RESEARCH ARTICLE

W) Check for updates

ADVANCED
FUNCTIONAL
MATERIALS

www.afm-journal.de

Near-Perfect Standard Ternary Inverter Based on MoTe,
Homojunction Anti-Ambipolar Transistor

Zhe Zhang, Shida Huo, Qijia Tian, Fanying Meng, Zheyu Yang, Yuexuan Ma, Yue Wang,
Yuan Xie, Xiaodong Hu, Wenchao Gao,* Enxiu Wu,* and Caofeng Pan*

Ternary inverters offer a promising solution to enhance information
processing density and efficiency while reducing system complexity,
addressing energy density limitations in complementary
metal-oxide-semiconductor technology in the post-Moore era. Among these,
the standard ternary inverter (STI) is particularly appealing due to its
symmetry and reliability in ternary logic operations, though its fabrication
remains challenging. Here, a controllable and process-compatible doping
technique is reported that combines rapid thermal annealing with
h-BN-assisted ultraviolet photoinduced doping to achieve area-selective
p-type and n-type doping on a single MoTe, flake. This approach enables the
fabrication of high-performance anti-ambipolar transistors (AATs) and
unipolar p-type field-effect transistors (FETs) based on MoTe, homojunctions.
By achieving near-perfect conductance matching between connected AATs
and p-type FETs, an STl with a highly uniform staircase transfer characteristic
and an intermediate state width of precisely one-third of the input voltage
range is demonstrated. The AATs also exhibit a peak-to-valley ratio exceeding
103, rapid transconductance reversal, and tunable peak positions, enabling
the development of high-performance frequency doublers without additional
voltage bias. This study presents a novel doping strategy for efficient STI and
multifunctional device fabrication, advancing the development of

for further scaling of complementary
metal-oxide-semiconductor (CMOS)
technology.!!"  Transitioning from bi-
nary to ternary system offers a promising
solution to this power scaling challenge,
significantly increasing information den-
sity while reducing system complexity by
~63.1%.12l The ternary inverter, as the
fundamental building block of ternary
systems, facilitates efficient computation,
complex logic design, and low-power
applications, making it a cornerstone
of advanced electronic architectures.’!

Ternary inverters are broadly classified
into two primary types: the standard ternary
inverter (STI) and non-standard ternary
inverters, which include positive ternary
inverter (PTI), negative ternary invert-
ers (NTI), and decrement cycling invert-
ers (DCI).! The STI is characterized by
a symmetrical input-output relationship,
where each input level is precisely in-
verted to its complementary level, en-
suring balanced and consistent inversion

next-generation electronic technologies.

1. Introduction

With the explosive growth in data and information density, power
density constraints have emerged as a significant bottleneck

across all three states. This inherent re-
liability and stability serve as a criti-
cal foundation for the design of effi-
cient and high-performance multi-valued
logic systems. In contrast, non-standard ternary inverters ex-
hibit distinct bias characteristics, with output levels shifted posi-
tively, negatively, or cyclically, resulting in asymmetric or unique
voltage transfer curves. This allows each type of non-standard
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inverter—PTI, NTI, and DCI—to exhibit specialized inversion
behaviors optimized for specific applications.!®]

2D semiconductor materials present substantial advantages
for high-speed, low-power logic computing chips in the post-
Moore era, owing to their ultra-thin structure, high elec-
tron mobility, superior electrostatic control, compatibility with
silicon-based processes, and excellent scalability for further
miniaturization.l®) Additionally, the ability to stack diverse 2D
semiconductor materials into van der Waals heterojunctions (vd-
Whs) without concerns for lattice matching facilitates the inte-
gration of distinct material properties, further enhancing device
functionality and performance.l”! Specifically, vdWhs-based anti-
ambipolar transistors (AATS), when paired with p-type transis-
tors, represent the mainstream approach for constructing ternary
inverters.(®!

To date, researchers have developed a range of vdWhs AAT-
based ternary inverters, including BP/MoS,,l”) MoS,/WSe,, 1%
MoS,/MoTe,, 1!l graphene/WSe,'2!  and MoTe,/SnS,,!*!
BP/ReS,.[""1 However, these ternary inverters typically ex-
hibit non-standard characteristics due to imperfect conductivity
matching caused by the unclear voltage transition region and in-
complete alignment of transfer characteristics between the AAT
and p-type transistor components, despite efforts to modulate
electrical transport properties through methods such as electric
field, > plasma induced,'®! chemical treatment!!’] and thickness
modulation.!*8]

2D homojunction formed by a single 2D material typi-
cally exhibits high-quality carrier diffusion channels and con-
tinuous band bending, providing an ideal platform for con-
structing STIs composed of AATs and p-type transistors
with perfectly matched conductance.['”) However, compatible
and precise doping approaches are required to achieve area-
selective p-type and n-type doping. Recent studies have ex-
plored the development of ternary inverters using p-n homo-
junction AATs through a chemical doping approach,!?’! work
function modulation!?!l and photosensitive modulation.[??] De-
spite these advancements, challenges remain in optimizing
the doping process and further enhancing the performance
of STIs.

In this work, we developed a near-perfect STI based on MoTe,
homojunction AAT, achieved for the first time using a control-
lable and process-compatible doping technique that combines
rapid thermal annealing (RTA) with h-BN-assisted ultraviolet
(UV) photodoping approach. This method enables area-selective
p-type and n-type unipolar doping, allowing for the simultaneous
construction of a homojunction AAT with significant and tunable
anti-ambipolar transfer behavior and a unipolar p-type transis-
tor on a single MoTe, flake. The fabricated AAT exhibits a high
peak-to-valley ratio (PVR) exceeding 10 and a broad operational
voltage window AV, approaching 60 V. By connecting these
two devices in series, we successfully fabricated a nearly ideal
STI with equal height stair-case transfer characteristic, where
the intermediate state voltage width (25 V) accounts for approxi-
mately one-third of the total input voltage. Additionally, the device
demonstrated potential for applications in frequency doublers,
highlighting its versatility for next-generation multifunctional
electronics.
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2. Results and Discussion

Figure 1a presents a schematic of the multilayer structure of the
MoTe,-based devices used in this study, where the MoTe, flake
partially overlaps with the h-BN layer on the SiO,/Si substrate.
Subsequently, two pairs of Cr/Au electrodes were deposited onto
the same MoTe, surface, defining two independent transport
channels, labeled as 1-2 and 3—4. This configuration leads to the
formation of a MoTe,-based standard field-effect transistor (FET)
(left half section) and a MoTe, /h-BN heterojunction FET (right
half section), both of which can be gate-controlled through the
SiO,/Si gate. Simultaneously, a MoTe, junction device is formed
between electrodes 2 and 3. These devices are designed as De-
vice A, Device B, and Device C, corresponding to the red, blue,
and orange dashed rectangles in the false-color scanning electron
microscopy (SEM) image (Figure 1b). To further characterize the
thickness and material composition of the devices, atomic force
microscopy (AFM) characterization, and Raman spectroscopy
were performed on junction region B. As shown in Figure 1c,
the thicknesses of the MoTe, and h-BN layers are measured to
be 30.4 and 30.3 nm, respectively. The Raman spectra (Figure
S1, Supporting Information) confirm the characteristic peaks of
MoTe, and h-BN, aligning well with those reported in previous
studies.[?*]

Figure 1d shows the transfer characteristic curves of Device A
(red), Device B (blue), and Device C (orange) in semi-log scales.
The drain-source bias (V) was fixed at 2 V, while the gate-source
bias (V) was linearly swept from —60 to 60 V. All three devices
exhibit n-type dominated ambipolar transport behavior. Notably,
the on-state current of Device C (with h-BN interlayer) is more
than an order of magnitude higher than that of Device A. This
improvement is attributed to the cleaner interface between h-
BN and MoTe,, compared to MoTe, /SiO, interface, which effec-
tively suppresses defect scattering and charge trapping, thereby
enhancing carrier transport.?*! For Device B, the expected anti-
ambipolar transfer behavior is not observed, primarily due to in-
adequate conductance matching between the devices on either
side of the junction. Specifically, the formation of an AAT re-
quires two conditions to be met. First, the carrier concentrations
on the p-type and n-type sides of the junction must be balanced.
Second, the threshold voltages of both sides must be sufficiently
large to ensure that both devices can operate over a wide gate
voltage range.[®%5] Therefore, these requirements highlight the
necessity of area-selective and precise p-type and n-type doping
on both sides of the junction.

To successfully realize the construction of an AAT, we first
introduced RTA treatment on the sample for p-type doping of
all MoTe,-based devices. During the RTA process, both De-
vice A and Device C underwent p-type doping, with the dop-
ing concentration closely dependent on the annealing temper-
ature. The schematic diagram of the p-type doping process is
shown in Figure S2 (Supporting Information). The annealing-
induced anti-site defects (Moy,) act as acceptor dopants, generat-
ing a substantial number of holes, thereby significantly enhanc-
ing the p-type doping level of the devices.*®! Subsequently, n-
type UV photodoping was introduced to Device C (with h-BN in-
terlayer). The mechanism underlying n-type UV photodoping is
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Figure 1. a) Schematic of the MoTe,-based devices on the SiO,/Si substrate. b) False-colored SEM image of the MoTe, FET (Device A), junction device
(Device B) and MoTe,/h-BN heterojunction FET (Device C) on the SiO,/Si substrate. Scale bar is 10 um. c) The AFM characterization of height profile
and layer thickness at the MoTe,/h-BN junction region (region B). d) Transfer characteristic curves of Device A, Device B, and Device C in semi-log

scales. The Vyg =2 V.

depicted in Figure S3 (Supporting Information). Under UV il-
lumination, the MoTe, channel would absorb incident photons
to generate a large number of photoexcited electron-hole pairs.
Simultaneously, the UV light also excites defect states within the
h-BN flake and at the h-BN/SiO, interface. By applying a negative
writing voltage on the Si/SiO, substrate in the vertical direction,
the photoexcited holes in the MoTe, channel are driven to tun-
nel across the h-BN and then are captured and trapped by these
defect states, which create positive gating and electron doping in
the intrinsic MoTe, channel. Higher writing voltage results in a
larger tunneling current and higher hole density trapped at the
h-BN flake and the h-BN/SiO, interface, thus inducing a deeper
electron doping level.!?**] Notably, the stronger doping capability
of n-type doping compared to p-type doping, combined with its
selective activation in the presence of the h-BN interlayer, enables
Device C to be reversely doped from p-type to n-type without in-
ducing any significant impact on Device A. Hence, this method
enables area-selective, process compatibility, and precisely con-
trollable p-type and n-type doping concentrations, as illustrated
in Figure 2.

Figure 2a presents the transfer characteristic curves of De-
vice A after RTA treatment at different temperatures. The sam-
ple was treated in H, /N, (2%/98%) mixture gas for 3 min. As
the RTA temperature increases from 373 to 673 K, the trans-
fer curve gradually shifts to the right, with the minimum con-
duction point (MCP) moving by ~50 V, demonstrating signifi-
cant p-type unipolar doping. Figure 2b illustrates the hole con-
centration and field-effect hole mobility of Device A after RTA
treatment at different temperatures. The hole concentration of
the pristine device (without annealing) is ~1.78 x 102 cm~2, in-
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creasing to 6.19 x 10" cm™ after annealing at 673 K. The hole
mobility increases from 0.0009 cm? s~! V-1 (pristine device) to
2.79 cm? s7! V-1 (after 673 K annealing), representing a sig-
nificant enhancement of over three orders of magnitude. This
improvement originates from the formation of anti-site defects
(Mory,) at the Au-MoTe, interface, as illustrated and explained
in Figures S2 and S4 (Supporting Information). These defects
act as acceptor-type dopants, generating a large number of holes
while simultaneously lowering the Schottky barrier height for
hole injection.[?¢]

Subsequently, UV photoinduced doping was employed to
achieve efficient and area-selective n-type doping on Device C.
We first exposed Device C to UV light (wavelength 254 nm, in-
tensity 2.5 mW cm~2) under a constant negative gate bias (re-
ferred to as “writing voltage” in the following discussion) for 1 s.
Following this, both the UV illumination and the writing volt-
age were turned off, and a full linear scan was performed at a
fixed V4 of 2 V. It is critical that both UV light and the writ-
ing voltage are applied simultaneously during the photoinduced
doping process to ensure stable and nonvolatile doping results.
The absence of either of these two activations results in the fail-
ure of permanent change of electrical properties.?**! Figure 2c
presents the transfer characteristic curves of Device C after UV
photoinduced doping under different writing voltages. Notably,
when the writing voltage is 0 V, n-type doping is ineffective while
p-type doping remains effective, thereby causing Device C to ex-
hibit the same p-type behavior as Device A (red curve). Upon ap-
plying a negative writing voltage of —10 V, Device C immediately
transitions from a heavily doped p-type unipolar transistor to an
n-type dominated bipolar transistor (orange curve), highlighting
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Figure 2. a) Transfer characteristic curves of Device A after rapid thermal annealing (RTA) at different temperatures in semi-log scales. b) The changes of
minimum conduction point (MCP), hole concentration (ny.), and field-effect hole mobility (i) of Device A after p-doping process (RTA). c) Transfer
characteristic curves of Device C after UV photodoping at different writing voltages in semi-log scales. d) The changes of minimum conduction point

(MCP), electron concentration (Nejectron)

the stronger doping effect of UV photodoping compared to RTA
treatment. As the writing voltage increases from —10 to —80 V,
Device C evolves from an n-type dominated ambipolar transis-
tor to a heavily doped n-type unipolar transistor, with its MCP
shifting progressively from 0 to —60 V in the negative direction
(deep blue curve). The electron concentration (N y,,) and field
effect electron mobility (Ujecron) @S @ function of writing voltages
are also plotted in Figure 2d. After UV photoinduced n-doping at
a writing voltage of —80 V, the electron concentration increases
from 1.375 x 10" to 6.875 x 10" cm™ and the field-effect elec-
tron mobility demonstrates a strong enhancement from 0.001 to
2.3 cm?s7! V71, This demonstrates that higher writing voltage
promote the formation of a greater concentration of trapped posi-
tive charges within the h-BN flake and at the h-BN/SiO, interface,
subsequently inducing more stable electron doping and higher
electron concentrations.?**! The enhancement in electron mobil-
ity is primarily attributed to the reduced Schottky barrier width
between MoTe, and metal electrodes after UV photodoping.[?’!
Figure S4 (Supporting Information) displays the output charac-
teristic curves of Device C after UV photodoping at a writing volt-
age of —80 V, exhibiting a near-ohmic contact behavior.

Figure 3a presents the transfer characteristic curves of Device
B after UV photodoping at different writing voltages. At a writ-
ing voltage of 0 V, the device exhibits p-type dominated bipolar
transport behavior. As the writing voltage increases from —10 to
—20 V, the transport curve begins to display a distinct inverted
“A” peak, indicating the emergence of anti-ambipolar transport
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and field-effect electron mobility (Ugjectron) Of Device C after the n-doping process (UV photodoping).

characteristics.®*") With further increases in the writing volt-
age from —30 to —80 V, the transfer curve shifts progressively
in the negative direction, accompanied by a significant rise in
both the position and height of the I, peak. In fact, both of these
changes are directly linked to the enhanced n-doping level in De-
vice C, as shown in Figure 2c. Specifically, the carrier concen-
tration and mobility of Device C approach comparable levels to
those of Device A as its increasing n-type doping level, as evi-
denced by Figure 2b,d. Furthermore, after UV photodoping at a
writing voltage of —80 V, the on-state voltage of Device C shifts to
—60 V, resulting in an on-state voltage window exceeding 110 V
when paired with Device A (Figure S5, Supporting Information).
At this point, both Device C and Device A exhibit comparable
doping levels and a sufficiently large overlapping voltage region
between their two on-states, which satisfies the critical conditions
required for the construction of AATs.[]

For AATs, the I;, peak position (V,,), on-state bias range
(AV,) and PVR are critical parameters for evaluating device
performance.®) V., is defined as the operating voltage of AAT
and should be minimized to achieve lower power consumption,
higher resolution of intermediate state in the ternary inverters,
and reduced bias voltage for applications such as frequency dou-
bling. The difference between the on-state voltage (V) and off-
state (Vopp) voltage is defined as AV, with a broader AV, be-
ing crucial to ensure reliable operation under diverse biasing
conditions. And PVR represents the ratio of maximum (I,,,) to

minimum (I,,) drain currents. The V,,,, AV,, and PVR were

valley peak’

© 2025 Wiley-VCH GmbH

85UB01 7 SUOLLLOD AT 3[ded! dde Uy Aq pauenob ae Sapile VO ‘85N JO 3N oy Akeiqi8UlUO A8 ]I LD (SUOHIPUOD-PUE-SWLBIALID A3 IM Afe.d1jBul [Uo//Scy) SUORIPUOD pue SWLB | 8u 89S *[6202/50/2Z] Uo AriqiTauliuo AB|im ‘(eeng) Aisieaiun Bueyed Aq 82/v2iz0z WiPe/z00T OT/I0p/W00" A8 |1 Aeiq1jpuljuo"peoLenpe//sdiy wouy papeojumod ‘0 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

1.2 {RTA Temperature: 673 K 109

Writing Voltage(V)

0.0+ : - -
60 40 20 0 20 40 60
vgs(v)

0.34Regionl: Vg, < Vg \"
Region2: Vo < Vo < Ve
Region3: Vg > Vi,

0.24 RTA Temperature: 673 K
Writing Voltage: -40 V

lds(“A)

O

www.afm-journal.de

o
o
L

RIA Temperature: 673k [ 1.2
— 40
2
% 0.8 &
2.’ 20+ -
v &
C
5 o0 g
ke +0.4
g
>
201 O Vieak
o AV,
s
404, : A5 : 100
0 -40 80 O -40 -80

Writing Voltage(V)  Writing Voltage(V)

—

1 p-type °
;ooooo n-type

w) p-type eoe
T ooo n-type
on 3 Pype ecoces
oh" o n-type

®c

Figure 3. a) Transfer characteristic curves of Device B after UV photodoping at different writing voltages in linear (—30 to —80 V) and semi-log (0 to —20

V) scales. b) The changes of Vi, AV,

AV, and PVR of Device B after UV photodoping at different writing voltages. c) The transfer characteristic curve of

Device B after UV photodoping at the writing voltage of —40 V. d) The schematic of typical transfer mechanism based on p-n homojunction AAT.

extracted from the transfer curves and plotted as a function of
writing voltages in Figure 3b. Notably, at a writing voltage of
—40 'V, the V,,,, of AAT is close to 0 V, representing an excep-
tionally low peak position compared to other reported 2D-based
AATS. As the writing voltage increases from —40 to =80 V, V .,
shifts left to ~—40 V. The near-linear relationship between V.,
and the writing voltage (red line) highlights the precise tunabil-
ity of the I peak in Device B through UV photodoping. In terms
of AV, it increases to ~60 V after UV photodoping at a writing
voltage of —80 V. Additionally, the PVR of Device B reaches a re-
markable value of 10* after photodoping at —80 V, representing
an enhancement of nearly two orders of magnitude compared to
its value at —10 V. This exponential growth in PVR demonstrates
a strong correlation with the writing voltage.

To clarify the operating mechanism of the homojunction AAT,
the transfer curve of Device B after photodoping at a writing volt-
age of —40 V was extracted from Figure 3a and is presented in
Figure 3c. As V,, increase from —40 to 20 V, the I of Device B
initially increases and then decreases. V,y and Vg denote the
on-state and off-state voltages of the AAT, respectively. The trans-
fer curve can be divided into three voltage regions: region 1 (V,,
< Vo), region 2 (Voy < Vi < Vip), and region 3 (Vg > Vrp).
In region 1 and region 3, the transfer curve exhibits similar mini-
mum current levels, while showing an “A” shape in region 2. The
operating principles of the homojunction AAT are schematically
illustrated in three simplified energy band diagrams for different
gate voltage regions, as shown in Figure 3d. The p-n homojunc-
tion can be regarded as a series connection of p-type and n-type
FET, with each band diagram representing a different mode of
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carrier injection.!®3!] Indeed, it is the carrier concentration in the
semiconductor channel, regulated by the gate voltage, that pre-
dominantly governs the anti-ambipolar transport behavior. Ac-
cording to the transfer characteristics of these transistors, as the
gate voltage increases, the carrier concentration (hole) of the p-
type FET decreases, while the carrier concentration (electron) of
the n-type FET increases. Hence, the conductive mechanism of
the AAT can be briefly described as follows. In voltage region 1,
the p-type FET is in the on-state while the n-type is off, result-
ing in the total current being suppressed to its minimum value.
As V, increases into voltage region 2, the current level flows to
its maximum value because both transistors are in the on-state.
In voltage region 3, Iy is suppressed again as the p-type FET
switches off, even though the n-type FET remains in the on-state.

The series connection of an AAT and a p-type FET repre-
sents the prevailing approach for constructing ternary invert-
ers. Figure 4a illustrates the configuration and testing circuit
schematic of the ternary inverter. One terminal of the p-type
FET serves as the supply voltage (Vpp), the shared terminal
with the AAT functions as the output voltage (Voyr), and the
other terminal of the AAT is grounded (GND). The input volt-
age (V,y) was applied to the common Si back gate. To realize a
STI, the AAT must achieve optimal conductance matching with
the p-type FET.'*] For this purpose, we intentionally selected the
photodoped AAT at a writing voltage of —40 V to be connected in
series with Device A. The transport characteristics of both devices
are shown in Figure 4b, which exhibits nearly identical conduc-
tance in the range of —5 to 20 V. Figure 4c presents the Voltage-
transfer characteristic (VIC) curve of the constructed ternary
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Figure 4. a) The schematic diagram of the ternary inverter formed by the series connection of MoTe, p-type FET (Device A) and MoTe, homojunction
AAT (Device B). b) Transfer characteristic curves of the MoTe, p-type FET (blue curve) and MoTe, homojunction AAT (red curve). c) The Voltage-transfer
characteristic and voltage gain (inset) of the ternary inverter at Vpp = 2 V. d) The intermediate voltage position and intermediate voltage width ratio of the
ternary inverter for various reported 2D AAT-based devices. ) Working principle of AAT-based frequency doubler f) The input-output voltage waveforms

measured by the frequency doubler.

inverter under a driving voltage of V, = 2V, clearly demon-
strating three distinct logical states with equal height stair-case
characteristics.

In fact, the ternary inverter essentially functions as a volt-
age divider for V. When V; < =20 V, the p-type FET is in
a low-resistance state and the AAT is in a high-resistance state,
resulting in V,; being approximately equal to Vp, (2 V), de-
noted as logic State 1 in Figure 4c. The stable logic State 1/2
arises from the precise conductivity matching between the AAT
and the p-type FET in this voltage range, ensuring that the
Vour is maintained exactly at one-half of the V. The width
of the intermediate logic state is 25 V, approximately one-third
of the total input voltage range, indicating a broad tolerance
window and high stability for this middle logic state. In the
positively high V,y region (V;y > 25 V), the AAT remains in
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a low-resistance state, while the p-type FET gradually transi-
tions to a high-resistance state, yielding a low output voltage,
denoted as logic State 0. The voltage gain, calculated as Gain
= dVqyr/dVy, is shown in the inset of Figure 4c. The gain
curve exhibits two pronounced peaks, reaching a value of 0.085
when V is #20 V. The relatively small voltage gain is likely due
to the slow switching speed caused by the thick SiO, dielectric
layer.32! By using thinner SiO, dielectrics or thin high-k dielec-
tric substrates, the voltage gain and switching speed of the con-
structed ternary inverter will be significantly enhanced in future
work.[33]

To precisely categorize the type of ternary inverter and quan-
titatively characterize the STI characteristic, we define two key
parameters: the intermediate state voltage position (V,;4) and
the intermediate state voltage width ratio (W,;4). Specifically, the
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V... quantifies the proportion of the intermediate state voltage
relative to the total output voltage range (Vyyr), and the W, 4
represents the fraction of the intermediate state voltage width
with respect to the total input voltage range (V,y). For the STI,
the intermediate state voltage position should ideally be centered
at half of the output voltage (V,,,q = 1/2), and the intermediate
state voltage width should encompass one-third of the input volt-
age range (W, ;; = 1/3), ensuring rapid logical transitions and en-
hanced noise immunity, as highlighted by the solid orange rect-
angle in Figure 4d. From the voltage transfer curve of Figure 4c,
it is calculated that the constructed ternary inverter achieves an
intermediate state voltage position of 1/2 and an intermediate
state voltage width ratio approaching 1/3. This demonstrates that,
compared to previous studies (Figure 4d), we have achieved an al-
most ideal STI through the precise conductance matching of the
series-connected AAT and p-type FET.

A key feature of AATs is their ability to present both posi-
tive and negative transconductances, which can be effectively uti-
lized for fundamental analog circuit functions, such as frequency
doubling.3* Using the same device configuration and peripheral
circuitry presented in Figure 4a, we designed and constructed a
frequency doubler, where the p-type FET can be regarded as a
constant resistance. The output signal is detected by an oscillo-
scope connected to the AAT (Device B). By applying a sinusoidal
signal with a frequency of f; to the gate bias, for which the device
is at the peak value of its transfer curve, the drain current will dis-
play a signal with a frequency twice that of the input. Specifically,
as the input signal V|, (red curve) oscillates from point A to point
B, the output signal Vi (blue curve) increases with the rising
input. When the input signal swings from point B to point C,
the output signal decreases with the increasing input. Similarly,
the output signal from point C to point E through point B will
be exactly the same as that of point A to point C. In fact, thanks
to the symmetrical transfer curve, each half-cycle oscillation of
the input signal corresponds to a full-cycle oscillation of the out-
put signal, as shown in Figure 4e. When the writing voltage of
n-doping is —40 V, as depicted in Figure 3c, the I,, peak of the
AAT device is located at V,, = 0V, ensuring that perfect frequency
doubling can be achieved without any additional gate voltage bias.
The measurement conditions are that the source voltage V, =
5 V. Figure 4f presents that at an input signal V  (red curve) with
frequency f}, = 100 Hz, the output waveform is a sinusoidal sig-
nal Vo1 (blue curve) with frequency f,r = 200 Hz, thus clearly
demonstrating the frequency doubling effect. Refinements such
as scaling down device dimensions and local gating are likely to
further enhance the AAT-based frequency doubler performance.
Compared to CMOS-based analog architectures, AAT-based fre-
quency doublers provide significant advantages by substantially
reducing the number of required transistors and eliminating the
necessity for bias voltage to achieve device matching.

3. Conclusion

In summary, our study successfully developed a new method
that combines RTA with h-BN-assisted UV photoinduced dop-
ing to selectively dope p-type and n-type regions on a single
2D MoTe, flake. This advancement allowed us to fabricate high-
performance devices, including an AAT and a unipolar p-type
FET, both based on MoTe, homojunction. By achieving nearly
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perfect conductance matching between the two devices, we suc-
cessfully constructed a near-ideal standard ternary inverter. Fur-
thermore, the developed AAT shows a PVR exceeding 10%, rapid
transconductance reversal, and a precisely tunable I, peak posi-
tion. These features enable the design of high-performance fre-
quency doublers. These findings demonstrate the effectiveness of
our approach and its potential to significantly advance electronic
and optoelectronic device performance.

4. Experimental Section

Device Fabrication: The devices were produced with a dry transfer tech-
nique. MoTe, and h-BN were purchased from HQ graphene. First, an h-BN
flake was mechanically exfoliated from bulk h-BN and transferred onto a
285 nm SiO, /n+-doped Si substrate. Then, a MoTe, flake was transferred
onto an h-BN flake, covering half of it. Last, electrodes were patterned us-
ing electron beam lithography with positive electron beam resist. Cr/Au
(20/30 nm) was deposited by electron beam evaporation after exposure
and development, which was followed by a standard lift-off process to
complete the fabrication. The device was treated by a rapid thermal an-
nealing (RTA) process in an H,/N, mixed gas (2% H,, 98% N,) under
different temperatures ranging from 373 to 673 K for 3 min. The UV pho-
toinduced doping is done by applying a large gate bias voltage and UV
illumination (wavelength 254 nm, intensity 2.5 mW cm~2) on the device
at the same time, for typically less than 1s.

Electrical ~ Parameters ~ Calculation: The electron concentration
(Nelectron) and hole concentration (nyg) of the MoTe, film can be
calculated according to n = -Cy/(Vge-Viy) at Vo = 40 Vand V4 =
-40 V, where Cg = 1.1x 1078 F cm~7 denotes the gate oxide capacitance
for 285 nm SiO, and Vy, is the threshold voltage for electron/hole
transport. The field effect mobility, which can be calculated using p =
GmL/(CgVgsW), where G, = dlys/dV,, is the transconductance and can
be extracted from the linear region of the transfer curve, L and W are the
channel length and width, respectively.

Characterizations: A commercial Raman spectrometer (Renishaw
Inc.) was used to obtain the Raman spectroscopy with a 532-nm laser
source. The AFM images were taken with a Bruker Dimension Icon. The
electrical properties were measured with an Agilent B1500A semiconduc-
tor parameter analyzer in ambient air. The wavelength and intensity of the
used UV light were 254 nm and 2.5 mW cm~2, respectively.
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