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ABSTRACT
A three-bit flash analog-to-digital converter (ADC) consisting of inverter-based comparators and
logic gates using amorphous indium-gallium-zinc-oxide thin-film transistors (a-IGZO TFTs) was
developed. The TFT has a bottom gate structure with amethyl-siloxane-based organic spin-on-glass
passivation layer, which reduces the plasma damage on the active layer. A bootstrapped logic gate
structure was used in the proposed ADC to overcome the reduced output swing in the inverters
and the NAND gates caused by using only n-type a-IGZO TFTs. The output signals of the developed
three-bit flash ADCwith a-IGZO TFTs well matched the analog inputs. The output voltage swing was
0.2–3.6 V, well matching the simulation result. The three-bit flash ADC was verified up to the 1 kHz
operation frequency, and thus canbeused in sensor applications such as thewearable sensor display
and the integrated biosensing platform.
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Introduction

Oxide semiconductor thin-film transistors (TFTs) such
as amorphous indium-gallium-zinc-oxide (a-IGZO)TFTs
show better performance than amorphous silicon TFTs
and are increasingly becoming widely used for the dis-
play backplane as the resolution and size of the dis-
play increases [1–4]. Owing to their transparency and
higher mobility compared to the amorphous silicon
TFTs, a-IGZO TFTs have been studied widely, and var-
ious integrated circuits, such as the pixel circuit, scan
drivers, inverter, ring oscillator, and logic gates, have been
reported [5–14]. As p-channel operation is difficult due
to the large density of states below the Fermi level, a-
IGZO TFT circuits have been implemented with only
n-channel TFTs.

Reported in this paper is the design of a three-bit flash
analog-to-digital converter (ADC) using oxide TFTs that
can be used in the integrated biosensor platform. The
integrated biosensor platform requires ADC for analog-
to-digital conversion for the processing of the data. The
analog-to-digital conversion is an inherently slow pro-
cess, and the speed of the conversion depends on the con-
version scheme consisting of a variety of circuit blocks.

FlashADC is one of the commonly used converters for
bit numbers less than or equal to 8, and it has the fastest
conversion speed among all the types of ADC circuits
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[15]. Few papers on flash ADCs using TFTs such as a-
Si:H and polysilicon TFT, however, have been reported
with five- and three-bit ADCs [16–18].

The developed ADC consists of an inverter-based
comparator and an encoder with n-channel a-IGZO
TFTs. The TFTs have a bottom gate structure with a
methyl-siloxane-based organic spin-on-glass (SOG) pas-
sivation layer, which reduces the plasma damage on the
active layer [19]. After examining comparators and logic
gates with a-IGZOTFTs, a three-bit ADCwas developed.
The three-bit flash ADC is useful for the integrated sens-
ing platform, in which it converts the sensing signal to a
digital signal.

Experiment

The bottom-gate IGZO TFTs were fabricated with an
SOG passivation layer, as shown in Figure 1. A 150-nm-
thick Cr layer was deposited at room temperature by
sputtering, andwas patterned for a gate electrode through
wet etching. A 300-nm-thick SiO2 layer was deposited
as a gate insulator through plasma-enhanced chemical
vapor deposition, and a 50-nm-thick a-IGZO layer was
then deposited at 250°C through sputtering as a channel
material, and was then patterned throughwet etching. As
the IGZO layer is etched out during the source drain wet
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Figure 1. Cross-sectional structure of the fabricated TFT.

etching, the metal etchant was diluted to reduce the etch
rate of the IGZO, and the overetch time was controlled.
After the source/drain electrode patterning through wet
etching, a 320-nm-thick methyl-siloxane-based organic
passivation layer was spin-coated, followed by annealing
at 350°C. Finally, a 110-nm-thick Al layer was formed
for the electrodes after contact hole etching on the SOG
passivation layer.

The logic circuits in the encoder for ADC were imple-
mented using the bootstrapped concept. The basic logic
gates were developed with IGZOTFTs. Figure 2(a) shows
the bootstrapped inverter using a diode-connected TFT
(T1), a load TFT (T2) with W/L = 10/10, and a drive
TFT (T3) with W/L = 80/10. The full VDD output high

voltage can be obtained using bootstrapped inverters
[20]. Bootstrapping is a technique by which the gate volt-
age of the load transistor (T2) is driven to a bias higher
than VDD by the positive feedback through capacitor C1
and the parasitic capacitance of T2 during the output high
transient. Figure 2(b) shows the developed NAND gate.

Shown in Figure 3 is a three-bit flashADC schematic, a
three-bit A/D converter consisting of seven comparators
and an encoder. The comparators include a bootstrapped
inverter consisting of two input switching TFTs (T1, T3),
one connected TFT (T2), and two coupling capacitors
(C1, C2). T1 is used to introduce the reference voltage
to node A, T2 is used to connect the input and output
of the inverter to set the initial state of the inverter of
the comparator, and T3 is used to introduce the input
analog voltage to node A. The reference voltages for the
compactors are generated by a serially connected resistor
array of eight 1 k� resistors. These reference voltages are
compared to the analog input voltage by the comparators,
which output “0” or “1” according to the analog input
voltage. Then the binary outputs of the comparator are
converted to the binary format (A2, A1, A0) by a digital
encoder during CLK 4 high.

(a) (b)

Figure 2. Logic circuit and optical micrographs of the (a) inverter and (b) NAND gate.

Figure 3. Three-bit flash ADC schematic.
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Figure 4. Layout design and optical micrographs of the three-bit
flash ADC.

Based on the above configuration, a three-bit flash
ADCwas designed and implemented with a-IGZOTFTs.
The design layout and the opticalmicrograph of the fabri-
cated three-bit flash ADC with a-IGZO TFTs are shown
in Figure 4. The fabricated ADC has 11 interface metal
pads for four input CLKs, one analog input, one refer-
ence input, oneVDD, and three outputs. The ADC design
occupies an about 2× 3mm2 effective area.

Results and discussion

Figure 5 shows the transfer characteristics of the fab-
ricated a-IGZO TFT. At VDS = 5V, the device exhib-
ited 2.88 cm2/Vs field effect mobility, a 0.37V threshold
voltage, and a 0.40V/dec subthreshold slope.

The output signal was monitored while varying the
input voltages from 0 to 5V with the power voltage of
VDD = 5V. Figure 6(a) shows the input andoutputwave-
forms of the inverter under VDD = 5V. The first one
from the top is the input, and the second, third, and
fourth are the outputs for the 62.5Hz, 250Hz, and 1 kHz
input frequencies, respectively. Figure 6(b) shows the
input and output waveforms of the NAND gate. The first
and second from the top are the two inputs to the NAND,
and the others are the outputs for various input frequen-
cies (62.5Hz, 250Hz, and 1 kHz). The output voltages of
the inverter and NAND gate were 4.8V for the high state

Figure 5. Transfer characteristics of the fabricated IGZO TFT.

and 0.2V for the low state. These outputs were labeled “0”
and “1”. The rise and fall times of the inverter were 500
and 60 μs, respectively, and 500 and 90 μs for the NAND
gate. Although the rise and fall times were rather long
due to the low operation voltage of VDD = 5V, the cir-
cuit is compatible with the 5V logic and is suitable for
low-speed applications.

The operation of the inverter-based ADC compara-
tor is illustrated in the simulation results shown in
Figure 7(a) and 7(b). When CLK 1 is high, the reference
voltage is introduced to node A of the comparator. When
TFT T2 is turned on by CLK 2, the voltages of nodes B
and C become the same through the connection of the
said nodes.

Then, while CLK 3 turns on T3, the analog input volt-
age (V in) is introduced to node A of the comparator. At
this time, the voltage of node A decreases (Figure 7(a))
when the analog input voltage is lower than the reference
voltage, and increases (Figure 7(b)) when the input volt-
age is higher than the reference voltage. According to the
increase or decrease of the voltage at node A, the volt-
age at node B also increases (Figure 7(a)) or decreases
(Figure 7(b)) owing to coupling capacitor C2. Therefore,
the voltage at node C, which is the output of the inverter,
becomes high (Figure 7(a)) or low (Figure 7(b)) accord-
ing to the comparison result of the input voltages to the
reference voltage. Therefore, the output of the compara-
tor becomes low when the input voltage is higher than
the reference voltage, and becomes high when the input
voltage is lower than the reference voltage.

The input analog voltage is compared to the refer-
ence voltages generated by the serially connected resistor
array. Then a three-bit code (A2, A1, A0) corresponding
to the input analog voltage is generated from the outputs
of the comparators. The comparator outputs are encoded
to the three-bit code by the encoding circuit during CLK
4 high, as shown in Figure 8.
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(b)(a)

Figure 6. Input and output waveforms of the (a) inverter and (b) NAND gate operated at 62.5 Hz, 250 Hz, and 1 kHz with a VDD = 5 V
supply voltage.

(b)(a)

Figure 7. CLK inputs of the ADC and operating simulation results of the comparator. (a) V ref > V in; (b) V in > Vref .

Figure 8 shows the simulation results of the three-bit
ADC for various analog inputs. Figure 8 shows the wave-
forms of the three-bit binary-code outputs (A2, A1, A0)
with a 5V power supply at a 500Hz operation frequency
with a clock voltage of 5V. The voltage of one least signif-
icant bit (LSB) is 0.625V with three bits, and the analog

input voltages from 0 to 5V are correctly converted to
three-bit binary codes (111–000).

Figure 9(a) and 9(b) shows the measurement results
for the fabricated three-bit ADC. The four input CLKs
and all the three output signals are presented for the
operating frequencies of 500Hz (Figure 9(a)) and 1 kHz
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Figure 8. Simulation results of the ADC at a VDD = 5 V supply voltage and operating at 500 Hz.

(b)(a)

Figure 9. Measurement results of the ADC at a VDD = 5 V supply voltage and with 4.9, 3, and 2 V analog voltage changes, operating at
(a) 500 Hz and (b) 1 kHz.
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(Figure 9(b)). Among the three output bits, “A0” is the
least significant bit, and “A2” is the most significant bit.
Each analog voltage was converted to the binary code, as
shown in Figure 9(a) and 9(b), such as 4.9 V to 111, 3V
to 100, and 2V to 011. The output voltages were 0.2V
for the low state and 3.6V for the high state. The devel-
oped three-bit flash ADC with oxide TFTs successfully
converts the analog input voltage to the three-bit binary
code and can be useful for the integrated TFT sensor plat-
form, particularly for converting the sensing signal to a
digital signal.

Conclusions

Based on a-IGZO TFTs, a three-bit flash ADCwas devel-
oped with a combination of an inverter-based compara-
tor and logic gates. Bootstrapped logic gates and com-
parators were applied to overcome the narrow swing
output voltage caused by the use of only n-type a-IGZO
TFTs. The operation of the logic gates was verified up
to a 1 kHz frequency under the operation voltage of
VDD = 5V.

At 1 LSB 0.625V, the simulation results of the three-bit
ADC on various analog inputs, the waveforms of three-
bit binary-code outputs with a 5V power supply at a
500Hzoperation frequencywith a 5V clock voltage,were
converted to three-bit binary codes (111–000) according
to the analog input voltages (0–5V).

As with the simulation results, the measurement
results of the developed three-bit flash ADC showed that
the swings of the output voltages were 0.2 and 3.6V at
a 1 kHz operation frequency under a VDD = 5V opera-
tion voltage. The output signals of the developed three-bit
flash ADC with a-IGZO TFTs matched the three-bit dig-
ital code to the analog input changes (e.g. 4.9 V to 111,
3V to 100, and 2V to 011).

For the sensor system, the developedADC can be used
to convert the sensing signals at the sensor node, and
to transport the digital signals to the external interface.
Also, oxide TFTs can be used for the integrated ADC for
various sensing applications, such as the fully integrated
biosensing platform, which is transparent and flexible.
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