E
&‘f‘\h

S8

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 10, OCTOBER 2021

4951

¥ S

Compact Unipolar xnor/xor Circuit Using

Multimodal Thin-

Film Transistors

Eva Bestelink™, Graduate Student Member, IEEE, Olivier de Sagazan, Isin Surekcigil Pesch™,

and Radu A. Sporea",

Abstract— A novel compact realization of the xnor/xor
function is demonstrated with multimodal transistors
(MMTs). The multimodal thin-film transistors (MMT’s) struc-
ture allows efficient use of layout area in an implemen-
tation optimized for unipolar thin-film transistor (TFT)
technologies, which may serve as a multipurpose ele-
ment for conventional and emerging large-area electronics.
Microcrystalline silicon device fabrication is complemented
by physical simulations.

Index Terms— Digital circuits, layout optimization, micro-
crystalline silicon, multimodal transistor (MMT), physical
simulation, Schottky barrier, thin-film transistor (TFT), xnoR,
XOR.

|. INTRODUCTION

NOR and XOR are convenient for executing not only

the identity operation, parity checking [1], encryp-
tion [2], and display control [3] but also computation, e.g.,
binary neural networks [4]. Beyond CMOS implementa-
tions [5], large-area electronic (LAE) circuit designers face
additional challenges that retard progress in low-cost tech-
nologies [6]-[9]. As circuit failure increases with complexity
and impacts yield [6], designs should be compact, comprising
few thin-film transistors (TFTs), with robust operation that
withstands imprecise fabrication [10], [11].

The XNOR function can be achieved in several ways
(Table I), each with its own tradeoffs [5]. Using multiple
control gates can enable logic at the device level [12], but
requires ambipolar conduction, and is incompatible with low-
cost, unipolar fabrication technologies. In TFT realizations,
biasing devices deep into the OFF-state is problematic, due
to either thin-film material ambipolarity or back-channel con-
duction, making elegant designs based on pass transistor
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Fig. 1. Two-input XNOR and XOR function implementation using mul-
timodal transistors (MMTs) M1 and M2 as inputs and zero-Vggs loads,
M3 and M4. The respective truth tables are also shown.
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Fig. 2. Schematic of a two-input MMT device (left) and a TFT with
two gates in series (right). Functionally, both devices perform the NAND
function between their inputs (source control gate, SG, and channel
control gate, CG for the MMT; and gates, G1 and G2, for the TFT), but
the MMT enables more efficient use of layout area.

logic [13] untenable. Many compact implementations rely
on both the input signals and their complements, which
add further complexity [5]. Approaches with monolithically
integrated TFTs [14], [15] or incorporating other types of
devices [15] complicate fabrication with additional processing
steps.

Here, we show a TFT implementation of XNOR/XOR
(Fig. 1) using multimodal transistors (MMTs) [16]. The device
(Fig. 2) enables highly functional, compact circuits, due to the
split control of charge injection and transport.

Il. MULTIMODAL TRANSISTOR STRUCTURE AND
OPERATION

By the introduction of an energy barrier engineered at the
source contact, the MMT [16] separates its charge injection
operation (modulated by a control gate that overlaps the
source, SG) from channel transport (via the channel gate CG)
(Fig. 2). MMTs can be realized in various material systems,
including common unipolar semiconductors used in thin-film
technologies.

For more information, see https://creativecommons.org/licenses/by/4.0/
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TABLE |
CIRCUIT ARCHITECTURES FOR IMPLEMENTING XNOR/XOR OPERATIONS

Number of devices Suitable for

Clock/periphery circuits?

Reference (Core circuit) Technology unipolar Additional information
realization?
Simulation only. 4T XNOR requires complementary
%gr:‘g[gi 2l IS L ORI A Si (CMOS) No No signals and 2T driving output. 6T design does not
require complementary signals.
Gare ct al Simulation only. XNOR requires source-gate and drain-
& ” 1 TFET (4 gates) Si No No gate overlaps with different metal work functions.
2020 [12] 3 with a ¢
Prone to variability in overlaps and layer thicknesses.
Marcovi¢ et 2 —4 MOSFETs . Synthesis of pass-transistor logic.
al., 2000 [13] H{EL0R) No No No simulation or measurement.
Kwon et al., 12 x OTFTs (24 0OSC o Complicated process with n-typ.e and p-type OSC used
2019 [14] gates) for XOR ‘(monoh‘thlc No No for ({omplementary OTFT fur}ctlon.
integration) Device count for XNOR undisclosed.
1GZO Discrete components . . . . .
Wuet al., 2 TFTs, 2 RRAMS irmralhins Yes used: 3 resistors, 2 Complicated process \;Vlth additional devices stacked in
2020 [15] ) . . 3D and rotated by 90 °.
integration) capacitors, 3 ICs
2. MMT.S (5 gates) - Simulation: 3. zero-Ves Devices fabricated in standard process.
This work simulation -Si Yes MMTs as active loads MMTs offer unipolar conduction due to source
3 MMTs (6 gates) — w Measurement: 2 load energy barrier P
measured resistors for XNOR. gy i
SG S CGD SG1 SG2 CG a b
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Fig. 3. Schematic top views of MMT devices with a single source control 1 0
ga_lt(re] (left) and with two source control gates, SG1 and SG2, in parallel 10 0 10 20 30 10 0 10 20 30
(right). SG voltage (V) CG voltage (V)
€ 10—6 4 d VSGmax =5V
Although mainly benefitting analog design, the MMT also 6x107 1 step 1V
offers advantages for digital circuits, most notably robust 2 1073 5CG_=55VV
performance in a minimal layout [16]. By the placement of = ?
. L g 10°%4 4x107+
SG vertically over the source, the area occupied is minimized £
when compared with a conventional TFT with two inputs < 10°]
in series (Fig. 2). The MMT can also have multiple source s W=20um  2x1074
. . . -10 ] -
control gates (SGn) in parallel (Fig. 3), further augmenting 10 §= ;‘ ;an:
functionality. In designing the transistor, care is required in 101

establishing the relative positions of the gates, to ensure that
the source is not under the influence of electric field from
CG, as this would result in unwanted crosstalk between the
two inputs (see [16] and its Supplementary Material).
Typical MMT functionality is illustrated by the transfer
characteristics in Fig. 4, taken by varying the applied volt-
age to SG and CG, respectively. SG modulates the charge
injection process through its overlap of the source elec-
trode [17], [18]. The energy barrier deliberately introduced at
the source ensures source-side pinch-off of the accumulated
channel, leading to saturation at low drain voltages and flat
output characteristics, in a manner similar to source-gated
transistors [11], [19], [20]. The source barrier also ensures

0_
0246 810
CG voltage (V)

0 2 46 810
SG voltage (V)

Fig. 4. (a) and (b) Measured (forward and reverse scans) and (c) and
(d) simulated MMT transfer curves plotted against (a) and (c) SG voltage
and (b) and (d) CG voltage.

that the source contact region is responsible for controlling the
magnitude of the drain current, in contrast to a conventional
TFT, in which this role is exclusively attributed to the channel
region. CG voltage application then simply toggles the ON-OFF
state of conduction of the channel, so that when sufficiently
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accumulated, the current of a magnitude determined by SG
can flow to the drain. Hence, the CG transfer characteristics
plateau when the channel becomes less resistive than the
source injection area (see transfer curves in Fig. 4). For analog
control, CG acts as an enable function in series with the analog
signal. In logic applications, the inputs to SG or CG can
operate as being in series; if either one is in its OFF-state [21],
the device will produce no drain current, performing the NAND
function when connected to a resistive load.

II1. DEVICE SIMULATION AND FABRICATION
A. MMT Device and xnor Circuit Simulation

Amorphous silicon (a-Si) top gate MMTs were simulated
as a proof of concept using Silvaco Atlas TCAD v.5.24.1.R
and default material parameters. SG and CG are at the
same vertical distance from the semiconductor (gate oxide
thickness #; = 40 nm) and are separated by a 1 um gap.
An overhang on SG was included to ensure the electric field
created a continuous accumulation layer for charges to flow.
Furthermore, the dimensions include: source SG overlap § =
4 pum; source—drain separation d = 5 um; and semiconductor
thickness #;, = 40 nm. The CG length was 4 um and self-
aligned to the drain. A Schottky barrier was defined for the
source by setting its work function WF = 4.67 eV with barrier-
lowering parameter o = 4 nm. Al was set for drain and gate
metals with 3 x 10?° cm? n-type doping under the drain to
form an ohmic contact. The width ratio between the drive
and load transistors, Wyi-m2/ Wms—ma, was 20. See [16] for
complete simulation parameters, including common unipolar
semiconductors used in thin-film technologies.

The circuit (Fig. 1) was simulated using Silvaco’s mixed-
mode capability, which allows exploring the device behavior
in a circuit when no SPICE model exists. For M1, two parallel
MMTs half as the width of M2 was used, as the simulation
structures are 2-D. The inverter was created using an additional
two-MMT inverter stage for the purpose of this functional
demonstration.

B. MMT and xnor Circuit Fabrication and Measurement

A Corial 210D system was used for fabricating initial
MMT prototypes in a mature, low-temperature (<200 °C)
inductively coupled plasma chemical vapor deposition (ICP-
CVD) microcrystalline Si (u-Si) technology. The equipment
can perform all process steps (including deposition and etch-
ing), for rapid small-scale prototyping. Staggered, bottom-gate
MMTs included separate patterning of each gate layer, starting
with SG. Both Al gate steps were followed by 100 nm SiO,
gate insulator layers. Following the 40 nm x-Si, a 20 nm field
plate insulator was deposited. The contact window was defined
by etching, and Cr was used to create the Schottky source and
drain contacts. See [16] for the full process.

MMT XNOR circuits were created by wire-bonding three
MMTs (Fig. 5) using a West Bond 7476E with Al thread and
load resistances, R; = 500 MQ. Electrical characterization
used a Wentworth probe station connected to two Keysight
B2902A source/measure units (SMUs).

Fig. 5. Micrograph of fabricated microcrystalline MMT devices and
circuits. Inset: individual MMT devices with single device (MMT) and two
source control gates (SUMFGMMT). The latter contains a floating gate
and a much thicker total gate insulator. Hence, in the present study, three
conventional MMT devices have been used to realize the circuit. Scale
bars: 500 um.

IV. CIRcuUIT OPERATION

The core function of the circuit is realized by transistors
M1 and M2 and their pull-up resistors (1). The two inputs
are fed in parallel to SGs of M1, which thus performs the OR
operation. M2 produces the NAND operation between the two
inputs, A and B, and this is used to gate the signal generated
by M1. Finally, M1’s connection to R; inverts the output.

AXNORB = (A-B)+ (A - B)
=(A-B)+(A+B)
=(A+B)-(A-B) (1)

The XOR function can be trivially obtained by negating the
drain voltage of M1 (2)

AXORB = AXNORB. 2)

V. RESULTS

We have focused here on qualitatively demonstrating logic
functionality which takes direct advantage of the MMT’s
features and operation. Trivial functions, such as NOT (SG
and CG connected together as input, or SG/CG as input with
CG/SG connected to the rail), NAND-2 (two inputs applied
on SG and CG, respectively), and NOR-n (n inputs connected
to SGn with CG to the rail), are of course possible and are
comprised within the operation of the XNOR/XOR circuit.

Fig. 6 shows the simulated and measured behavior of
the MMT-based XNOR circuit. This functional demonstration
shows the quasi-static operation as an identity function, i.e.,
the output is true when inputs have the same value.

While our measured demonstrator used external pull-up
resistors, practical implementations would likely include active
loads, which can easily be implemented as layout-efficient
zero-Vgs devices, where the technology permits [22]. The
unipolar (in this case only n-type) nature of the realization
increases the circuit’s relevance to many thin-film material
systems. It does, however, lead to static power dissipation (on
the order of ~100 nW per branch for this technology and
geometry) when transistors M1 or M2 are on, but in operation,
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Fig. 6. Simulated (left) and measured (right) waveforms for the MMT-

based unipolar XNOR circuit. The dotted line shows the simulated tran-
sient behavior obtained for an RC constant equivalent to that of the
fabricated circuit and dc probing setup.

only one of the two branches of the circuit may be conducting
at one time.

V1. DISCUSSION
A. Limitations of the Fabricated Circuit

The measured waveforms fall short of the simulated behav-
ior in both transient response and steady-state output voltage
level. The discrepancies are explained by the modest electrical
characteristics of these initial prototype MMTs.

First, the measured circuit uses significantly higher supply
and input voltages. Referring to Fig. 4, it is apparent that the
subthreshold swing of the fabricated devices is, at approxi-
mately 8 V/decade, far higher than what would be expected
in an optimized a-Si, u-Si, LTPS, or oxide technology.

Second, for an input voltage range of 0—16 V, the output
of the measured circuit only swings between 2 and 8 V. Both
values are a consequence of the limitations exhibited by the
transfer characteristics. As SG voltage increases from O to
16 V, the output current rises from ~2 to ~60 nA. As such,
for a constant value pull-up resistor, the output voltage swing is
severely limited. Increasing the load resistance would allow the
output node to approach the negative rail when the transistor
(e.g., M1) is fully on, but the same load resistor would create a
large voltage drop due to the comparatively large OFF-current
when M1 is not conducting, leading to an unsatisfactory logic
“1” voltage level. An improved subthreshold swing and a
larger on/off ratio would permit a much wider output swing.

A related non-ideality is seen in the different voltage levels
attained at the output in the two conditions of logic “1” state.
When both inputs are high, CG of M1 is pulled low by M2,
which is turned on. M1 will pass an OFF-current limited by
CG. Conversely, when the two inputs are in logic “0” state,
CG of M1 is pulled high by M4 (as M2 is off). In this
condition, M1 will also be off, but its leakage current will be
limited by SG. The marginally different OFF-current obtained
when M1 is turned off, by either CG or SG, is responsible for
the discrepancy in output voltage. Naturally, if the on/off ratio
of the MMT is increased, e.g., beyond three orders for both

CG and SG, this discrepancy will be insignificant even if it
persists. Our previous work shows that MMTs realized in the
same process can indeed operate with a much higher ON/OFF
ratio [16].

Turning our attention to the dynamic characteristics,
the measured waveforms show a much larger time constant
than the simulated ones. Our intention here was to show
the qualitative behavior of the circuit. Hence, the wire-
bonding and probing approaches we have used are well-suited
for d.c. measurements, but not for studying transients. The
low transconductance (tens of nA) and high load resistance
(5 x 108 Q) directly lead to low transit frequencies in these
devices. From the rise and fall times in Fig. 6, we can estimate
a capacitance of ~1-3 nF at the output node of the circuit.
This is plausible given the setup we have used (d.c. probes,
SSMA cables, long BNC cables, breadboard for wiring the
load circuit, SMU). In a practical circuit, the load capacitance
at the output will depend on the interconnect and fan-out
requirements, but it may reasonably be estimated in hundreds
of fF for such technologies, allowing us to conclude that
operation close to the kHz range would be practical, even
at these reduced current levels. The simulated circuit drove
a single inverter (used to produce the A XOR B signal), and
transistors, e.g., M1, were ~20 times more powerful, yielding
rise and fall times of 10.7 and 3.97 us, respectively, for a
practical switching speed in the range of 20 kHz. By adding a
40 nF load capacitor, we obtain an RC product roughly similar
to that of the fabricated circuit, and the simulated transients
closely match the measured waveforms (Fig. 6, dashed line).

B. Considerations for Logic Function Implementations
With MMTs

The MMT architecture allows efficient use of the device
layout by stacking the SG input(s) in the source area. This
compact design inherits the traits of the source-gated transis-
tor (SGT) being also highly robust against process variations
and bias stress [10], [16], [23].

Using two distinct mechanisms to turn on the device (injec-
tion control via SG and transport control via CG), the MMT
can operate at lower input voltages than two conventional
TFT channels controlled in series (Fig. 2). Together with
the low saturation voltage of such devices, it is conceivable
that such logic gates would operate with a sizeable noise
margin [11], [24].

There is an obvious trade-off between: fabrication tech-
nology complexity and cost; circuit area; speed; and power
dissipation [5]. Our implementation is thus well-suited to
low-frequency, low-cost techniques in which fabrication yield
and layout area are the principal concerns [6]. Moreover,
the versatility of the MMT permits facile integration of several
analog and digital functions, including signal amplification
and conversion in highly compact circuit blocks [16], [25].
A typical application would be in distributed LAE sensor
systems, in which local decision and signal conditioning are
essential for conserving energy and communication band-
width. The equivalence operation (XNOR) may be performed
for understanding the correlation of several sensed quantities
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and for activation of subsequent processes. In the biological
or physiological domain, such markers would be evolving
extremely slowly, and thus sub-uW circuits with very low
bandwidth would be appropriate.

VII. CONCLUSION

We have implemented the XNOR function using unipolar,
multimodal TFTs. The circuit requires few components and
takes advantage of the MMT’s construction, resulting in a
compact layout, applicable to numerous TFT technologies.
This digital circuit complements the valuable analog func-
tionality of the MMT, with an outlook to efficient signal
conditioning and decision implementation for cost-effective,
distributed, and disposable sensors.
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