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A new type of heterojunction non-volatile memory transistor (H-MTR) has
been developed, in which the negative transconductance (NTC) characteristics
can be controlled systematically by a drain-aligned floating gate. In the H-MTR,
a reliable transition between N-shaped transfer curves with distinct NTC and
monolithically current-increasing transfer curves without apparent NTC can
be accomplished through programming operation. Based on the H-MTR, a
binary/ternary reconfigurable logic inverter (R-inverter) has been successfully
implemented, which showed an unprecedentedly high static noise margin of
85% for binary logic operation and 59% for ternary logic operation, as well as
long-term stability and outstanding cycle endurance. Furthermore, a ternary/
binary dynamic logic conversion-in-memory has been demonstrated using a
serially-connected R-inverter chain. The ternary/binary dynamic logic
conversion-in-memory could generate three different output logic sequences
for the same input signal in three logic levels, which is a new logic computing
method that has never been presented before.

M Check for updates

As visual/speech recognition, smart healthcare systems, and other engineering or device optimization to boost the performance of

personalized artificial intelligence (Al) technologies become ubiqui-
tous in daily life, the demand for compatibility in human-machine
interfaces, as well as the information processing capability of inte-
grated circuits (ICs), is increasing enormously'™. Organic ICs based on
organic thin-film transistors (OTFTs) are highly promising candidate
for the realization of such intelligent Internet of Things (IoT) devices
due to their light-weight, intrinsic flexibility and compatibility with
various form factors, which can facilitate user-friendly edge interaction
by integrating with wearable sensors and displays* . Over the past two
decades, there have been numerous intensive efforts in material

OTFTs" ™. Notwithstanding the successful advancements in various
applications such as logic circuits, physical/chemical sensors, memory
and artificial synapse, low resistance of organic materials to high
temperatures and solvents makes OTFTs incompatible with conven-
tional photo-lithography process, limiting the integration density and
information processing capability of organic ICs™.

Reconfigurable electronics can be a promising breakthrough for
such scaling issues®. Through the use of dynamically modifiable logic
functions during circuit operation, the reconfigurable logic can afford
more diverse and complex calculations within a given footprint. The
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key strategy of this circuit operation is to diversify the field-effect
characteristics, thus realizing multi-functionality within a single tran-
sistor unit, which allows for reconfigurable logic to be implemented
within a minimum circuit unit without involving complicated device
architecture or hardware cluster configuration. Several reconfigurable
logic devices have been recently implemented using various device
architectures and state-of-the-art material systems, including Si**%,
Ge'®”, transition metal dichalcogenides (TMDs)"®%?, whose polarity
can be dynamically toggled either to p-type or n-type. One desirable
method for implementing such reconfigurable transistor is to inte-
grate a memory function into the inherent switching function of the
transistor by employing a charge storage layer. In this approach, the
non-volatile state of the memory can dynamically control the amount
of charge carriers (holes for p-type and electrons for n-type) injected
into the channel, thereby modifying the polarity of the transistor®.
Since memory-based reconfigurable logic circuits have both compu-
tation and data storage capabilities, they can also be utilized as logic-
in-memory, which can address the von-Neumann bottleneck by redu-
cing latency and energy burdens associated with data transmission
between processing and memory units®.

Along with the reconfigurable logic, multi-valued logic (MVL) has
emerged as a promising approach for data-intensive applications'®*,
Compared to conventional digital systems, the MVL systems use more
than three logic states, enabling higher data processing efficiency with
enhanced integration density within the same design rule. For exam-
ple, ternary logic reduces the system complexity by ~63.1% compared
to conventional binary logic systems®. MVL has been demonstrated by
using heterojunction transistors (H-TRs) with various channel materi-
als such as organic semiconductors®*®*, graphene®*, metal-
oxides®**, and 2D transition metal dichalcogenides (TMDs)***°. In H-
TRs, two channel materials generate a point where the magnitude of
electric current reaches its peak and then decreases at a specific gate
bias range. This unique characteristic is termed as negative transcon-
ductance (NTC), which enables the construction of ternary logic sys-
tems by using conventional CMOS design while maintaining the
required number of transistors to implement each logic state. Besides
the MVL, it has been reported that many other devices such as fre-
quency doubler, binary frequency shift keying and binary phase shift
keying can also be implemented by harnessing the NTC characteristics
of the H-TRs’. However, it has been quite challenging to adjust the
NTC characteristics in a suitable form to fully exploit the advantages of
H-TRs for the target applications. This is because the NTC character-
istics mainly depend on the charge carrier density of two channelsin H-
TRs, which is under the control of same gate bias. In order to ensure
the desired NTC characteristics, therefore, the channel materials to
form heterojunction in the H-TRs must be selected with the con-
sideration of their electrical properties such as intrinsic carrier density,
carrier mobility, and interface with gate dielectric, simultaneously.
These issues become more problematic when constructing ternary
logic circuits, since the magnitude of electric current as well as the
range of gate bias for NTC (NTC region) of H-TR need to be manipu-
lated precisely with respect to the counterpart transistor in the ternary
logic inverter to provide optimal intermediate logic state. Moreover,
the limited noise margin of each state in ternary logic systems (33.3%)
compared to that in binary logic (50%) highlights the importance of
optimizing NTC characteristics’>. However, most of the previously
reported studies have shown non-symmetric in-out voltage transfer
characteristics (VTC) for a ternary logic inverter due to uncontrolled
NTC characteristics, which cannot define noise margin for the inter-
mediate logic state to implement the sequential integration of the
inverters, and thus restricts the integration level of ternary logic circuit
to unit inverter (Supplementary Table 1).

In this study, we propose a novel type of heterojunction non-
volatile memory transistor (H-MTR), which enables dynamic control of
the NTC characteristics by incorporating the function of non-volatile

memory into H-TR. Unlike the conventional flash-memory, we use a
drain-aligned floating gate (FG) in the proposed H-MTR, which partially
overlaps with only a portion of the channel. The partially overlapped
FG is conceived from the asymmetric device configuration of H-TR,
where the p-type layer connects the source to drain electrode, while
the n-type layer interacts only with the drain electrode through the
interposed p-type layer. By manipulating the magnitude of the gate-to-
drain electric field (Egp), the drain-aligned FG under the n-type semi-
conductor can effectively adjust the amounts of electrons injected into
the channel, and thus enables the systematic control of NTC char-
acteristics with programming operation. By using dynamic NTC char-
acteristics, we successfully achieved high-performance binary/ternary
reconfigurable inverter (R-inverter), which features not only high static
noise margin (SNM) corresponding to 85% for binary logic operation
and 59% for ternary logic operation of the ideal value, but also stable
retention property and excellent cycle durability. To the best of our
knowledge, the SNM of ternary logic operation realized in this study is
even higher compared to that of other ternary logic circuits reported
previously, which were based on devices with other working principles
(Supplementary Table 2). Moreover, a direct connection between
binary and ternary logic systems can be realized without involving
complex circuits, since the binary/ternary reconfiguration does not
result in non-symmetric VTC or require a change in the supply voltage
(Vpp). For example, the proposed R-inverter could be cascaded to
implement high-level circuits with all individual units fully reconfi-
gurable. As a proof of concept, binary/ternary logic conversion-in-
memory is demonstrated using a two-stage R-inverter for the first time,
which produces output signals in three different sequences with each
of three logic levels, and therefore can perform all the functions of a
standard ternary inverter (STI), a positive ternary inverter (PTI), and a
negative ternary inverter (NTI) according to the corresponding mem-
ory states of the constituent R-inverter.

Results

Design of the H-MTR

A schematic illustration of the proposed H-MTR is shown in Fig. 1a. The
H-MTR has a typical structure of bottom-gate, top-contact flash
memory transistor, except that the FG is located only under the drain
electrode area. This drain-aligned FG reflects the operating condition
of the H-MTR, where a contact electrode on the p-type single layer
serves as the source and a contact electrode on the p-type/n-type
double layer serves as the drain, in which case holes are injected from
the source to the p-type semiconductor while electrons are injected
from drain to the n-type semiconductor®’. Therefore, the drain-aligned
FG can control the amount of electron injection from the drain to the
channel according to its memory state, while let the amount of hole
injection from the source to the channel not perturbed. For blocking
dielectric layer (BDL) and tunneling dielectric layer (TDL), poly(2-cya-
noethyl acrylate-co-diethylene glycol divinyl ether) [p(CEA-co-
DEGDVE)] (named pCD) and poly(1,3,5-trivinyl-1,3,5-trimethyl cyclo-
trisiloxane) (pV3D3) were employed, respectively, both of which were
deposited by a vapor-phase polymer deposition process, termed
initiated chemical vapor deposition (iCVD)***. The thickness of the
pCD BDL and the pV3D3 TDL was 70 and 15 nm respectively, yielding
capacitance per unit area (C;) of =62 nF cm™ for BDL and =123 nF cm™
for TDL (Supplementary Fig. 1). Such ultrathin dielectric layers allow
for the low-power operation of the H-MTR®. Note that the pCD BDL is
high-k dielectric (k>5)*" while the pv3D3 TDL is low-k dielectric
(k-2.2)%%, which is advantageous for non-volatile memory with high
gate coupling ratio®®. This enables a higher electric field (E) to be
applied mostly across the TDL than the BDL during the programming
operation, facilitating the Fowler-Nordheim (F-N)-like tunneling
through the TDL*® while minimizing the charge leakage through the
BDL (Supplementary Fig. 1). Dinaphtho[2,3-b:2’,3"-flthieno[3,2-b]thio-
phene (DNTT) and N,N-Ditridecyl-3,4,9,10-perylenetetracarboxylic
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Fig. 1| Design of heterojunction non-volatile memory transistor (H-MTR) and
binary/ternary reconfigurable logic inverter (R-inverter). a A schematic illus-
tration of the H-MTR. b A cross-sectional high-resolution transmission electron
microscope (HRTEM) image of the H-MTR. False color modification was applied to
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distinguish each layer. ¢ A schematic diagram illustrating the charge injection at
drain electrode in the H-MTR with the (+) programmed state (left) and d (-) pro-
grammed state (right). Red sphere represents electron carrier. e A conceptual
schematic illustrating the operating principle of the R-inverter.

diimide (PTCDI-C13) were used as p-type and n-type channel, respec-
tively, which have been used widely for organic p-n heterojunction
transistors®®®’. The semiconducting layers with high charge mobility
comparable to each other can readily form a heterointerface through a
sequential vacuum evaporation process. The chemical structures
of polymer dielectrics and organic semiconductors constituting the
H-MTR, as well as corresponding energy band diagrams, are sum-
marized in Supplementary Fig. 2. The vertical configuration along the
FG side of the H-MTR was confirmed through the high-resolution
transmission electron microscopy (HRTEM) (Fig. 1b). The cross-
sectional HRTEM image showed the layers from control gate (CG) to
the source/drain electrodes of the H-MTR, where the direct conduct-
ing paths from CG to FG and from FG to drain were blocked by BDL and
TDL (Supplementary Fig. 3). Figure 1c shows the operating mechanism

of the H-MTR. If the FG becomes positively charged by applying the
negative bias to CG (- programming operation, Fig. 1c), electron
injection from the drain to the channel will be facilitated with the
effectively increased Egp. This enables a larger amount of electrons to
be accumulated in the channel even at higher negative control gate
voltage (-V;), which in turn increases the magnitude of current and the
range of NTC region. On the other hand, electron injection is limited by
the effectively decreased Egp when the FG is negatively charged by
applying the positive bias to CG (+ programming operation, Fig. 1d).
This makes electron depletion for the whole range of V;, and thus
resulting in monolithically current-increasing transfer characteristics
without NTC. Based on the capability to generate or eliminate the NTC
characteristics of the H-MTR, the R-inverter can be implemented by
connecting the H-MTR to n-type transistor (Fig. 1e, left). For example, if
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Fig. 2 | Investigation of the device characteristics according to each pro-
grammed state. a The transfer characteristics, b peak voltage (Vpea) and valley
voltage (Vyaiiey), and ¢ peak current (fpeai) and valley current (yajey) of the H-MTR

with respect to (-) programming voltage (-V,g). d The transfer characteristics,
€ Vpeak and Vyaliey, and f Ipeax and Vyaiiey of the H-MTR with respect to (+) pro-
gramming voltage (+V,g). Curves of different colors correspond to different V.

the FG of H-MTR becomes positively charged, the H-MTR and n-type
transistor can exhibit the comparable conductance in the NTC region,
which makes a ternary logic inverter with the intermediate logic state.
On the other hand, if the FG of H-MTR is negatively charged, the vol-
tage at which the two transistors show the comparable conductance is
limited to a few points, resulting in binary logic inverter without the
intermediate logic state (Fig. 1e, right).

Dynamic NTC characteristics of the H-MTR

The dynamic NTC characteristics of the H-MTR were investigated by
applying negative (-Vj,rg) Or positive (+Vprg) programming bias to the
CG. For (-) programming operation, the electron injection from the
drain to the channel was promoted and the range of NTC region
enlarged gradually as the |V}, increased (Fig. 2a). For example, the
range from the peak voltage (Vpear), corresponding to Vg with the
highest drain current (/pea), to the valley voltage (Waiey), corre-
sponding to V; with the lowest drain current (/viey), in NTC region
increased gradually from 1V (pristine) to 1.7V (Vpre =-15V) (Fig. 2b).
Moreover, both Vpeai and Vyarey increased with higher |V, as well; the
Vpeak increased from -2.9 V (pristine) to =3.9 V (Vg =-15V) and Wyaiiey
increased from -1.9V (pristine) to -2.2V (Vg=-15V). Here, the
amount of Vpea shift is much larger than that of the Wyajey. This
asymmetric shift of Vpeax and Vyaiey With programming operation can
be attributed to the device architecture of the H-MTR, where the top
DNTT interfacing with PTCDI-C13 serves as a back channel, whose
electrical characteristics would be affected by the charge carrier den-
sity in PTCDI-C13, and thereby would be quite different from the
bottom DNTT in touch with dielectric layer, yielding two nominal
threshold voltages (V1) in the transfer characteristics; The former one
is originated from the charge carrier transport through the lateral

DNTT/PTCDI-C13 junction near the gate dielectric and corresponded
to the Vyy before the NTC region (namely, Vryy py) while the latter stems
from the charge carrier transport through the DNTT back channel,
corresponding to the Vg exceeding the NTC region (namely, Vi p2)
(Supplementary Fig. 4). As described previously, the FG covered only
the drain electrode area in the H-MTR, and there was no difference in
the gate-to-source electric field (Egs) before and after the program-
ming operation. Accordingly, the amounts of holes injected from the
source to the channel remained the same with no change in Vryp
throughout the applied V. On the other hand, Egp could be screened
(or promoted) with the positively (or negatively) charged FG, which
then increased (or decreased) the amounts of electron injection from
drain to channel depending upon the programming bias polarity.
Hence, with -V, the electron concentration in the channel would
increase, resulting in Vry p, shift toward -V direction while there was
only negligible change in Vqy p1. Here, the Vo p> shift makes a parallel
movement of V-shaped curve with Vy ey as a center, since the stacked
DNTT and PTCDI-C13 bilayer performs as an ambipolar
semiconductor®. The extracted Ipeak and lyayey from the transfer curves
with respect to Vg also confirmed the parallel shift of V-shaped curve
and support our explanation above (Fig. 2¢c). Compared to the /y,jey
which was practically constant with a value of about 0.6 nA, the /pea
gradually increased from 7 nA (pristine) to the 19 nA (Vjrg = -15V) with
higher Vg, leading to the larger peak-to-valley current ratio. For (+)
programming operation, electron injection from the drain was sup-
pressed, and the NTC characteristics gradually diminished with the
increasing Vg (Fig. 2d). The Vry p; remained at its initial value since
there was no change in Egs before and after the programming opera-
tion, as mentioned previously. Note that only a marginal shift in Vo p>
was observed as well because the FG was designed to avoid the lateral
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p/njunction edge, which retained the energy barrier for hole transport
through the DNTT back channel in the initial state. The fixed V4 p; and
Vru p2 With +V,g led to the gradual shift of the NTC region toward +Vg
direction without changing the size of the NTC range (Fig. 2e). For
example, a value of Vpe, changed from -1.8 V to —1.1V and a value of
Wialiey changed from -2.6 V to -2V with the V,; 0f 18V, resulting in a
quite similar NTC range (-0.9V). Whereas, both /peax and fy,jiey
decreased by more than an order of magnitude (from nA to pA level)
when the V,,; surpassed 18V (Fig. 2d, black line), which made the
whole current level of the NTC region practically similar to that of the
off-state (Fig. 2f). This allowed the H-MTR to maintain its off-state
below the Vryyp, and to operate as if it is a monolithically current-
increasing transistor without the NTC, which can lead to binary logic
operation without distinct intermediate logic state when integrated
into an inverter. A schematic illustration and energy band diagram
describing the charge carrier transport in H-MTR according to its
memory state are provided in Supplementary Fig. 5.

The air stability and thermal stability of the H-MTRs were further
investigated to examine their practical applicability for logic devices.
The H-MTRs were encapsulated with 20 nm-thick Al,O; layer via
atomic layer deposition (ALD) process to implement more stable
device in air ambient. The Al,O3-encapsulated H-MTRs were stored in
air ambient (20 °C, 45% relative humidity) except during measure-
ments. The initial electrical properties of the Al,O3-encapsulated
H-MTRs were fully maintained during the entire measurement period
of ~144 h (Supplementary Fig. 6). In terms of thermal stability, the NTC
characteristics of the H-MTR were monitored by increasing the device
temperature in increments of 20K. Initially, both lpeax and Naiiey
increased gradually as the device temperature increased up to 358K,
due to thermally activated charge transport in organic
semiconductors® (Supplementary Fig. 7). After 378K, the Vryyp; was
gradually increased and resulted in decreased /pcax, Which is attributed
to thermal degradation of the p-type semiconductor, DNTT®*. At 478 K,
the H-MTR no longer exhibited switching characteristics. Although the
peak-to-valley current ratio was continuously decreased as the tem-
perature increased, NTC characteristics could still be observed even
for temperatures up to 7=458 K, which demonstrates the potential of
the proposed device concept for logic device applications.

Binary/ternary reconfigurable logic inverter

For the demonstration of the binary/ternary reconfigurable logic
operation, the R-inverter was fabricated by connecting the H-MTR
(pull-up transistor) to n-type transistor with PTCDI-C13 channel (pull-
down transistor) (Fig. 3a, b). To examine the ternary logic operation,
the VTC of the R-inverter was analyzed by applying -V, to the
H-MTR (Fig. 3c). At the initial state, the R-inverter showed three logic
states (Vpp for logic 2, ~2.2 V for logic 1, and Gyp for logic 0) owing to
the distinct NTC region as well as full-swing output voltage (Vout)
from Vpp to Gyp resulting from the high on/off current ratio (/on/ofr)
of the H-MTR*. Considering the operating voltage (6 V), however,
Vout of -2.2V for the intermediate logic state was far below the
optimal value (Vpp/2 =3 V) and the range of 1.2 V for the intermediate
logic state was also quite narrow compared to the range of other two
logic states (2.6 V for logic 0 and 2.2 V for logic 2, respectively), which
is not desirable for achieving the maximized SNM in the ternary logic
operation. The -V, provided a higher current as well as a longer
NTC range in H-MTR, which allowed for a gradual increase in Voyr
value and Vjy range for the intermediate logic state of R-inverter
(Supplementary Fig. 8). The Vour for the intermediate logic state was
successfully controlled to the optimal value of 3V (Vpp/2) with
Vorg=-15V and, at this state, the enlarged Viy range (2V) of the
intermediate logic state, corresponding to one-third of the total
range of Vn, was achieved in R-inverter. The DC voltage gain profile is
also shown in Fig. 3d, where two distinct gain peaks, namely 1st gain
and 2nd gain, are clearly observed from the 1st transition (transition

from logic 2 to logic 1) and 2nd transition (transition from logic 1 to
logic 0) of the R-inverter, respectively. With the increasing |V, the
1st gain decreased while the 2nd gain increased due to the gradually
increasing Vour for the intermediate logic state. Note that only the 1st
transition voltage shifted toward the negative direction. This result is
related to the asymmetric shift of Vqy py and Vi p2 in the H-MTR with
~Vprg, Where Vyy py and Vo p; are responsible for the 1st transition
and 2nd transition voltage, respectively. The SNM of the R-inverter
for ternary logic operation was examined by plotting the butterfly
inverter curve in accordance with V,,g (Fig. 3e and Supplementary
Fig. 9). The results revealed a remarkable increase in SNM from OV
(no margin for the intermediate logic state) at the initial state to
1.25V (59% of the ideal value) at the optimum programming state
(Vprg=-15V). Next, binary logic operation of the R-inverter was
analyzed by applying +V, to the H-MTR (Fig. 3f). The H-MTR gra-
dually showed the lower current (<1 nA) in NTC region compared to
that of the counterpart transistor (>10 nA) with the programming
operation, which induced gradual decrease in Voyr value for the
intermediate logic state of R-inverter (Supplementary Fig. 10). At
Vorg=+18V, the H-MTR showed a practically off-state current
(<100 pA) in NTC region and the intermediate logic state of the
R-inverter became not discernible, resulting in the complete con-
version to binary inverter. This ternary-to-binary transition was
supported by the DC voltage gain profile, at which the 2nd gain
decreased continuously and eventually disappeared while the 1st
gain increased significantly up to 79 V/V (Fig. 3g). Here, +V,z does
not cause any shift in the 1st and 2nd transition voltages because of
the negligible change in Vryy p; and Vryy p2 in the H-MTR. The SNM of
the binary logic operation was evaluated with the applied V¢ (Fig. 3h
and Supplementary Fig. 11). The SNM for logic 2 and logic O (except
for the intermediate logic state) was 2.57 V (61% of the ideal value) at
the initial state, but the SNM increased up to 3.62 V (85% of the ideal
value) as the R-inverter was completely converted into binary-logic-
mode by applying Vpg=+18V. The above analysis clearly demon-
strates that the key parameters of the R-inverter, such as Voyr of the
intermediate logic state, 1st and 2nd transition voltages, and the
gains for each transition, can be modulated systematically by
applying Vg to the H-MTR (Fig. 3i-k).

For practical application, the electrical stability of the R-inverter
should also be ensured. The reliability of the R-inverter was examined
through cycle endurance test (Fig. 4a). The R-inverter showed three
distinct logic states with Vour~3V for the intermediate logic in
ternary-logic-mode while exhibited Viy~3V for logic 2-to-logic O
transition voltage without discernable intermediate logic state in
binary-logic-mode over 25 cycles of consecutive programming
operation, confirming the reliable and reversible binary/ternary logic
reconfiguration (Fig. 4b, c). The retention property of the R-inverter
was investigated as well, by monitoring the time-dependent variation
of the VTCs for ternary logic operation (Vj,rg=-15V) and binary logic
operation (V,z=+18V) (Fig. 4d, e). For ternary-logic-mode, the
R-inverter fully retained Vout close to the ideal value (3V) for the
intermediate logic state even after the 10*s. For binary-logic-mode,
there was a slight increase in Voyr and showed 0.3V for the inter-
mediate logic state after 10*s. Based on the VTCs, the SNM was cal-
culated with respect to the retention time (Fig. 4f). The SNM decreased
slightly from 1.02 to 0.91V for ternary-logic-mode and from 3.6 to
3.48V for binary-logic-mode after 10* s, both of which correspond to a
change less than 9%, confirming the outstanding retention perfor-
mance for the dynamic circuit.

Binary/ternary logic conversion-in-memory

The successful demonstration of the R-inverter allowed us to further
implement a logic conversion-in-memory, where a series of input
signals (Vix=0V, Vpp/2, and Vpp) can produce different combina-
tions of output signals (logic 2, logic 1, and logic 0) depending on the

Nature Communications | (2023)14:3757



Article

https://doi.org/10.1038/s41467-023-39394-5

a b PTCDI-C13/DNTT ViN PTCDI-C13
Voo Gnp
‘ ; Vout |
DNTT FG/PTCDI-C13/DNTT
c d e
Ofiogic 2 Vprg = Vprg = 6
5 —— Pristine -80r — Pristine 53
r —-10V — 10V » i
A1V v 1st transition H
~ 4 —-12v -60p —-12v 2nd transition| . 4t
> — BV S |13V >
5 3 — 14V S — 14V 5 3
N —-15V = -40f——-15V 3
2 logic 1 8 2
1h 1l
O,VDD: 6V logic 0 o
0o 1 2 3 4 5 6 3 0
f Vin (V) Vin (V) "
6 9 : 6F
logic 2 T Vprg = Vprg = " :
o —— Pristine -80F —pristine | o~ TSt transition
5¢ — 14V — 14V S 36V
15V 15V
4 —16V | < -60f—16V 4k
> — 17V § —_— 17V 2nd transition > B
E 3l —18Vv | & [—18V c gl
8 logic 1 % / 8 .....................................
> o >
2t b{ 2t
|
1t ‘ i
0'VDD: 6V logic 0 ok
o 1 2 3 4 5 6 0 2 3 4
i Vin (V) i . Vin (V) k Vin (V)
(-) programming: (+) programming > -) programming§(+) programming (-) programming i (+) programming
3l : 80 _o— 15t gain
fee H < 2nd gain
pristine | : | > —— g
‘i\\\q\ ~ S 4 o-o—o—o—o—-‘l'—“—*“'/g T = -60r
S Slterna < . c
= 2 v 2 \ pristine binary 8 \ "
3 £ 3lternary & e -40¢ inary
> ~ S ternary
1t £
x -20r
2t | g isti
binary —o— 1st transition SIS
ot T~ —o— 2nd transition Ot
-15 13 11 14 16 18 -15 13 11 14 16 18 -15 13 11 14 16 18
Vorg(V) Vorg(V) Vorg(V)

Fig. 3 | R-inverter. a A schematic illustration of the R-inverter. b An optical
microscopy image of the inverter. (scale bar: 500 um). ¢ Voltage transfer char-
acteristics (VTC), and d DC gain profiles of the R-inverter with respect to —V;g.

e Butterfly inverter curve of the inverter with ternary operation (Vg =-15V).fVTC,

and g DC gain profiles of the R-inverter with respect to +V,,.. h Butterfly inverter
curve of the inverter with binary operation (Vg = +18 V). i Output voltage (Vour) of
intermediate logic state (input voltage (Vin) =3.5V), j 1st and 2nd transition vol-
tages (Virans), and k 1st and 2nd DC gain values of R-inverter with respect to V.

memory states of the R-inverter (Fig. 5a). Different from the afore-
mentioned R-inverter designed to maximize SNM in binary-logic-
mode with a logic 2-to-logic O transition voltage at Viy= Vpp/2, the
R-inverter for logic conversion-in-memory should have specific logic
for binary-logic-mode as well as ternary-logic-mode at V= Vpp/2,
which can be achieved here simply by shifting the 1st and 2nd tran-
sition voltage of as-fabricated R-inverter. As mentioned before, these
transition voltages are related to the Vyy p and Vi p; of the H-MTR,
respectively. It has been reported that Vryyp; and Vryyp, could be
controlled by varying the thickness of the p-type and/or n-type
semiconductor of the heterojunction transistor because the semi-
conductor thickness variation leads to Fermi level shift, and thereby

the change in the charge carrier density”. Using this strategy, we
could shift Vryy py and Vo p; in +V; direction (Supplementary Fig. 12).
Accordingly, the corresponding R-inverter represented logic 2 in
binary-logic-mode and logic 1 in ternary-logic-mode at Viy= Vpp/2
(Fig. 5b, c). Therefore, while maintaining the symmetric in-out VTC,
the R-inverter could show two different outputs (logic 1 and logic 2)
as the intermediate logic depending on the memory state, which
enabled the sequential integration of the binary/ternary logic
conversion-in-memory. As a proof of concept, two-stage R-inverter
was demonstrated (Fig. 5d). The results showed that three different
sets of output logic could be implemented according to the memory
state of the first and second R-inverters, and the intermediate logic of
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two-stage R-inverter could be varied to all possible logic values (logic
2, logic 1, and logic 0), providing the functions of STI, PTI and NTI.
The dynamic logic output was then monitored through transient
measurement (Fig. 5e). The two-stage R-inverter represented
hysteresis-free operation throughout the measurement time, and a
series of input signal was converted successfully through the first and
second R-inverter to all three types of output signals, which was
highly correlated with the memory state of each constituent
R-inverter, hence proving the dynamic logic conversion-in-memory
manipulation. It is important to note that this kind of logic comput-
ing method, which directly links binary and ternary logic systems to
implement various types of reconfigurable logic gates without
involving complex circuits, can only be achieved through the pro-
posed device strategy with dynamic NTC characteristics because the
binary/ternary conversion does not result in non-symmetric voltage
transfer characteristics as well as a change in Vpp (Supplementary
Table 3).

Compared to conventional Si-CMOS technology, the proto-type
logic devices demonstrated in this work shows relatively higher vol-
tage, lower current, and larger size due to the limited electrical prop-
erties of organic materials. However, it should be noted that the
proposed device scheme follows conventional CMOS design and does
not impose strict limitations on material systems as long as the semi-
conducting layer can provide NTC characteristics by constructing a
reliable p-n heterostructure. Therefore, the performance of the pro-
posed devices can be further improved by using high-k inorganic
dielectric materials, lithography-compatible semiconductors, or
employing other device optimization strategies such as molecular/
morphology engineering®¢®, threshold voltage control®’°, and con-
tact resistance engineering®’’,

Discussion

A drain-aligned floating gate heterojunction non-volatile memory
transistor was proposed, where the FG is defined only under the drain
electrode. The newly developed heterojunction non-volatile memory
transistor was capable of controlling the NTC characteristics based
on the FG-mediated memory state. The asymmetric configuration of
the FG enabled independent modulation of electron injection only
from the drain to the channel, thereby allowing the systematic con-
trol of the NTC characteristics solely by a simple programming
operation, and all the modulation capability was accomplished from
a single heterojunction non-volatile memory transistor. Using the
programmable NTC characteristics, a binary/ternary reconfigurable
logic inverter was implemented successfully. The reconfigurable
inverter showed that the range and output values for the inter-
mediate logic state can be modulated according to the memory state
of the heterojunction non-volatile memory transistor. Consequently,
the reconfigurable inverter was successfully operated in both binary-
logic-mode and ternary-logic-mode with a maximized noise margin
of 85% and 59% of their corresponding ideal values, respectively. A
prototype of binary/ternary logic conversion-in-memory was
demonstrated by using two-stage reconfigurable inverter as well,
which generated three different sets of output logic signals
depending on the memory state of each constituent reconfigurable
inverter. Since the exceptionally high noise margin as well as novel
logic-conversion circuits demonstrated in this study were achieved
through the proposed device architecture rather than unique prop-
erties of specific materials, we believe that the proposed scheme will
pave the way for multi-functionalization of various logic devices and
the implementation of future reconfigurable logic conversion-in-
memory based on a variety of material systems.
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Fig. 5 | Binary/ternary logic conversion-in-memory. a A schematic symbol of
logic conversion-in-memory. b Overlapped transfer characteristics of the H-MTR
for Vpre =-15V (dotted line) and Vj,; = +18 V (solid line) and n-type transistor. Here,
75 nm-thick DNTT was used. ¢ VTCs of the corresponding inverter. V,g=-15V

(dotted line) and Vj,rg=+18 V (solid line). d A schematic symbol of two-stage R-
inverter and its truth table. e Pulsed measurement of two-stage R-inverter with
three different configurations (ternary-ternary, binary-ternary, and ternary-binary/
binary-binary).

Methods

Materials and substrate

1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane (V3D3 monomer; 95%) was
purchased from Gelest, and 2-cyanoethyl acrylate (CEA monomer;
>95%), diethylene glycol divinyl ether (DEGDVE monomer; 99%), and
tert-butyl peroxide (TBPO; 97%) were purchased from Sigma-Aldrich
for fabricating the ultrathin polymer dielectric layer. The dinaph-
tho[2;3-b:2",3’-f]-thieno[3,2-b]thiophene (DNTT; 99%) p-type semi-
conductor and  N,N-ditridecyl-perylene-3,4,9,10-tetracarboxylic
diimide (PTCDI-C13; 95%) n-type semiconductor were purchased from
Sigma-Aldrich as well. All the chemicals were used as received without
further purification. Glass substrate of 25x25mm was cleaned with
deionized (DI) water, acetone, and isopropyl alcohol sequentially for
15 min under ultrasonication, followed by blowing with dry N, gas.

Polymer dielectric deposition

Polymer dielectric layers were deposited by an iCVD system. For
poly(2-cyanoethyl acrylate-co-diethylene glycol divinyl ether) [p(CEA-
co-DEGDVE)] deposition, CEA, DEGDVE and TBPO were vaporized and
injected into the iCVD chamber at flow rates of 0.28, 0.28 and
0.48 sccm, respectively. The substrate temperature and chamber
pressure were maintained at 30 °C and 60 mTorr, respectively. For
poly[1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane] (pV3D3) deposition,
V3D3 and TBPO were vaporized and injected into the iCVD chamber at
flow rates of 2.5 and 1 standard cubic centimeter per minute (sccm),

respectively. The substrate temperature and chamber pressure were
maintained at 40 °C and 300 mTorr, respectively. The filament was
heated to 130 °C to decompose the initiator into radicals for both
processes.

Thin film characterization

The thickness of the organic semiconductors and dielectric layer was
measured using a spectroscopic ellipsometer (M2000, J. A. Woollam,
USA). Information about the band structure of used materials were
obtained from the literature’’.

Device fabrication

For control gate electrodes, floating gate electrodes, and
metal-insulator-metal (MIM) devices, 50 nm-thick Al electrodes
were thermally deposited at a deposition rate of -1 As™. The pCD and
pV3D3 polymer dielectric layer was deposited by the iCVD process,
and the thickness was measured using an ellipsometer after the
deposition. For the n-type semiconductor, PTCDI-C13 was deposited
by thermal evaporation at a deposition rate of 0.2-0.3As™ and
annealed at 200 °C for 30 min. For the p-type semiconductor, DNTT
was deposited at a deposition rate of 0.2-0.3As™. During the
deposition, the thickness was monitored in-situ by quartz crystal
microbalance (QCM). Then, 70 nm-thick Au source/drain electrodes
were thermally deposited at the deposition rate of -0.7 A s through
a shadow mask with channel dimensions of 400 (L) x 800 (W) pm. All
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the thermal evaporation was carried out at a chamber pressure lower
than 1x107 Torr.

Device characterization

The electrical properties of all the devices were measured using a
B1500A semiconductor device analyzer (Agilent Technologies) in the
Ny-filled glove box at room temperature.

Data availability
The data within the article and its Supplementary Information are
available from the corresponding authors upon request.
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