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Abstract—A new standard cell topology, two-stage resistor-load
logic, for Indium-Gallium-Zinc-Oxide (IGZO) thin-film transistor
(TFT) technology is presented. The proposed inverter topology
is compared with conventional one-stage resistor-load gates in
terms of robustness (noise margin), speed performance and power
consumption. It has been shown that the two-stage resistor-
load logic style is more robust against process variations and
demonstrates higher speed performance. As a proof of concept,
a 4-bit digital multiplier circuit on a flexible substrate is designed
and fabricated with 1.66 mm? area using 800 nm channel length
n-type only TFTs. Measured power consumption of the chip is
less than 12 mW with 1 MHz of operating clock frequency. '

Keywords—TFT; digital design; logic topology; IGZO; in-
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I. INTRODUCTION

Thin-film transistor (TFT) technologies have gained a key
role in the last decades of semiconductor industry because
of their unique properties. First, manufacturing in large areas
became possible, paving the way for high resolution and large
area displays. TFTs allow to use active matrix addressing
techniques to switch individual pixels on the display [1].
Second, the process can be done on flexible substrates which
brings a great potential for various form factors of displays and
circuitry. One interesting research path is to connect everyday
objects to the internet for IoT by means of flexible RFID tags
[2]-[3]. Thanks to this flexible form of TFT circuits, on-body
health patches for biomedical applications are also possible
[4]-[5]. Third, TFTs using metal-oxide semiconductors such
as Indium-Gallium-Zinc-Oxide (IGZO) have very low leakage
current which enables them to be used in memory design for
thin-film data processing circuits [6]-[7].

Developing process techniques to achieve sub-micron TFTs
in parallel with new design methodologies pave the way for
VLSI circuits on flexible substrates. In unipolar technologies,
if dual-gate TFTs are not available, the conventional technique
to create standard cells is to use one-stage resistor-load design
as depicted in Figure 1a [8]. In this study, a two-stage resistor-
load topology as shown in Figure 1b is proposed and compared
with the one-stage design in terms of DC transfer character-
istics and ring oscillator characteristics. In order to prove the
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concept, a 4-bit multiplier circuit on flexible substrate with
two-stage resistor-load logic topology has been designed and
fabricated in the 800 nm IGZO-based process technology of
PragmatIC foundry. The average threshold voltage (V) of
n-type-only transistors in this technology is 0.685 V with
standard deviation of 57 mV. Unique aspects of this technology
are the added resistor component that provides flexibility in
circuit design, 4 routable metal layers to save circuit area, 800
nm channel lengths and rapid technology throughput time [9].
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Fig. 1. Circuit schematics of 1-stage (a) and 2—stage (b) resistor-load inverters.

II. DC TRANSFER CHARACTERISTICS

The working principle of two-stage resistor-load logic is
similar to Pseudo-CMOS logic [10]: The ratioed-logic at the
first stage is a standard resistor-load inverter where the second
stage comprises of a source follower and an additional input
transistor. Supply voltage Vpp needs to be equal to or smaller
than the supply voltage Vpras for a proper operation. Figure
2a compares voltage transfer curves of one-stage resistor-load
and two-stage resistor-load inverters while Figure 2b plots the
extracted noise margin with respect to the supply voltage.
It can be observed that the two-stage resistor-load inverter
operates rail-to-rail and has a higher noise margin than the one-
stage resistor-load inverter independent from supply voltage.
The output voltage of the one-stage inverter does not reach to
zero volts due to the ratioed-logic property. This compromises
the noise margin for all supply voltages [11]. The transistors
have a W/L ratio of 50 pm /2 pm and the resistance value of
R; and Ry is 200 k€2 (15 pum / 3 pm). The area of an inverter
cell with two-stage logic is 4050 um? while it is 2250 pum?
for one-state logic.

For each topology, three different designs were investigated
with different resistance values for the load resistor (100 k€2,
200 k2 and 300 k€2). Figure 3a shows the voltage transfer
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Fig. 2. Voltage transfer curves of inverters with different Vpp (a) and noise
margin with respect to Vpp (b) Vpp = VBras).

curves of two-stage resistor-load inverters with three different
resistance values. Increasing the value of the load resistance
makes the curve steeper and hence increases the noise margin.
Figure 3b plots the comparison between two logic styles in
terms of average noise margin. Besides providing rail-to-rail
output swing, another advantage of having the second stage is
enabling tuning the voltage transfer curve by changing Vpras
for the same Vpp as seen in Figure 4a. In this way, the noise
margin of the inverter can be tuned to an optimum level after
the fabrication of the circuit as shown in Figure 4b. The left
y-axis indicates the noise margin while the right y-axis stands
for the trip voltage where the input voltage is equal to the
output voltage.
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Fig. 3. Voltage transfer curves of 2-stage resistor-load inverter with resistance
value of 100 k€2, 200 k2 and 300 k2 (a) and noise margin with respect to
load resistance value (b) (Vpp = Vpras =5 V).
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Fig. 4. Impact of Vpras on DC characteristics of 2-stage resistor-load

inverter (Vpp =3 V).

According to Pelgrom’s Law, threshold voltage mismatch
between identically designed transistors is inversely propor-
tional to the channel area of transistors [12]. In order to
evaluate the robustness of smaller sized logic gates, two
different inverter designs with sizes of TFTs W/L=50 pym / 2
pm and W/L=20 pm / 0.8 um have been measured. The load

resistor value for both inverters is identical (200 k€2) while the
supply voltages are set to 5 V. The average noise margin of
the inverters with channel length of 2 ym TFTs is measured
as 1.435 V while it is 1.245 V for inverters with L. = 0.8
pm TFTs. Considering that the threshold voltage variation of
TFTs for the technology is 57 mV, logic gate design with L =
0.8 um is promising for complex circuit integration and faster
operating circuits.

III. RING OSCILLATOR CHARACTERISTICS

In order to evaluate the speed performance and power
consumption of the standard cell topology, ring oscillator
circuits with 19 cascaded inverters are designed and measured.
Figure 5a shows the average propagation delay and power
consumption per inverter for different supply voltage com-
binations based on designs with L = 2 pum. As the red curve
demonstrates, one-stage resistor-load inverters have a trade-
off between speed and power consumption and the delay is
reduced with the increasing supply voltage. Two-stage resistor-
load inverters have a slightly different behavior due to the
second supply rail. In Figure 5a, while going from point A to
point B (solid line in the blue curve), Vpp and Vprag are
equally increased from 2 V to 5 V. From point A to point C
(dotted line), Vpp is kept at 2 V and Vpj s is increased to 5
V. Lastly, from point B to point C (dash-dotted line), Vpras
is kept at 5 V and Vpp is reduced from 5 V to 2 V. It can
be observed that two-stage resistor-load inverter can operate at
higher speeds with different Vpp and Vpras combinations.
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Fig. 5. Propagation delay for different supply voltages (a) and delay & EDP
vs Vpp for two-stage resistor-load inverter (b).

Designing transistors as small as the processing technology
allows is necessary in order to have the maximum operating
speed, the lowest power consumption and the smallest circuit
area for a digital circuit. Figure 5b shows the impact of
transistor size on propagation delay (y-axis on left) and energy
x delay product (y-axis on right) for different Vpp values
while Vprag is kept at 5 V. For both designs (L. = 2 ym and
L = 0.8 pum), an average of four different samples around the
wafer showed that the minimum propagation delay is achieved
when Vpp is equal to 3 V. Channel length scaling from 2 pym
to 0.8 um with the same aspect ratio reduces the propagation
delay from 43.9 to 15.2 ns and EDP from 65.2 to 6.9 pJ x
ns.



IV. 4-BIT MULTIPLIER DESIGN AND MEASUREMENT
RESULTS

To further evaluate the two-stage resistor-load topology and
demonstrate the proof of concept, a 4-bit digital multiplier
was designed and fabricated. After generating a standard
cell library which contains 8 cells (from simple NOR2 to
more complex Or-And-Inv-2-1), a typical digital design flow
procedure for TFTs is followed from RTL to GDS level
similar to CMOS physical implementation flows. Schematics
of standard cells are based on the inverter in Figure 1b with
R equal to 200 k€2, W is 20 pgm and L is 800 nm for TFTs.

The scan-chain method is used for testability purposes.
Figure 6a details the block diagram of the designed 4-bit
multiplier with scan chain. The testing method of the circuit
is as follows: 16 negative edge triggered flip-flops are filled
in through the ‘Scan In’ input pin with the values of two 8-
bit input sets. Each input set consists of two 4-bit numbers
to be multiplied with each other. After all inputs are ready,
the ‘Scan Enable’ pin -which is connected to select pins of
multiplexers- is brought to logic 0 and the multiplier is in its
operating mode. While in this state, two fast clock pulses are
given so that the output flip-flops are filled in with the result of
the second multiplication. Then ‘Scan Enable’ pin is returned
to logic 1 and the 8-bit result is read out through the ‘Scan
Out’ pin starting from the most significant bit with slow clock
pulses.

(a)

SCANEN  SCAN OUT

Fig. 6. Block diagram of 4-bit multiplier with scan chain (a) and microscope
image (b).

Figure 6b shows the microscope image of the flexible chip
whose area is 1.66 mm? with width of 1440 zm and length of
1151.5 pm excluding the test pads. The total number of TFTs
in the chip is 1351 while the number of resistor components
is 257. Standard cells constitute 75 percent of this area while
the rest is used for routing of signals and power. As it is a
4-metal thin-film technology, wiring is performed on top of
the standard cell in the final chip layout. The supplies of the
standard cells are aligned back to back and do not use routing
channels in the lower metal layers, as can be seen in Figure
6b.

The critical path of the 4-bit multiplier is found via SPICE
simulation based on the synthesized gate-level circuit netlist.
Table I shows the input sequence for the critical path. The
critical path which can be measured on the chip is equal to
tClk—to—Q + td—multiplication + td—multiplemer + tsetup—FF~

Figure 7a is the Shmoo plot for the multiplier circuit for
different clock frequencies and supply voltages. Figure 8

TABLE I
INPUT SEQUENCE FOR THE CRITICAL PATH

First Multiplication Second Multiplication
Decimal Binary Decimal Binary
A 5 0101 6 0110
B 10 1010 11 1011
Out 50 00110010 66 01000010

shows the scope data for measurement at IMHz clock speed
when Vpp is 3 V and Vgrag is 6 V. To make sure that the
input data is loaded to the flip-flops and the output data is
read-out properly, the slow clock frequency is kept at 100 Hz
for all cases. The average power consumption values of the
different samples for various supply voltage combinations are
shown in Figure 7b. It should be noted that the contribution
of dynamic power to the total power is negligible due to the
dominant static current of this unipolar topology.
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Fig. 7. Shmoo plot for 4-bit multiplier (1: pass, 0: fail) (a) and power
consumption of 4-bit multiplier for different supply voltage values (b).
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Fig. 8. Scope data from 4-bit multiplier.

V. CONCLUSION

A new logic topology, two-stage resistor-load, for digital
design applications with IGZO TFT technology is proposed.
This logic topology is compared with one-stage resistor-load
logic with respect to the DC transfer characteristics and the
ring oscillator behavior of inverters. Even though two-stage
resistor-load topology requires more area and an extra pin for
the power supply, it shows a better performance than one-
stage resistor-load logic. Rail-to-rail operation of two-stage
resistor-load topology results higher noise margin and tuning
the second supply voltage enables to compensate the impacts
of global variability on circuit robustness. A standard cell
library based on the proposed two-stage resistor-load logic
topology is created and a 4-bit multiplier on flexible substrate
is fabricated and tested showing an outstanding performance
also in a larger circuit.
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