm

Chip 14 – 5 µm

4.2 µm / 1.2 µm

4 µm(742 nm thickness) /
2.1 µm

2.4 µm(1.1 µm etch
depth) / 6.6 µm

4.5 µm(113 nm etch depth)
/ 1.1 µm

Chip 15 – 10 µm

9.4 µm / 1.1 µm

7.1 µm( 1.1 µm thickness)
/ 2.1 µm

13.6 µm(1.5 µm etch
depth) / 6.6 µm

6.5 µm(119 nm etch depth)
/ 1.1 µm

Chip 16 – 20 µm

18.4 µm / 1.0 µm

19.2 µm(1.0 µm
thickness) / 2.6 µm

21.3 µm(1.2 µm etch
depth) / 2.0 µm

23.5 µm(123 nm etch
depth) / 2.5 µm

3.1 UV lithography
To obtain good resist patterns from the designed photomask onto the photoresist it was
necessary to optimize steps during the lithography process. Evenly spread 1 µm thickness
resist layer on the wafer was required first, then the wafer is precisely aligned with the
photomask and the parameters on the MA6 aligner was chosen for transferring the structure
patterns on the resist layer. Table 2, 3rd column shows the Dektak profilometer measured
result of resist patterns developed in chip 3-chip 7 and in chip 13-chip 16 with optimized UV
exposure time of 4.5 seconds and 25 seconds of development time. Chips having structures
below 1 µm were lost in the developed resist patterns when inspected under Optical
microscope. Figure 11 shows the Dektak measured result of chip 6 having constant 10.1 µm
pitches width with smallest obtained channel width of 2.4 µm in an expected 5 µm designed
channel and also showing the resist thickness of 1.1 µm in height.
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Resist
thickness
(nm)

Resist patterns (channel and pitch widths) (µm)

Figure 11. Dektak image result of the chip 6 patterns transferred from photomask onto the resist layer
with 10.1 µm constant pitches shown in green and smallest obtained channel of 2.4 µm in a 5 µm designed
channel shown in red and with a resist thickness of 1.1 µm which is the difference in planes of the red and
green band.

3.2 Metal etching
The structure patterns developed on the resist layer was next etched down to the Mo layer to
withstand the HF etching of the glass. Optimization of etching time was necessary in this step.
Longer etching time would remove/ dissolve the smaller sized structure patterns and shorter
etch time would leave residue of Mo in the channels when inspecting under Optical
microscope. Using 4 minutes as the etching time with freshly prepared standard concentration
of etchant helped in obtaining good structures with no residue in the channels. Table 2, 4th
column shows the Dektak measured result of chip 5-chip 7 and chip 14-chip 16 obtained with
the optimized etch time. During etching of the patterned structures, the structures below 5 µm
size were lost in the metal layer (Table 2, 4th column). Figure 12 shows the Dektak
measured result of chip 6 having constant 10.7 µm pitches width with smallest obtained
channel width of 2.4 µm in an expected 5 µm designed channel. Also, showing etch depth of
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1.6 µm in height with both resist and metal layer in it, here the flat surface on bottom of
Dektak result in the bigger channels confirm the complete etching of metal layer.

Resist with
metal
thickness
(nm)

Resist and metal patterns (channel and pitch widths) (µm)

Figure 12. Dektak profilometer image result of chip 6 patterns transferred from photoresist onto the metal
layer with 10.7 µm constant pitches shown in green and smallest obtained channel of 2.4 µm in a 5 µm
designed channel shown in red and with an etch depth of 1.6 µm which is the difference in planes of the red
and green band.

3.3 Glass etching
The structure patterns are further wet etched into the glass substrate using standard BHF acid.
The isotropic wet etching decreases the pitch size and increases the channel size during the
pattern transfer. Different time optimization was carried out to obtain sub-micron size
channels. Table 2, 5th column shows structures obtained in chip 5- chip 7 and chip 14- chip
16 for an etch time of 5 minutes. Chip 6 etched for 5 minutes shows constant pitch of 8.1 µm
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with obtained small channel of 3.4 µm in an expected 2 µm designed channel with an etch
depth of 239 nm in glass. This 3.4 µm was the smallest measured channel using Dektak
profilometer in chip 6 in a designed 2 µm channel. In figure 13, the glass was etched for 15
minutes instead of 5 minutes hence producing a depth of 465 nm in glass with a constant pitch
size of 7.6 µm with smallest obtained channel of 3.7 µm in a 2 µm designed channel. The
glass here is etched for 15 minutes to see if it is possible to connect the 2 µm channel and the
1 µm channel to produce an under etched pitch in sub-micron dimension. But the pitches
obtained here between these channels were not picked by the Dektak profilometer.

Glass
thickness
(nm)

Glass patterns (channel and pitch widths) (µm)

Figure 13. Dektak profilometer image result of chip 6 etched for 15 minutes producing constant 7.6 µm
pitches shown in green and 3.7 µm smallest obtained channel in a 2 µm designed channel shown in red
and with an etch depth of 465 nm which is the difference in planes of the red and green band.

When chip 6, with the etch time of 15 minutes, was analyzed under SEM, we were able to
measure the designed 1 µm channel (Figure 14b) and also, the pitch formed between the 2
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µm and 1 µm channel is shown in Figure 14a. This 1 µm channel had the width of around
600 nm (Figure 14b) and the obtained pitch width between them was around 10 µm (Figure
14a). The white shiny layers neighboring the channels are due to the isotropic etching of the
glass forming the rough reflecting surfaces and the flat bottom of the channel shown in dark
black color.

2 µm channel

Pitch

1 µm channel

Figure 14a. SEM image showing chip 6 having 10
µm constant pitches with varying channels
showing a pitch width of 10.94 µm between
designed 2 µm and 1 µm channels on glass, with
etch time of 15 minutes.
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1 µm channel

Figure 14b. SEM image showing chip 6 having 10 µm
constant pitches with varying channels showing
close-up picture of smallest obtained channel width
of 604.9 nm from a 1 µm designed channel on glass,
with etch time of 15 minutes.

4 Conclusions
Glass substrate nano/microfluidic fabrication is a time-consuming process and clean-room
facilities are needed, so the resulting microsystem devices are usually expensive. It is
necessary to build a low-cost nano/microfluidic device for analytical study which should be
effective, efficient and that can also be reused. UV lithography and wet etching is one of the
cheap ways to build microfluidic glass channels for biomedical and diagnostic applications
when compared to other expensive methods like e-beam lithography and dry etching
techniques. Also, it is necessary for many microfluidic systems that the surface roughness,
uniformity and the geometry generated in the micro channels is important for analytical study,
which can be obtained with effective optimization during the process fabrication. Process
optimizations in our project were carried out mainly during resist layering, UV exposure,
development and during etching process. During resist layering, soft baking the wafer before
layering the resist on the MO layer when it was stripped with acetone and IPA and using edge
bead removal mask helped in obtaining a uniform layer of resist. Developing resist with
stepwise increase in the time with washing and developing again while analyzing under
optical microscope helped in obtaining channels without resist residue, and also in obtaining
uniform parallel structures. Fabricating multiple glass wafers simultaneously while
alternatively changing exposure time with development time helped in determining that
increase in exposure time needed a decrease in development time and also waiting for 10
minutes after the UV exposure helped in obtaining good pattern development. Plasma
cleaning when the resist residue is present after development, checking different glass etching
times to obtain good channels was some of the other optimizations that were carried out
during the process fabrication of the channels. Characterization of the structures during chip
fabrication with Dektak profilometer had limitations measuring structures below micrometer
since the stylus size of the equipment was 2 µm, but it was very effective in measuring the
surface roughness, quality of structures and channel depths. SEM images helped in observing
channels produced below micrometer and helped in getting good images with measurements
of channel and pitch widths. In this project, we successfully produced channels in
nano/micrometer dimensions on the glass substrate mainly by all the optimizations that were
carried out during fabrication. Our initial aim to join the designed channels by isotropic under
etching the pitches present in between to produce sub-micron dimensions of channel did not
work with our designs. We managed to produce a smallest channel around 600 nm on the
glass substrate from our designed photomask directly by optimizing steps during fabrication.
But this obtained channel dimension is not good enough for the final design of the system for
bacterial single-cell analysis, so we did not proceed with checking the bonding strength of the
channels. This obtained sub-micron channel could potentially be used for a system using cells
of bigger sizes. Also, further cross-sectional investigation of the isotropic etching of the
pitches using polymer molding of the channels to check the etching rate of the glass and
redesigning of the structures to try the isotropic under etching of the pitches to obtain
channels in sub-micron dimensions, can be investigated.
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Appendix A: Optimised fabrication protocol for glass
channels
1. Mask fabrication
Chip structures are drawn in AutoCAD ranging the size from 300 nm to 300 um.
The mask is then printed and developed over the glass on a chromium layer.
2. Mask inspection
Mask pattern having different structures are measured using Dektak profilometer,
the width of the channels and pitches are noted down.
3. Wafer stock out
4 inch Borofloat glass wafer with a thickness of 1.1 mm and 0.7 mm is used for the
fabrication and obtaining the channel structures.
4. Wafer cleaning – RCA 1 and RCA 2
Clean wafer first with RCA 1 - NH4OH:H2O2:H2O (1:1:5) at 60 °C 10 min, rinse 1
min in DI water and spin dry. Followed by cleaning with RCA 2 - HCl:H2O2 :H2O
(1:1:6) at 60 °C 10 min, rinse 1 min in DI water and spin dry.
5. Wafer cleaning – Plasma
The wafer is placed in the plasma asher with O2 plasma at 1,000 W for 10 min.
6. Mo sputtering
This step is done directly after plasma cleaning. The wafer is placed in the von
Ardenne sputter magnetron, approx. 1 µm of MO metal is sputtered using 2000 W
for 60 s on each side of the wafer. This 1 µm thickness of metal serves as a good
etch mask.
7. Wafer prime
This priming step again is done directly after the sputtering, the wafer is placed in
the HDMS oven for 32 min.
8. Resist spin front side
Shipley 1813 spanned onto the wafer to a thickness of ~1 µm +ve photoresist.
9. Resist hard bake
Hard baked on a hotplate at 100 °C for 75 s.
10. Resist spin backside
Shipley 1813 spanned onto the wafer back side to a thickness of ~1 µm +ve
photoresist.
11. Resist soft bake
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Soft baked in an oven at 90 °C for 20 min.
12. Wait time
Wafer is rested for 1 hour between soft bake and exposure to let the resists hydrate.
13. Exposure
Wafer is placed onto the chuck of MA6 mask aligner. First the edge bead removal
mask is used to make the surface of the wafer flat and even, also giving a safety
edge. Then the mask having the structure patterns is mounted and aligned to the flat
of the wafer and exposed with UV for 3-5 seconds using hard contact mode with an
alignment gap of 20 µm.
Time optimization is necessary for this step.
14. Pattern development
Mask pattern in the resist is developed using freshly prepared FK 351 developer for
20-40 seconds, rinsed in water for 3 minutes and spin dried with nitrogen. This step
also needs time optimization.
15. Checkpoint
Pattern width and resist thickness is measured using the Dektak profilometer and all
the values are noted down.
If resolution of the pattern is not adequate then the resist is stripped using acetone
and IPA and the process is restarted from step 8.
16. Mo etch pattern
Mo etchant (1,020 ml H3PO3:62.5 ml CH3COOH:62.5 ml HNO3:852 ml H2O) is
prepared in a metal etch bath. Channel patterns are etched for 4 minutes, rinsed in
DI water for 3 minutes and spin dried with nitrogen. Visually inspected, that all Mo
is etched.
17. Resist strip
Resist is stripped off both sides of the wafer using acetone and IPA.
Rinsed 3 min in DI water and spin dried.
18. Glass etch
Chip structures are etched in the buffered HF (BHF) bath with approx. etch rate of
~30 nm/min. Different etch depths are analysed and etch rates are measured on the
same structures as used when measuring resist and Mo thickness using the Dektak
profilometer.
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Appendix B: Non-optimised protocol for bonding process
1. Resist spin front side for protection
Spin Shipley 1813 onto the wafer to a thickness of ~1 µm using programme 5.

2. Resist soft bake
Soft bake on hotplate at 100 °C for 75 s.
3. Resist spin back side for protection
Spin Shipley 1813 onto the wafer back side to a thickness of ~1 µm using
programme.

4. Resist soft bake
Soft bake in oven at 90 °C for 30 min.
Don’t use the hotplate for this soft baking step as you now have resist on both sides
of the wafer!

5. I/O holes drilling
This step is performed outside of the cleanroom! Wafer needs to be properly
packaged before taken out.
Drill holes for inlets and outlets using a 300 µm diameter drill bit and the manual
Dremel drill in the Chemistry lab (5210). Spray wafer with DI water to wash off
any dust particles.
6. Resist strip
Here wafer is taken back into cleanroom. Make sure you follow any cleaning
recommendations!
Strip the resist off both sides of the wafer using the Resist strip stage 1-3.
Rinse 3 min in DI water and spin dry.
7. Mo strip
Place wafer in wet bench containing your Mo etch 30 s to remove Mo from both
sides of wafer. Wash 3 min in DI water and blow dry.
Visually inspect that all Mo is etched. If not, etch for another 30 s, rinse in DI water
and blow dry.
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8. Wafer stock out
Take one 4 inch Borofloat glass wafer. Wafer thickness: 1.1 mm.
This will be the wafer serving as lid for the channel structures.
9. Wafer clean
Run the RCA 1 cleaning procedure on both wafers:
i) NH4OH:H2O2:H2O (1:1:5) at 60 °C 10 min. Rinse 1 min in DI water and spin
dry.
10. Surface activation
Switch on heating for the HNO3 wet bench, approx. 1 hr before cleaning.
Place both wafers in HNO3 at 80 °C for 15 min to activate the surface.
Rinse 3 min in DI water and blow dry.

11. Thermal glass bonding
Quickly bring the two wafers into close contact. Place the wafers in the General
purpose vertical oven (PD03). Run an over-night bonding program at 500 °C for
6 hrs with ramping of 1 K/s both up and down. Set temperature: 100 °C.
31,500 s ramp up – 21,600 s hold – 31,500 s ramp down.

12. Dice out chips
Cover backside of structures with UV tape. Use the dicing saw with Programme:
Sapphire, running at 20,000 rpm with feed rate 1 mm/s.
Dicing blade: SD600R10MB01. Blade height: 400 µm + tape thickness (125 µm).
Don’t dice through the whole wafer but release the individual chips by breaking the
glass manually.
Remove UV tape using the UV lamp.
13. Glue connectors to chip
Glue short (~5 mm) pieces of silicone tubing (i.d. 1 mm; o.d. 3 mm) onto the I/O
holes using silicone glue (Wacker Elastosil A07).
14. Check point
Check if connectors and bonding are leakage-free. Inject coloured fluid into
inlet/outlet and observe any leakage under the microscope.
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