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ABSTRACT In this paper, we proposed a high-voltage serial-in-parallel-out (SIPO) shift register based on
amorphous silicon thin-film transistors (a-Si TFTs). We provided a detailed introduction of the bootstrap
inverter, the key component of the proposed shift register, and presented the simulation and analysis of
one-stage and five-stage SIPO shift registers, respectively. Then we fabricated the five-stage SIPO shift
registers employing a-Si TFTs. Both the simulation results and experimental results show that the proposed
SIPO shift register is capable of transmitting a 50 V high voltage pulse signal with a clock frequency of
20 kHz and is expected to be an important building block for the applications of digital microfluidics.

INDEX TERMS Digital microfluidic (DMF), amorphous silicon thin-film transistor (a-Si TFT), serial-in-
parallel-out (SIPO), shift register.

I. INTRODUCTION
In recent years, digital microfluidic (DMF) chips have
developed rapidly because of the wide range of prospec-
tive applications in biology, chemistry, medicine, and other
fields. Electrowetting-on-dielectric (EWOD) has been widely
used as a droplet manipulation method in DMF chips [1],
[2], [3], [4], [5]. Moreover, in order to solve the problem of
the excessive number of DMF chip electrodes required for
the improvement of throughput, active matrix electrowetting-
on-dielectric (AM-EWOD) technology has been developed
as a new DMF architecture [1], [6], [7].

An AM-EWOD DMF chip uses a thin-film transistor
(TFT) array to drive the electrodes. This architecture allows
a larger electrode array; it also greatly reduces the size of
the electrodes and enables precise control over the size and
shape of the droplets [6].
The precision of the TFT manufacturing process can reach

the micrometer level. This is sufficient to meet the fabrication
requirements for most DMF chips. Furthermore, glass sub-
strates used in TFTs have lower fabrication costs and higher

production efficiency compared with the silicon substrates
used in CMOS.
Currently, there are various kinds of TFTs, such as amor-

phous silicon (a-Si) TFTs [8], low-temperature polycrys-
talline silicon (LTPS) TFTs [9], indium-gallium-zinc-oxide
(IGZO) TFTs [10], and organic TFTs (OTFTs) [11]. Among
these, a-Si TFTs are relatively cost effective and more suit-
able for mass production. Besides, the a-Si TFTs have better
uniformity and stability, thus their performance is sufficient
for most DMF chips.
Generally, the working voltage of standard EWOD appli-

cations extends up to several tens of volts [7], [12], [13],
[14], [15]. Therefore, it is necessary to provide such high
voltages for the design of practical AM-EWOD drive circuits.
The purpose of this paper is to report a high-voltage serial-

in-parallel-out (SIPO) shift register based on a-Si TFTs. A
SIPO shift register can output input serial data in parallel
format. Using the shift register to apply driving voltage to the
electrodes of the AM-EWOD DMF chips can further reduce
the number of driving signals and improve the integration
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FIGURE 1. (a) Transfer characteristics (ID–VG) of discrete a-Si TFTs with
W/L = 50 μm/6 μm and VD varied from 1 to 41 V in 20 V steps. (b) Output
characteristics (ID–VD) of the TFT with W/L = 50 μm/6 μm and VG varied
from 0 to 40 V in 10 V steps.

FIGURE 2. Schematics of (a) a bootstrap inverter circuit and (b) its
simulation results with a clock frequency of 100 kHz, VDD of 70 V, and VSS
of –3 V.

of the chips. In addition, a five-stage SIPO shift register
has been proposed and simulated based on the SIPO shift
register unit. And then, we fabricate the SIPO shift register
employing a-Si TFTs. Both the simulation and experimental
results show that the shift register exhibits a 50 V high
voltage output pulse and a maximum clock frequency of
20 kHz.

II. CHARACTERISTICS OF A-SI TFTS
Fig. 1 (a) and (b) show the transfer characteristics and output
characteristics, respectively, of a typical a-Si TFT (W/L =
50 μm/6 μm) used in the present study. All simulations
presented in this paper use the a-Si TFT model as shown in
Fig. 1.

III. DESIGN AND SIMULATION
First, we introduce the bootstrap inverter, which is an
extremely critical component in our proposed SIPO shift
register. The bootstrap inverter, as the name implies, uses
the bootstrapping effect of capacitors to raise the output
high level [16]. An example of this effect can be seen with
the bootstrap inverter shown in Fig. 2(a). Assume that the
initial input signal IN is high level VIH, and the initial out-
put signal O is low level VOL. As the gate voltage and drain
voltage of T1 are both VDD, T1 is in the saturation state.
The source voltage of T1 and the gate voltage of T2 are both
VDD-Vth1. Vthn is the threshold voltage of Tn. Therefore,
the voltage applied to C1 is VDD-Vth1-VOL. Due to T2 in

saturation state and T3 in deep linear state having the same
drain current, the VOL can be obtained as follows:

0.5μCOXα(VDD− Vth1 − VOL− Vth2)2

= μCOXβ[(VIH − VSS− Vth3)(VOL− VSS)] (1)

VOL ≈ α(VDD− Vth1 − Vth2)2

2β(VIH − VSS− Vth3)
+ VSS (2)

Here, α is the width-to-length ratio of T2; β is the width-
to-length ratio of T3; μ is the carrier mobility; and COX is
the gate insulating layer capacitance per unit area.
Therefore, it can be seen from expression (2) that VOL

can be adjusted to the required low level by adjusting VSS.
When the input signal IN is low level VIL, T3, which is

initially open, is gradually closed, and the voltage of output
signal O is gradually increased. As the voltage applied to
C1 cannot mutate, the gate voltage of T2 increases gradually
based on VDD-Vth1, which is the bootstrapping effect of
the capacitor C1. When the gate voltage of T2 increases to
VDD + Vth2, T2 changes from the saturation state to the
linear state, and the current of T2 in the linear state is equal
to the current of T3 in cut-off state, which is equal to zero.
Thus, we get:

μCOXα[(VDD+ Vth2 − Vth2 − VOH)(VDD− VOH)] = 0 (3)

VOH = VDD (4)

Therefore, the output signal O becomes high level VOH,
which is equal to VDD. This is the key to the ability of our
proposed register to transmit high voltages.
Fig. 2(b) shows the simulation waveform of the bootstrap

inverter built with our above-mentioned a-Si TFTs. The boot-
strap inverter is operated with a clock frequency of 100 kHz,
VDD of 70 V, and VSS of –3 V. It can be seen from the
simulation waveform that the bootstrap inverter is enough
to transmit a 70 V high voltage signal. Its performance is
more than enough for our needs.
The proposed SIPO shift register unit circuit is shown in

Fig. 3(a). The unit circuit is composed of nine transistors and
four capacitors (9T4C). T1, T2, T3, and C1 are the first-
stage bootstrap inverter, denoted as I1. Similarly, T4, T5,
T6, and C4 constitute the second-stage bootstrap inverter,
denoted as I2.
The working process of the proposed SIPO shift register

unit circuit can be explained as follows: When the RESET is
high level, C4 gets charged to high level, and the gate volt-
age of T6 is at high level as well; consequently, the output
signal O is low level VSS. Thus, as long as RESET is high
level, the output signal O will be maintained at low level
regardless of CLKA, CLKB, and IN. When the RESET and
CLKB are low level and CLKA is high level, the input signal
IN registers at a Q-node through I1 in the form of reverse
IN, and the output signal O remains unchanged. When the
RESET and CLKA are low level and CLKB is high level,
the voltage of a Q-node maintains its original level, and
the reverse IN stored at the Q-node is the output at O
through I2.
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FIGURE 3. Schematics of (a) proposed SIPO shift register unit circuit and
(b) its simulation results with a clock frequency of 20 kHz, VDD of 50 V, VSS
of 0 V and –3 V, load capacitance of 10 pf and load resistance of 1 G�,
respectively.

The parameters of each component in the proposed SIPO
shift register unit circuit are listed in Table 1.
Fig. 3(b) shows the simulation waveform of the proposed

SIPO shift register unit circuit. The load capacitance and load
resistance during simulation are 10 pf and 1 G� respec-
tively. In theory, the low level of output signal O should
be approximately equal to VSS. However, the simulation
results are not consistent with this. This is due to the work-
ing voltage being 50 V, owing to which the interference term
α(VDD−Vth1−Vth2)2

2β(VIH−VSS−Vth3)
in the expression for calculating VOL can-

not be ignored. Therefore, we reduced the low level of output
signal O by setting VSS to a negative voltage, such as –
3 V, to obtain the desired low level. As indicated by the
red arrows in Fig. 3(b), the low level of output signal O
drops from 3.97 V to 1.38 V when VSS changes from 0 V
to –3 V.
We then built a five-stage SIPO shift register with the

proposed SIPO shift register unit, as shown in Fig. 4(a),
and conducted its simulation, in which load capacitance C is
10 pF and load resistance R is 10 G�. The simulation wave-
form is shown in Fig. 4(b). When the input signal “10101”
is serially input to the five-stage SIPO shift register, the

FIGURE 4. Schematics of (a) five-stage SIPO shift register circuit and (b) its
simulation results with a clock frequency of 20 kHz, VDD of 50 V, and VSS
of –3 V.

five-stage SIPO shift register outputs the signal “10101” in
parallel. This verifies that the five-stage SIPO shift register
can realize its functions with a clock frequency of 20 kHz,
VDD of 50 V, and VSS of –3 V. However, we found that
the intermediate stage shift register units of the five-stage
SIPO shift register had a slight drop in the middle of their
output signals when the output voltage is high level. This
is because when the previous stage shift register transfers
its high-level signal to the next stage shift register, it needs
to charge the next stage shift register, resulting in a slight
drop in the high level of the previous stage shift register.
However, this has negligible influence.

IV. EXPERIMENTAL RESULTS
We fabricated the proposed five-stage SIPO shift register
employing a-Si TFTs. The channel lengths of all TFTs are
6 μm. The channel widths of TFTs in the proposed shift
register are similar as TFTs listed in Table 1.

Fig. 5(a) shows the optical image of the fabricated SIPO
shift register. As shown in Fig. 5(b), the test result is slightly
different from the simulation. Under the same supply voltage
of 50 V and clock frequency of 20 kHz, the waveform of the
output signal is as low as about 40 V and cannot reach 50 V.
The reason is that there is a large parasitic capacitance at the
output of the fabricated SIPO shift register due to the influ-
ence of the process and the test electrode will also introduce
some capacitance, which results in a larger load capacitance
at the output of the circuit, so the output high-voltage-level
cannot meet the requirements. But its function of serial input
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TABLE 1. Circuit parameters of the SIPO shift register.

FIGURE 5. (a) Optical image of the fabricated SIPO shift register.
(b) Output waveform of the last (five) stage.

and parallel output shift register can be realized. And we can
make the output voltage meet our requirements by slightly
increasing the power supply voltage.
Table 2 summarizes key factors of the proposed shift reg-

ister unit circuit in comparison to other previous shift register
unit circuits, showing that the proposed circuit can transmit
the highest high-voltage-level pulse signal with the mature
and cost effective a-Si TFTs. Its clock frequency is higher
than the a-IGZO TFT circuit and lower than the LTPS TFT

TABLE 2. The key factors of the proposed and previous works.

circuit. But the LTPS TFT circuit only has simulation results
and has not been fabricated for verification.

V. CONCLUSION
This paper describes a high-voltage SIPO shift register based
on a-Si TFTs for DMF chips. Simulation results illustrated
that the proposed shift register can successfully transfer a
50 V signal with a clock frequency of 20 kHz. However,
under the same condition of 50 V bias voltage and 20 kHz
clock frequency, the experimental results show that the output
high level of our fabricated SIPO shift register is slightly
lower than the output high level of our simulated SIPO shift
register. But this can be solved by increasing the supply
voltage. The 50 V high voltage is abundant to drive most
DMF chips to manipulate droplets, and the frequency of
20 kHz can sufficiently meet the high-speed requirements of
DMF chips. Most importantly, a mature and low-cost a-Si
TFT manufacturing process can greatly reduce the cost of the
drive circuit of DMF chips. Therefore, the SIPO shift register
presented in this paper will greatly promote the development
of DMF chips.
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