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In this paper we present a compact technological demonstrator including on the same glass substrate an
electrowetting-on-dielectrics (EWOD) system, a linear array of amorphous silicon photosensor and a cap-
illary-driven microfluidic channel. The proposed system comprises also a compact modular electronics
controlling the digital microfluidics through the USB interface of a computer. The system provides there-
fore both on-chip detection and microfluidic handling needed for the realization of a ‘true’ Lab-on-Chip.

The geometry of the photosensors has been designed to maximize the radiation impinging on the pho-
tosensor and to minimize the inter-site crosstalk, while the fabrication process has been optimized taking
into account the compatibility of all the technological steps for the fabrication of the EWOD system, the
photosensor array and the microfluidics channels.

As a proof of the successful integration of the different technological steps we demonstrated the ability
of the a-Si:H photosensors to detect the presence of a droplet over an EWOD electrode and the effective
coupling between the digital and the continuous microfluidics, that can allow for functionalization,
immobilization and recognition of biomolecules without external optical devices or microfluidic
interconnections.

� 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

In the early 1990’s the introduction of the concept of the micro
Total Analysis Systems (lTAS) and the development of micro-elec-
tro-mechanical technologies led to the development of Lab-on-
Chip (LoC) systems as a powerful tool for complex chemical or
bio-chemical analysis. A variety of recent technological break-
throughs in the fabrication of thin film physical and optical sensors
have made possible the development of LoC systems where several
functional modules are integrated onto a single substrate [1–3].

Each module has a specific function in the sample-treatment
chain, such as: sample handling performed by a microfluidic sys-
tem [4,5]; detection and quantification of biomolecules by using
specific sensors [6].

Microfluidic devices are capable to handle fluid volume smaller
than pico-liter scale through channels with dimensions of a few
microns, but they often need macro-to-micro interconnections
between micro-channels and external pumps. On the other hand,
the electrowetting-on-dielectric (EWOD) technique leads to fluidic
operations varying the shape of an electrically conductive liquid
droplet by means on an external electric field [7–9], and may be
an effective alternative to microchannels.

Detection modules rely often on thin film devices [10–13]. In
particular hydrogenated amorphous silicon (a-Si:H) based devices,
which can be utilized as physical [14], electronic [15] and optical
devices [16], have received a lot of attention by different research
groups, for optical biomolecule detection, both in labeled [17–19]
and label-free [20]; [21] techniques, such as stimulated fluores-
cence detection [22,23], optical absorption measurements [24]
and chemiluminescence detection [25–27].

The combination of microfluidics with analytic systems and
detection is still the main bottleneck for a high miniaturization
of the final device, and requires a fabrication process, which takes
into account the compatibility between different materials and dif-
ferent technologies.

In this paper we present a solution for this drawback integrat-
ing, on a single glass substrate, amorphous silicon photodiodes
with a fluid handling system performed by an electrowetting-on-
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dielectric (EWOD) module and a capillary-driven microfluidic
channel, for achieving a technological demonstrator of a compact,
stand-alone LoC system. In this way we avoid the use external
pumps and/or syringes for movement as well as the use of external
detectors and external optics to focus the emitted light, achieving a
‘true’ Lab-on-Chip system [28], where the only external component
in our system is the front-end electronics that provides signal read-
out, driving voltages as well as power supply using a single USB
connection of a laptop or PDA. In particular, Section 2 reports the
description and the operation of the integrated system; Section 3
presents the design of the microfluidic system and of the a-Si:H
photosensors; Section 4 reports the structure of the electronic
board that controls and interfaces the microfluidic system with a
computer in order to achieve the droplet movement in the EWOD
system; Section 5 describes the steps sequence of the fabrication
process of the LoC on a glass substrate, taking into account the
compatibility of all the techniques used to fabricate the EWOD
electrodes, the a:Si:H photosensors and the capillary-driven micro-
channels; Section 6 demonstrates the functionality and successful
integration of the different fabrication processes. Finally, conclu-
sions are drawn.
2. Description and operation of the system

Fig. 1 reports a cross section of the technological part of the pro-
posed system. It includes:

� A linear array of transparent thin film electrodes (made in
Indium Tin Oxide, ITO), fabricated on one side of a glass sub-
strate and covered by an insulating and hydrophobic layer
(polydimethylsiloxane, PDMS).
� A linear array of amorphous silicon (a-Si:H) photosensors,

aligned with the transparent electrodes and fabricated on the
other side of the same glass substrate.
� A capillary-driven microchannel placed at the end of the EWOD

device and fabricated in PDMS by soft lithography process.

The amorphous silicon (a-Si:H) photosensors are aligned with
both the EWOD device and the microchannel.

The photosensors aligned with the EWOD device monitor the
presence of the droplet at the inlet of the microchannel and/or
monitor, in specific sites of the EWOD device, the bio-chemical
reactions that can be performed as sample pre-treatment before
the liquid droplet is injected in the microchannel for the complete
analysis. Indeed, the presence of the liquid droplet over the elec-
trode can cause a variation of the light impinging on the photosen-
sors that induces a variation of the photocurrent generated by the
photosensors. The light can be generated inside the droplet due
to both chemiluminescent reactions and excitation of labeled or
metal
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Fig. 1. Cross section of
naturally fluorescent molecules. Moreover, the light variation can
be due to the optical absorption from the liquid droplet of an
external radiation in label-free detection systems.

Furthermore, the photosensors aligned with the micro-channel
can monitor the chemiluminescent reactions [25] as well as biolu-
minescent reactions. Using an external radiation source and even-
tually an optical filter that can be integrated with the thin film
photodiodes, both fluorescence and absorption measurements
can be carried out.

The system comprises also a compact and modular electronic
system composed of three electronic boards connected together
to control and to interface the electrowetting device with a
computer.

3. Design of the microfluidic system and of the a-Si:H
photosensors

This design sets the geometrical sizes of the microfluidic system
and the active area and pitch of the photosensor array.

3.1. Design of the EWOD electrodes and capillary-driven channel

The area and pitch of the electrodes have been designed taking
into account the size of the liquid droplet to move and the mini-
mum distance between them to achieve a successful movement
induced by the EWOD technique. In our case the droplet to move
is a 2 ll solution. From the experiments we found that this liquid
quantity, poured on our hydrophobic layer, covers a circular area
with a diameter of 1.7 mm. On the other hand, from literature
results it is well known that the distance between the EWOD elec-
trodes has to be less than 70 lm. Therefore we designed our EWOD
electrodes as squares with 1.5 � 1.5 mm2 area and a pitch of
1.56 mm. In this way a droplet can cover two adjacent electrodes,
making successful the operation of the EWOD technique.

In order to achieve an efficient coupling of the continuous
microfluidics with the EWOD system, we set width, height and
length of the microchannel equal to 2 mm, 0.150 mm and
30 mm, respectively,

3.2. Design of the photosensor array

The structure of a single photosensor is a stack of ITO/a-SiC:H p-
type/a-Si:H intrinsic/a-Si:H n-type/metal layers, whose thicknesses
and optical properties have been optimized to achieve a low dark
current and high responsivity in the visible range [29]. Area and
pitch of the linear photosensor array pitch have been designed to
maximize the detection of the radiation coming from the drop
aligned with the sensor and to minimize the inter-site crosstalk.
These two parameters have been investigated applying, to the
metal
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Fig. 2. (a) Structure utilized for maximizing the power impinging on the photosensors. (b) Picture of the optimized structure: the EWOD electrodes have area and distance
equal to 1.5 � 1.5 mm2 and 60 lm, respectively; the photosensors have area and distance equal 2.5 � 2.5 mm2 and 200 lm, respectively.
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structure depicted in Fig. 2a, the model we have developed in [8],
where the fraction of the emitted radiation impinging on the pho-
todiode is related to the viewing angle of the sensor with respect to
the droplet. The photosensor aligned with the EWOD electrode
covered by the droplet receives the useful power, while the other
two photosensors located at its sides receive the inter-site power.

We considered a 2-dimensional structure, where the droplet is
divided into small regions acting as independent light sources. The
light impinging on the three photosensors, calculated as the linear
superimposition of the light due to each of the not interacting
sources, takes into account:

a) The view angles of the photosensors.
b) The reflections at the interfaces water/hydrophobic layer,

hydrophobic layer/ITO, ITO/glass and glass/ITO.
c) The contribution to the light coming from the reflection at

the ITO/glass interface due to the first reflection at the
glass/ITO interface.

The model assumes a monochromatic light at 550 nm. The
refractive indices of the ITO, the hydrophobic layer and the glass
at this wavelength have been measured with a Lambda 950 Perkin
Elmer Spectrophotometer, while the refractive index of the water
has been assumed equal to 1.33.

In the simulation reported below, the droplet has a rectangular
shape with base equal to 1.5 mm and height equal to 0.89 mm. In
this way, considering squared electrodes, the volume of the droplet
is equal to 2 ll. In Fig. 3, the ratio between the power impinging on
the central electrode and the total power emitted by the indepen-
Fig. 3. Fraction of the power impinging on the photosensor (left side, closed
symbols) and crosstalk signal (right side, open symbols).
dent light sources as a function of the sensor size is reported as
solid circles (left graph side).

From the figure we see that if the sensor size is equal to the drop
size (1.5 mm) the light impinging on the detector is quite low (17% of
the total emitted light). Therefore, even though this approach could
be interesting, because allows to monitor all the electrodes, it does
not give an optimization of the light received by the photosensors.

Increasing the sensor size the useful power increases, but on the
other hand the number of sensors that can be placed in correspon-
dence to the EWOD electrodes decreases. From geometrical consid-
erations, we set the sensor size to 2.5 mm with a pitch of 2.7 mm.
This configuration (reported in Fig. 2b) enables us to monitor one
EWOD electrode every two and to achieve a useful power equal
to 25% of the total emitted power.

The effect of this choice on the crosstalk is shown in the right
side of Fig. 3. The open symbols represent indeed the ratio between
the inter-site power and the useful power as a function of the sen-
sor size with distance between two photosensors set to 200 lm.
We observe that the selected geometry (sensor size equal to
2.5 mm) guarantees a inter-site signal four times lower than the
useful one and, at the same time, we see that the one photosen-
sor-one EWOD electrode geometry shows an unacceptable cross-
talk. Sensor sizes larger than 2.5 mm improve both the useful
signal and the crosstalk, but decrease in a significant way the num-
ber of monitored electrodes.
4. Structure and operation of the electronics

The electronic board controls and interfaces the LoC system
with a computer in order to achieve the droplet movement in
the EWOD system. It is composed by two main parts connected
in a compact and modular system:

1. A switching board, hosting a microcontroller, that distributes, in
the required time sequence, the voltage to the electrodes.

2. A low-power high-voltage generator that, starting from the
5 Volts of a computer USB connection, generates the voltage
(ranging from 10 Volts up to 250 Volts) to be supplied to the
electrodes.

A graphical unit interface (GUI) developed in C++ controls all
the parameters to be sent to the microcontroller through a USB
connection.

4.1. Switching board

The switching board is connected to the EWOD system by
means of an edge card connector, which guarantees both electrical
continuity between board and glass and the electrical insulation
between adjacent contacts when the high voltage, supplied by
the variable voltage generator, is applied to the electrodes. The



D. Caputo et al. / Sensing and Bio-Sensing Research 3 (2015) 98–104 101
electronic circuit of the main board includes an array of switches
(photoMOS relays) and a microcontroller which rules the switch
activation timing, controls the functionalities of the variable volt-
age generator and handles the data communication with the com-
puter via USB interface. Each electrode of the EWOD device is
connected to a couple of switches whose status can be set in order
to connect the electrode to high voltage, ground potential or float-
ing potential. Detailed description and electrical characterization
of this board can be found in [8].

4.2. Low-power high voltage generator board

This board generates a voltage from 10 V up to 250 V starting
from the standard 5 V USB power supply without exceeding the
maximum current consumption of 500 mA allowed by the USB
standard.

The first part of the circuit is a fly-back converter that raises the
5 V input voltage from a computer USB port up to 300 V. The oper-
ating principle of the fly-back converter is schematically reported
in Fig. 4. When the switch is closed, the transform stores the mag-
netic energy in its primary coil that is instantly transferred to the
secondary coil of the transformer when the switch is opened. This
effect produces a current pulse that through a rectifier charges the
capacitor ‘‘C’’ generating a high voltage drop across the capacitor.

The standard fly-back circuit [30] has been modified in order to
limit the current, provided by the USB port, to 40 mA. However,
this restriction increases the charging time of the capacitor. In
order to overcome this problem, a rechargeable battery has been
connected in parallel to the flyback converter to supply the initial
Fig. 4. Schematic representation of the fly-back circuit operation. The voltage generator
EWOD electrodes.

Fig. 5. Voltage regulator circuit Vcc is provided by the flyback circuit, w
extra-current. In this way, the charging time to the maximum volt-
age 300 V is lower than 60 s. When the capacitor is charged, since
the current needed to actuate the electrowetting electrodes is less
than 100 lA, the flyback converter is disconnected from the bat-
tery and connected to the USB power supply. During this operating
time the battery is recharged from the USB connection.

The output voltage of the flyback converter is the power supply
(Vcc) of the voltage regulator circuit (see Fig. 5). This circuit pro-
vides an output voltage whose value depends on the output volt-
age of the Digital to Analog Converter (DAC).

The DAC output voltage ranges from 0 to 4.096 V and its value is
controlled by the microprocessor included in the switching board
through a feedback loop. The actual output voltage value is
acquired by the Analog to Digital Converter (ADC) embedded in
the microprocessor. The microprocessor actuates an iterative suc-
cessive approximation procedure, which changes the value of the
DAC voltage until the difference between the required and the
actual output voltage is below 1 V. The required output voltage is
set through the GUI graphical interface.

The operating principle of the voltage regulator circuit is the fol-
lowing. The DAC voltage is buffered to avoid coupling effect with
the transistor Q3 and it is reported to the voltage divider made
of resistors R0, R4 and R2//R3. The current flowing through the
resistors R0 and R4, up to a negligible current driven by the Dar-
lington couple of transistors Q3 and Q4, flows in the resistor R2//
R3 and generates the output voltage. The switch ‘‘SW1’’ (see
Fig. 5) allows to change the gain (VOUT/VDAC) of the circuit by con-
necting the resistor R5 in parallel with the resistors R2 and R3 and
thus changing the value of the voltage divider. Taking into account
V is provided by the USB port, while the voltage across the capacitor C drives the

hile the output voltage (OUT) depends on the DAC output voltage.
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the value of the resistors reported in the circuit of Fig. 5, when the
switch is opened the gain VOUT/VDAC is 42.66 and the output volt-
age range is 45–250 V. When the switch is closed, the gain
decreases down to 9.5 and the range is 9–49 V.

We found that the output voltage range is 10–250 V with step
of 1 V and ripple less than 40 mV in the entire range of variation.

5. Lab-on-Chip fabrication

The LoC system is fabricated on a glass substrate by using thin
film processes. The process sequence takes into account the com-
patibility of all the technological steps used to fabricate the EWOD
electrodes, the a:Si:H photosensors and the capillary-driven
microchannels.

5.1. EWOD system

The electrodes of the EWOD structure have been fabricated
depositing by magnetron sputtering a 180 nm thick Indium Tin
Oxide (ITO) layer. Taking into account the area occupied by a
2 ll droplet, as discussed in Section 3.1, the ITO film has been pat-
terned with a dry etching as a linear array of 7 electrodes with
1.5 � 1.5 mm2 distance between them of 60 lm. As reported in
[3], a PDMS layer (Rhodorsil RTV 90700 from Siliconi, Padova, Italy)
deposited by spin-coating acts as both hydrophobic and insulating
layer of our EWOD system. The resulting thickness is 1.3 lm and
the contact angle measured at 0 V is 104�.

The droplet used in the experiment reported below is consti-
tuted by mineral water. This droplet is enough conductive to
enable the fluid movement and at the same time has a low surfac-
tant concentration to avoid the hampering of the movement due to
the decrease of the contact angle variation.

5.2. a-Si:H photosensor array

The fabrication process of the photosensors has been performed
after the definition of the EWOD electrodes. It requires four litho-
graphic steps, four wet etchings and two dry etchings. To avoid
damaging of the EWOD electrodes, they have been protected with
a 1.5 lm thick AZ1518 photoresist cured at 115 �C for 3 min.

The a-Si:H photosensors are ITO/a-SiC:H p-type/a-Si:H intrinsic/
a-Si:H n-type/metal stacked structures. A 180 nm-thick ITO layer,
which acts as transparent bottom contact of the diodes, has been
deposited by magnetron sputtering and patterned by dry etching
process (mask 1). Then, the a-Si:H stacked structure p-type/intrin-
sic/n-type has been deposited by Plasma Enhanced Chemical Vapor
Deposition (PECVD). The deposition parameters of the a-Si:H layers
are reported in [29].

A three-metal Cr/Al/Cr stack, which acts as top contact of the sen-
sors, has been deposited by vacuum evaporation. Then, the photo-
sensors area have been defined by wet etching (mask 2) of the Cr/
Al/Cr stack and subsequently by the mesa patterning by dry etching
of the a-Si:H layers (mask 2). As suggested by the simulations, the
area of the photosensors has been set to 2.5 � 2.5 mm2. In order to
insulate the top and the bottom layers of the photosensors, a
5 lm-thick SU8 (from Micro-Chem, MA, U.S.A.) passivation layer
has been deposited by spin coating and via the holes over the diodes
patterned by wet etching (mask 3). Finally, a 150 nm-thick titanium/
tungsten alloy layer has been deposited by sputtering and subse-
quently patterned (mask 4) for the definition of the top grid elec-
trodes and of the connection to the pad.

5.3. Capillary-driven microfluidic channel

The capillary-driven microchannel fabrication is the last tech-
nological step. Its dimensions are 3 cm � 2 mm � 150 lm
(L �W � H). The PDMS used to fabricate the microchannel was
the Sylgard184 from Dow Chemicals with a 1:10 ratio between
the curing agent and the base elastomer. The technological proce-
dure for the fabrication is described below. The mold for the PDMS
channel has been fabricated overlapping on a glass holder two
sheets of 75 lm thick Kapton tape and shaping them with the
channel dimensions. The two components of PDMS have been
mixed and the bubbles removed by gentle vacuum. Then, the
mixed PDMS has been poured into the holder obtaining a PDMS
structure 1.5 mm thick. Finally, the PDMS has been cured at
80 �C for 90 min. The described steps produce a PDMS channel
with hydrophobic surfaces, which are not suitable for a capillary-
driven microfluidic device as the one to be coupled with the elec-
trowetting device. The hydrophilic characteristic of the channel,
indeed, is a strict requirement to generate the capillary pressure,
which drives the liquid movement inside the channel. Therefore,
we have treated the internal surfaces of the microchannel with
Poly Ethylene Glycol (PEG), which turns the walls of the channel
from hydrophobic into hydrophilic type changing the PDMS wet-
ting characteristics. In order to achieve hydrophilic surfaces we
exposed the internal walls of the PDMS to oxygen plasma for
30 s. Then, we diluted 0.2 g of PEG in 0.2 ml of deionized water
and we poured the solution over the treated walls of the channel.
Finally, the PDMS structure was thermal cured at 150 �C for 90 min
and rinsed in deionized water to remove the excess of PEG.

6. Results and discussion

The functionality and successful integration of the different fab-
rication processes have been verified with three different tests:

a. Detection through the array of the amorphous silicon photo-
sensors of a droplet over an EWOD electrode;

b. Integration of the capillary-driven microfluidics with the
EWOD system.

The operation of the device has been evaluated moving a water
droplet forward and backward over an EWOD electrode and mon-
itoring the current of the corresponding photosensor when a radi-
ation is impinging over the LoC system from the EWOD glass side.
A 2 ll water droplet has been spotted on the PDMS and moved by
the EWOD system by applying 200 V between two adjacent elec-
trodes. Thanks to the transparent electrodes, the light reaches
the photodiodes and generates a photocurrent signal, which is
modulated by the presence of the droplet. Photosensor currents
have been measured in three different droplet positions: far (a),
close (b) and over (c) the electrode as reported in the upper part
of Fig. 6. Data of the figure report the histograms of the current val-
ues corresponding the three droplet positions in multiple experi-
ments performed at different times. We see that these positions
can be easily distinguished confirming that the a-Si:H photosen-
sors are effective in detecting the presence of a droplet over the
electrode.

The presented experiment is a proof of principle of the effec-
tiveness of a-Si:H photosensors to monitor a variation of light over
the electrodes. However, the PDMS over the EWOD electrodes
could be functionalized [31] in order to immobilize bioreceptors
and recognize different analytes contained in drops transported
over the electrodes. The subsequent transport of other solutions
can give rise to luminescent phenomena detected by the
photosensors.

With this integration a drop of solution transported by the
EWOD system to the inlet of the microfluidic channel flows inside
the microchannel. Depending on its composition and residence
time, the injected solution can functionalize the glass [32] inside
the microchannel, immobilize bioreceptors and recognize different



Fig. 6. Histogram of the current values flowing in a a-Si:H photosensor, when the droplets is in three different positions over the EWOD system: (a) 6 mm from the monitored
electrode (far), (b) 1 mm from the monitored electrode (close), (c) over the monitored electrode.

Frame 1 Frame 2 Frame 3 Frame 4

Fig. 7. Frames of a movie demonstrating the drop movement and the microchannel filling.
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biomolecules on the functionalized surface. The geometry and fab-
rication of the EWOD system are the ones described in Section 5.1,
except for the material of the EWOD electrodes, that is a 30 nm/
200 nm/30 nm Cr/Al/Cr metal layer stack deposited by magnetron
sputtering and patterned by wet etching. The reason for this
change is to demonstrate the possibility to achieve a correct oper-
ation of the EWOD system with different thin film technologies.

The capillary-driven microchannel has been fabricated in PDMS
as described in Section 5.3 and then placed on the EWOD device
aligned with the last electrode of the array. A 2 ll water droplet
has been spotted on the PDMS of the EWOD structure and moved
actuating the electrodes towards the inlet of the microchannel.
When the droplet reached the inlet of the channel, the hydrophilic
characteristic of the inner walls drives the liquid to the outlet of
the channel. Fig. 7 reports four frames captured during the exper-
iment. Frames 1 and 2 demonstrate the movement toward the
microchannel inlet, while frames 3 and 4 the filling of the capil-
lary-driven microchannel.
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7. Conclusions

A LoC system which combines, on the same glass substrate, on-
chip fluidic handling and on-chip detection has been designed, fab-
ricated and tested. The on-chip fluidic handling comprises both
digital microfluidic based on the EWOD technique and continuous
flow microfluidic based on capillary-driven microfluidic channels.
The on-chip detection is performed by an array of a-Si:H photosen-
sors, whose low deposition temperature (around 250 �C) enables
the use of standard glass substrate.

The optimization of the useful light impinging on the photosen-
sors and the minimization of the crosstalk have ruled the design of
the geometrical sizes of both the EWOD electrodes and of the pho-
tosensor array. The compatibility of the technological steps has
ruled instead the sequence of the microelectronic thin film pro-
cesses for the fabrication of the whole Loc system.

The correct functionality of the integrated technological parts
has been successful verified showing that the proposed LoC pre-
sents the features of a ‘‘true’’ Lab-on-Chip system, avoiding off-chip
detection units as well as microfluidic interconnections toward
pumps or syringes.
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