
Atomic Layer MoTe2 Field-Effect Transistors
and Monolithic Logic Circuits Configured by
Scanning Laser Annealing
Xia Liu,* Arnob Islam, Ning Yang, Bradley Odhner, Mary Anne Tupta, Jing Guo, and Philip X.-L. Feng*

Cite This: ACS Nano 2021, 15, 19733−19742 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Atomically thin semiconductors such as transi-
tion metal dichalcogenides have recently enabled diverse
devices in the emerging two-dimensional (2D) electronics.
While scalable 2D electronics demand monolithic integrated
circuits consisting of complementary p-type and n-type
transistors, conventional p-type and n-type doping in desired
regions, monolithically in the same semiconducting atomic
layers, remains elusive or impractical. Here, we report on an
agile, high-precision scanning laser annealing approach to realizing 2D monolithic complementary logic circuits on atomically
thin MoTe2, by reliably designating p-type and n-type transport polarity in the constituent transistors via localized laser
annealing and modification of their Schottky contacts. Pristine p-type field-effect transistors (FETs) transform into n-type
ones upon controlled laser annealing on their source/drain gold electrodes, exhibiting a mobility of 96.5 cm2 V−1 s−1 (the
highest known to date) and an On/Off ratio of 106. Elucidation and validation of such an on-demand configuration of polarity
in MoTe2 FETs further enable the construction and demonstration of essential logic circuits, including both inverter and NOR
gates. This dopant-free, spatially precise scanning laser annealing approach to configuring monolithic complementary logic
integrated circuits may enable programmable functions in 2D semiconductors, exhibiting potential for additively
manufactured, scalable 2D electronics.
KEYWORDS: 2D electronics, molybdenum ditelluride, MoTe2, laser annealing, polarity control, Schottky barrier,
complementary logic circuit

INTRODUCTION

Atomically thin transition metal dichalcogenides (TMDCs)
have been investigated and employed for diverse 2D
nanoelectronic devices.1,2 Two-dimensional field-effect tran-
sistors (FETs) with TMDCs as channel materials, such as
MoS2 n-FETs and WSe2 p-FETs, have shown very promising
functions and performance.3 p-Type and n-type FETs are
essential building blocks for enabling 2D integrated circuits.3,4

Rational control and manipulation of the transistor polarity is
highly desirable for constructing complementary logic
integrated circuits on a single TMDC material platform,
similar to CMOS in silicon. However, as the channel thickness
approaches a single- or few-layer thickness in these crystals,
conventional techniques for realizing complementary pairs of
p- and n-type FETs, such as ion implantation and dopant
diffusion,5,6 no matter how mild, become cumbersome or
impractical.
Possible solutions include a number of unconventional

atomic doping and surface modification techniques that are
being explored, such as molecular doping,7−9 surface charge
transfer or electron doping,10−12 electrical activation,13,14

focused laser irradiation,15−17 and deep ultraviolet (DUV)
irradiation.18,19 These methods mainly involve surface dopants
or H2O in the atmosphere,8 MgO film evaporated by electron-
beam evaporation,11 O2/H2O via electrothermal annealing
induced by an electric field,14 or doping in the channel due to
generation of vacancy defects and excess O atoms induced by
laser irradiation.15 Another route is electrostatic doping
achieved through gating, where the presumably dominant
transport carrier type in the 2D channel is often regulated and
dominated by a Schottky barrier (SB).20,21 However, the state-
of-the-art method of tailoring the SB height has been limited to
employing contact metals with different work functions. Lately,
we have demonstrated dopant-free control of transport polarity

Received: August 18, 2021
Accepted: November 22, 2021
Published: December 16, 2021

A
rtic

le

www.acsnano.org

© 2021 American Chemical Society
19733

https://doi.org/10.1021/acsnano.1c07169
ACS Nano 2021, 15, 19733−19742

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
FL

O
R

ID
A

 o
n 

Ju
ly

 2
5,

 2
02

2 
at

 1
4:

10
:0

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xia+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnob+Islam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ning+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bradley+Odhner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mary+Anne+Tupta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+X.-L.+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c07169&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/15/12?ref=pdf
https://pubs.acs.org/toc/ancac3/15/12?ref=pdf
https://pubs.acs.org/toc/ancac3/15/12?ref=pdf
https://pubs.acs.org/toc/ancac3/15/12?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


in MoTe2 FETs by chip-level bulk thermal annealing-induced
modification of Schottky barriers at source/drain contacts of
MoTe2 FETs.22 Toward realizing integrated circuits and
scalable 2D electronics with high-performance complementary
p-type and n-type FETs on the same MoTe2 thin film
monolithically, however, major technological gaps remain, and
significant in-depth investigations are still needed.
In this work, we develop 2D monolithic complementary

logic circuits by assigning and configuring p- and n-FETs on-
demand, on the same MoTe2 thin layer with metallic
electrodes, via direct focused laser writing and localized
annealing of the MoTe2−metal contacts. The SB height at
MoTe2−metal contacts of the global-gated MoTe2 FETs is
modified by the focused laser annealing (T ≈ 141 °C, by using
a 785 nm laser, a laser power of 13.2 mW with a 1 μm spot
size), changing the selected FETs’ transport polarity from p-
type to n-type. Determined by the spot size of the laser, the
spatial resolution is ∼1 μm. This method is efficiently exploited
to configure families of MoTe2 SB FETs, thus to create
complementary inverters and NOR gates. Further, a thin
hexagonal boron nitride (h-BN) flake as the dielectric for the
top-gate device encapsulates the MoTe2 layer, enhancing
device performance and stability. The effectiveness and
simplicity of the SB FETs’ polarity control method manifest
in several aspects. The scanning laser annealing is highly
localized only on the MoTe2−metal contact regions, with no
perturbation in the channel. The stability of the FETs is
improved by the h-BN encapsulation. This approach sheds
light on the potential of agile and efficient laser-writing
enabled, p-type and n-type configurable SB FETs, for large-
area 2D integrated circuits.

RESULTS AND DISCUSSIONS
p-Type to n-Type Polarity Change in Dual-Gate

MoTe2 FETs by Laser Annealing. Surface transport
dominates in 2D FETs since global electrostatic gating enables

carrier accumulation near the semiconductor surface when the
gate voltage is applied. The characteristics of metal−semi-
conductor (M-S) contacts determine the transport of the
accumulated carriers. Due to the effect of interfacial states,23

2D semiconductors always form Schottky contact with the
source/drain (S/D) electrodes. Therefore, engineering the SB
height in 2D FETs can decide which type of carriers can go
through the channel, thus altering the transistor polarity. Here,
we propose a method of SB height modification by using
spatially controllable focused laser annealing of MoTe2−Au
contacts to change the FET polarity from p-type to n-type. We
design dual global gates in the thin MoTe2 FET as illustrated
in Figure 1a. The dual-gated MoTe2 FET consists of an h-BN
layer as the top-gate dielectric, SiO2 as the back-gate dielectric,
and thin graphite (Gr) as the top gate. The top-view optical
micrograph of the as-fabricated h-BN/MoTe2 FET (Figure 1b)
displays the distinctive colors of different stacking layers.
Raman spectroscopy probing (λ = 532 nm) on the Gr/h-BN/
MoTe2 stacking region provides the overall information about
the identities of the constitutive flakes (Supplementary Figure
S1(a,b)). The thicknesses of h-BN, Gr, and MoTe2 layers are
9, 7, and 8 nm, respectively (Supplementary Figure S1(c,d)).
Figure 1c shows laser annealing treatment is applied on the
MoTe2−Au structure in order to change the interface material
property. Here, the left panels of Figure 1d and e display that
the top-gate and back-gate branches of the FET both exhibit
hole conduction (p-type) before laser annealing. In the right
panel of Figure 1d, with varying gate voltage, the drain current
output characteristics (ID−VGS) of the top-gate transistor show
electron conduction (n-type) behavior after laser annealing.
The back-gate FET displays the same phenomenon of the
polarity change from p-type to n-type after laser annealing
(Figure 1e). The value of the gate voltage at which the drain
current ID assumes its minimum (VMin) is positive, shown in
Supplementary Figure S2, indicating that the laser-heated
MoTe2 FET channel remains p-doped and thus the transport

Figure 1. MoTe2 Schottky barrier field-effect transistor (SB FET) with both back and top gates and its polarity change via focused laser
annealing of the Schottky contacts. (a) Schematic illustration of a dual-gated MoTe2 FET. (b) Optical microscopy image of the
representative device composed of MoTe2 at the bottom, h-BN in the middle, and a thin graphite (Gr) layer as the top gate. (c) Interface of
MoTe2−Au contact under laser annealing and its corresponding energy band diagram. (d, e) ID−VGS characteristics of the top-gate branch
and back-gate branch before and after laser annealing, respectively, at VDS = 0.1 V. (f) Schematic illustration depicting a single scanning laser
probe can directly write and configure, on demand, various monolithic complementary logic circuits on the same MoTe2 film.
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behavior of the laser-heated FET is not determined by the
channel doping. Figure 1f illustrates the logic gates (OR,
inverter, NAND) that we envision to employ this localized
laser annealing to configure and validate.
The electrical performance of the top-gate MoTe2 FET is

systematically studied, as shown in Figure 2. Figure 2a presents
the ID−VDS and ID−VGS characteristics of the device before
laser annealing. The field-effect hole mobility is

L
CV

dI
dVFE,

2

DS

D

GS
μ = ≈ 7.57 cm2 V−1 s−1, where L and C are the

channel length and the gate capacitance, respectively.
Interestingly, after laser annealing, the electronic characteristics
exhibit the opposite behavior, n-type conduction with an On/
Off current ratio of Ion/IOff > 106, as shown in Figure 2b. The
change of the polarity manifests the variation of SB height:
ϕSB,p > ϕSB,n. The curves in Figure 2b appear just like mirror
images of those in Figure 2a, demonstrating a clear and neat
polarity change from p-FET to n-FET. The electron mobility
of the n-type MoTe2 FET is calculated to be μFE,n = 96.5 cm2

V−1 s−1 at VGS = 3.35 V, which is the highest electron mobility
value reported to date. Before laser annealing, the contact
resistance Rc is about 125 kΩ·μm, as shown in Supplementary
Figure S3. After laser annealing it turns out that Rc reduces to
10 kΩ·μm. In addition, the hysteresis effect also decreases after
the laser annealing (Supplementary Figure S4). The intrinsic
origin of the hysteresis effect in MoTe2 transistors could
probably be attributed to charge trap states at the interface

between MoTe2 and the dielectric due to adsorption/
desorption of air/water molecules or other contaminants.
These results demonstrate that the MoTe2 device functions as
a p-type FET and n-type FET through global electrostatic
gating, before and after focused laser annealing of the Schottky
contacts, respectively. From the carrier transport perspective,
electronic characteristics of the MoTe2 transistor during the
laser annealing process are explained using band diagrams at
VGS < Vth,p, Vth,p ≤ VGS ≤ Vth,n, and VGS > Vth,n, all illustrated in
Figure 2c. We consider MoTe2 as initially a p-type material due
to the built-in Te excess, which dictates that the Fermi level
(EF) should be closer to the valence band. Before laser
annealing, the Schottky barrier height for holes (ϕSB,p) is lower
than that for electrons (ϕSB,n), resulting in the On state when
VGS < Vth,p, while ϕSB,p increases and ϕSB,n (ϕSB,n = Eg − ϕSB,p)
decreases after laser annealing, which corresponds to the work
function reduction of the Au−MoTe2 composite. The
transistor is switched On when VGS > Vth,n, presenting n-type
conduction. As shown in Figure 2d, the methods for realizing
n-type MoTe2 FETs reported to date include intrinsic n-type
MoTe2,

24 chemical doping,24 surface charge transfer doping
(SCTD),25 and contact engineering.26 Our n-type MoTe2
FETs exhibit higher mobility than counterparts reported in
previous studies.4,8,11−13,19,22,25−38 In addition, MoTe2 FETs
with fewer numbers of layers (<12 layers) exhibit declined
mobility due to enhanced Coulomb impurity scattering.39

Figure 2. Electrical characteristics and performance of top-gate MoTe2 p-FET and n-FET and their corresponding band diagram analysis. (a)
(Left) Drain current ID as a function of VDS for the top-gate MoTe2 FET before laser annealing, increasing with decreasing top-gate voltage,
VGS, from 0 to −5 V with a step of −1 V. Insets in (a) and (b) are ID−VDS curves with a wider range of VDS. (Right) ID as a function of VGS
with drain-to-source bias voltage, VDS, of 10, 50, and 100 mV, in linear and logarithmic scales, respectively. (b) ID−VDS and ID−VGS
characteristics of the same transistor after laser annealing. (c) Corresponding electrostatic gated band diagrams of the transistor with
horizontal source−gate−drain structure during the laser annealing process. (d) Measured electron field-effect mobility of the n-type MoTe2
FETs and comparison with data in the literature.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c07169
ACS Nano 2021, 15, 19733−19742

19735

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07169/suppl_file/nn1c07169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07169/suppl_file/nn1c07169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07169/suppl_file/nn1c07169_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07169?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The pristine MoTe2 is initially a p-type material due to
tellurium (Te) excess during the crystal synthesis.40 Energy
dispersive X-ray spectroscopy (EDS) analysis (Supplementary
Figure S5) shows that the atomic ratio of Te/Mo ranges from
2.33 to 2.14, indicating that the stoichiometric value of MoTe2
is over 2, before and after laser annealing. It is reported that the
MoTe2 with the h-BN encapsulation can remain intact under
thermal annealing treatment.41,42 Thus, it is clearly verified that
the fact of p-type doping in the channel does not change before
and after the laser annealing, while the carrier transport in the
transistor changes from p-type to n-type after the treatment.
Elucidating the Mechanism: MoTe2−Au Schottky

Barrier Change via Laser Annealing. To evaluate the SB
height, the variations of the current through the device as a
function of VGS under different temperatures are used to
generate the Arrhenius plots reported in Supplementary Figure
S6. It is well known that in an FET the current depends mainly
on the thermionic emission and the thermally assisted
tunneling. The effective SB height ϕSB is extracted using the

equation20 ID = AT2exp(qϕSB/kBT)[1 − exp(qVDS/kBT)],
where A is the Richardson’s constant, kB is the Boltzmann
constant, q is the electronic charge, and T is the temperature.
Since we consider qVDS ≫ kBT when VDS is applied with 1 V,
the equation can be simplified to obtain a linear relationship
between ln(ID/T

2) and 1000/T as shown in Supplementary
Figure S6. Therefore, the SB height is determined from the
slope of the Arrhenius plots and plotted as a function of VGS in
Figure 3a and b. From Figure 3a, a true Schottky barrier height
of the p-type transistor before laser annealing is extracted to be
around 0.3 eV. From Figure 3b, the Schottky barrier height for
electrons of the transistor after laser annealing is extracted to
be around 0.2 eV. Therefore, upon laser annealing, the SB
height for holes increases from ϕSB,p = 0.3 eV to 0.7 eV, while
the SB height for electrons decreases from ϕSB,n = 0.6 eV to 0.2
eV (Figure 3c). These results clearly provide direct and
deterministic evidence of modifying relative SB heights for
electrons/holes by laser writing on the contacts.

Figure 3. Extraction of the Schottky barrier (SB) height and band diagram analysis during the laser annealing process. (a, b) Gate voltage
dependence of the SB height before and after laser annealing. (c) Comparison of the SB height values for electrons and holes before and
after scanning laser writing on contacts. (d) Possible interface structure of Au−MoTe2 including position of atoms and local electron wave
probability density computed by DFT. (e) Work function of Au−MoTe2 from ab initio calculations. (f) Energy band diagrams of the vertical
MoTe2−Au contact at the initial state and during the laser annealing process. The thicknesses of the Au/Au−MoTe2 alloy/MoTe2 structure
are not to scale. The thickness of the band-bending region is <1 nm.
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To further understand the observed SB height variation
under laser annealing, we perform first-principle calculations
(by using density functional theory (DFT)) for the electron
wave function probability density and work function of the
Au−MoTe2 interface as shown in Figure 3d and e. We have
computed the possible Au−MoTe2 interface structures. It
turns out that the effective work function of the Au−MoTe2
interface is 4.36 eV. The value is between those of bare Au (5.1
eV) and MoTe2 (4.1 eV), indicating SB height lowering on the
Au−MoTe2 interface after laser annealing.

43 DFT calculations
are also conducted on the Au−MoTe2 interface with different
distances between Au and MoTe2 as shown in Supplementary
Figure S7. Considerable metal-induced gap states (MIGS) can
be seen from the plots of local density of states, and the MIGS
reduce as the distance between Au and MoTe2 increases. In
addition, by analyzing the band alignment of MoTe2 on Au
during the laser annealing process (Figure 3f), it suggests that
the MoTe2−Au interface exhibits a lower work function
compared to that of the bare Au, resulting in the SB height for
electrons (ϕSB,n) decreasing and becoming lower than that for
holes (ϕSB,p).
In order to validate the effect of the M-S contact on the

transistor polarity, we have conducted a control experiment in
which the focused laser only illuminates the MoTe2 channel
region. The ID−VGS characteristics (Supplementary Figure S8)
show that the MoTe2 FET remains p-type after laser
illumination when the laser is focused only on the channel
region, which suggests that the earlier observed transistor
polarity change is indeed due to scanning laser annealing of the
Schottky contacts and is independent of the channel region,
and the carrier polarity of MoTe2 on SiO2 has been negligibly
affected by laser annealing of the channel region. As another
control experiment, platinum (Pt), with a higher work function
(ϕM,Pt = 5.9 eV), is used as the S/D electrodes for the MoTe2

FETs (Supplementary Figure S9). We do not observe the
transistor polarity change from p-type to n-type conduction
after laser annealing of the MoTe2−Pt contacts. In addition, it
validates that Fermi level pinning does not dictate the SB
height. In fact, if Fermi level pinning was playing a role
universally in all these Schottky contacts, then the devices with
Pt S/D contacts should have also exhibited a polarity change
upon laser writing on the S/D contacts. Therefore, the Fermi
level pinning effect of the metal contacts in our transistors is
not dominant in our devices with the prepatterned S/D
electrodes.44,45

Subsequently, the underlying mechanism of the transistor
polarity change is elucidated through spectroscopic character-
ization of materials (Figure 4). The interface of single-layer
(1L) MoTe2 and the Au electrode is investigated through
Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS). The 1L MoTe2 flake on Au (Supplementary Figure
S10) is treated by focused laser annealing as described in the
Methods. As seen in Figure 4a, the laser-heated MoTe2 region
exhibits a clear Raman peak shift (to the right) as compared to
that of the pristine area. The roughness of MoTe2 on Au
decreases slightly after laser annealing due to the improved
contact quality; there is no other peak observed in the Raman
spectra before and after laser annealing (Supplementary Figure
S11). In comparison, Raman data of 1L MoTe2 on the SiO2
substrate show no peak shift before and after laser annealing
(Figure 4b). Following previous studies about the effect of
annealing on other 2D material such as MoS2,

46−48 we
estimate that the Raman shift of MoTe2 on the Au contacts
after laser annealing is caused by some interactions, such as
alloying or hybridization, thus changing the effective work
function and Schottky barrier at the contacts. The MoTe2−Au
interaction is further verified by XPS, with associated evidential
XPS peak shifts displayed in Figure 4c, while in contrast, the

Figure 4. Spectroscopic characterization of the MoTe2−Au Schottky contacts. (a) Raman analysis of single-layer (1L) MoTe2 on the Au
electrode before and after laser annealing. (b) Raman spectra of the 1L MoTe2 on the SiO2 substrate for comparison. (c) XPS spectra of a
few-layer MoTe2 flake on the Au electrode and (d) on the SiO2 substrate (bottom panels). The vertical dashed lines indicate the positions of
the XPS spectral peaks.
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MoTe2 on SiO2 has no XPS peak shift after laser annealing
(Figure 4d). The decrease in the binding energy after the
treatment implies a corresponding change in the MoTe2−Au
interface. It has been reported that laser annealing treatment
can induce shifted Raman and XPS peaks of MoTe2.

36 The
spectroscopic changes have emerged at the MoTe2−Au
contacts upon focused laser annealing, validating the
interaction or alloying of MoTe2 and Au at their interface.
Furthermore, in situ Raman spectroscopy is performed to

measure the temperature dependence of the MoTe2−Au
characteristics under different laser power. The MoTe2 on Au
undergoes heating by using a 785 nm laser in a power range of
0 to 13.2 mW. A green laser (532 nm, 0.15 mW) is also
focused on the same spot for Raman measurement.
Supplementary Figure S12(a) shows that the Raman peak
shifts as a function of the laser power and with varying number
of layers (thickness) of MoTe2, as extracted from Supple-
mentary Figure S12(b−g). The absolute value of the Raman
shift of the bulk MoTe2 increases with the heating laser power
(at λ = 785 nm). When the laser power is 13.2 mW, the Raman
shift of the bulk MoTe2 reaches −1.6 cm−1. The temperature
of the bulk MoTe2 is calculated to be ∼141 °C under the laser
annealing with a power of 13.2 mW. However, we find that the
1L MoTe2 flake has almost no Raman shift under different
laser powers, which is not in agreement with the temperature-
dependence characteristic of MoTe2.

49 Thinner MoTe2 shows
less Raman shift over the laser power. Therefore, the in situ
Raman measurement further suggests that there occurs an
alloying interaction between the 1L MoTe2 and the Au
electrode during laser annealing that induces the right shift of

the Raman peak, in competition with the heating-induced left
shift of the Raman peak. Furthermore, in Supplementary
Figure S13, the Raman shift of the multilayer MoTe2 sample
on Au is reversed when the heating laser spot is removed, while
there is almost no Raman shift for 1L MoTe2 on Au under the
same conditions. This further indicates the alloying interaction
between the 1L MoTe2 and the Au electrode during the laser
annealing.

Monolithic Logic Gate Demonstrations by Utilizing
the Polarity Control. Next, the transistor polarity change by
laser annealing is exploited to enable a MoTe2 complementary
inverter, monolithically on a single MoTe2 flake. Figure 5a
shows an optical microscopy image of the dual-gate MoTe2
complementary inverter. The van der Waals heterostructure of
the inverter consists of Gr (top) as the top gate, h-BN
(middle) as the dielectric, and MoTe2 (bottom) as the channel
for both p-type and n-type FETs. As shown in Figure 5b, the
electrode I connects with the Gr flake as VIN, and VDD is
applied to electrode II. The right half part of the electrode III
(as VOUT) and the electrode IV (as ground, GND) are
illuminated by the focused laser probe (785 nm, 13.2 mW). As
depicted in Figure 5c, after laser annealing on the electrodes,
the channel between electrodes II and III (II−III channel)
maintains p-type conduction and the channel between
electrodes III and IV (III−IV channel) switches to n-type
conduction. Transfer characteristics of both FETs display a
high On/Off current ratio of ∼106. The transfer characteristics
of the p-FET exhibit excellent repeatability and thermal
stability (Supplementary Figure S14).

Figure 5. Monolithic MoTe2 inverter and its measured performance, enabled by complementary FETs configured by scanning focused laser
annealing. (a) Optical microscopy image of the MoTe2 inverter consisting of a MoTe2 channel, an h-BN dielectric, and a Gr top gate. (b)
Inverter circuit scheme and detailed view of the electrodes with highlighted regions (hatched) scanned by a 785 nm laser, which has
converted one initial p-FET into an n-FET. (c) ID−VGS characteristics measured from the p-FET (blue curve) and the n-FET (red curve). (d)
Voltage transfer characteristics (VTC) of a MoTe2 complementary inverter at different supply voltages of VDD = 0.5, 1, 1.5, 2, and 2.5 V. (e)
Small-signal voltage gain (g = −dVOUT/dVIN) measured from the inverters is as high as g = 48 obtained at VDD = 2.5 V. (f) Dynamic switching
capability of the inverter. VIN is a square wave signal with minimum and maximum values of 0 and 4 V, and it causes the output voltage to
oscillate synchronously with a phase difference of π at VDD of 3 V.
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An inverter is a “NOT” logic gate whose output presents the
opposite logic level to its input. Clear inverter operation is
observed in Figure 5d for switching between logic “1” (∼VDD)
and logic “0” (0 V). When VIN is at VDD (logic state “1”), the n-
FET is turned on and thus VOUT decreases to near 0 V (logic
state “0”). When VIN is pulled down to zero (logic state “0”),
VOUT is approaching the supply voltage VDD (logic state “1”),
indicative of the complete input/output signal inversion. The
slope of the transition region in the middle (e.g., at the
intercept with VOUT = VIN curve) provides the measurement of
the small signal voltage gain (defined as g = −dVOUT/dVIN),
which presents the responsivity of VOUT to the variation in VIN.
The highest small-signal voltage gain of ∼48 is achieved under
a supply voltage (VDD) of 2.5 V, as shown in Figure 5e. The
inverter is switched by a square waveform of voltage applied to
the gate, which causes the output voltage to oscillate
synchronously with a phase difference of π, as shown in
Figure 5f. VIN is a square wave signal with minimum and
maximum values of 0 and 4 V. Similar rectification dynamics
have been observed at higher frequencies of 1 kHz and 10 kHz,
as shown in Supplementary Figure S15.
Finally, we construct a logic NOR circuit monolithically on a

MoTe2 flake including two p-FETs in series and two n-FETs in
parallel as shown in Figure 6a. Unlike previous studies, i.e.,
ternary inverters based on a MoS2 n-FET and MoTe2 p-
FET28,50 or a WSe2-based inverter with different contact metals
for p- and n-FETs,51 here all the FETs only involve MoTe2 and
the same contact metal (Au), and the n-type FETs are
converted from initial p-FETs by direct laser annealing
configuration, on demand. First, the MoTe2 flake is transferred
onto prefabricated electrodes as shown in Figure 6b;
subsequently, an h-BN layer is transferred on top of the

MoTe2 flake and completely covers it; next, three Gr flakes are
transferred on top of the h-BN layer to bridge to top-gate
electrodes. Figure 6c highlights the van der Waals stacking
structure of the NOR circuit. The top gates are designed, and
meticulously ensured in delicate heterostructure fabrication, to
partially overlap with the S/D electrodes. This overlapping
structure aims at maintaining electrostatic gating over the S/D
electrodes to manipulate the carrier accumulation throughout
the channel and the MoTe2−Au junctions. The two top gates
are biased independently, and the back gate is grounded.
The transfer characteristics measured from individual

MoTe2 FETs in the NOR circuit are presented in
Supplementary Figure S16, with the results of P1 FET as a
p-FET, P2 as a p-FET, N1 and N2 as n-FETs. By combining
the two p-FETs (P1 and P2) in series and the two n-FETs (N1
and N2) in parallel, a standard monolithic NOR circuit is
successfully realized, as shown in the plots of output voltage
(Vout) versus input voltage (Vin,A and Vin,B) in Figure 6d and e.
When VDD = 2 V is applied to the source of the P1, input A is
fixed at Vin,A = 0 V and input B is switched between two
voltages of Vin,B = 0 and 1 V, and the output shows the
opposite state of Vin,B (Figure 6d). When input A is fixed at
Vin,A = 2 V and input B is switched between two voltages of
Vin,B = 0 and 1 V, the output maintains near 0 V (Figure 6e).
This monolithic complementary MoTe2 circuit precisely
follows the NOR logic (A B+ ) and the two logic states (1
and 0) are clearly observed. The data summarized in the
experimental truth table (Figure 6f) demonstrates that the
NOR logic computation is realized on a single MoTe2 flake.
The implementation of this NOR circuit again clearly
demonstrates the localized laser annealing method is highly

Figure 6. Monolithic MoTe2 complementary NOR logic circuit and measured performance. (a) (i) NOR logic circuit; (ii) cross-section
schematic of a MoTe2 complementary NOR logic composed of two p-FETs in series and two n-FETs in parallel. (b) Optical microscopy
image of the predefined electrodes for the NOR circuit. (c) Optical microscopy image of the NOR circuit with three stacking layers: three Gr
flakes (top), one large-area h-BN flake (middle), and one MoTe2 flake (bottom). (d) Time domain outputs of the NOR logic, measured with
the input of (0,0) and (0,1). (e) Time domain outputs of the NOR logic with the input of (1,0) and (1,1). (f) Measured truth table of the
NOR logic circuit.
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effective and nimble for configuring and realizing monolithic
2D integrated circuits.

CONCLUSIONS
In summary, we have developed a doping-free method to
spatially configure transport polarity of SB FETs by localized
scanning laser annealing and modification of the SB height,
thus empowering both p-type and n-type FETs on the same
MoTe2 thin film monolithically and on demand. This approach
is independent of the initial doping of the channel material.
The n-FETs are converted from p-FETs, and high On/Off
current ratios of 106 and high mobilities up to 96.5 cm2 V−1 s−1

have been achieved. Spectroscopic studies on monolayer
MoTe2 alloying interaction with Au electrodes at their contacts
directly validate signatures of MoTe2−Au, and its SB height
modification is confirmed by temperature-dependent drain
current measurements and first-principle calculations by using
DFT computation. Further, the polarity change method is
applied to multiple transistors with designed logic functions, to
realize monolithic MoTe2 complementary, high-gain inverters,
and NOR circuits. This agile, localized, highly precise
transistor polarity change method shall allow us to rationally
configure 2D FETs and arrays into large-scale integrated
circuits with increasing complexity and functionality.

METHODS
Device Fabrication. MoTe2 flakes are exfoliated from 2H-MoTe2

bulk crystal (HQ Graphene) onto PF films (Gel-Pak) glued on a glass
slide and then transferred to the silicon oxide on a silicon (290 nm
SiO2 on Si) substrate with prefabricated gold (Au) electrodes upon
inspection under the optical microscope. It is noted that the flakes are
carefully aligned with Au electrodes. During the transfer, it is also
necessary to keep a very small angle between the flake and the chip in
order not to trap bubbles between the flake and the substrate. The
flake thickness ranges from monolayer to 12 nm. The flake thickness
is confirmed by Raman and/or atomic force microscopy (AFM). The
electrodes are patterned on the SiO2-on-Si substrate using photo-
lithography and Au deposition. The Au thickness is 30 nm, and the
adhesive Cr thickness is 5 nm. Chips with S/D electrodes are diced
from such a wafer and are sonicated in acetone and isopropyl alcohol
(IPA) and dried using a N2 gun. The second transfer step is started by
exfoliating h-BN flakes from h-BN bulk crystal (HQ Graphene). The
shape and size of the h-BN flake are carefully chosen, to ensure
complete encapsulation of the MoTe2 flake. The wavelength of the
laser for heating is 785 nm, and the laser power is set to 0.6, 1.5, 3, 6,
9, 12, or 13.2 mW. The spot size of the laser is calibrated to be 1 μm,
and the laser is scanned on the MoTe2−Au contacts. The scan rate is
1 μm/step, and the delay time of each step is 10 s. Each area is
scanned three times with the same condition.
Material Characterization. AFM imaging is performed using an

Agilent N9610A AFM in the tapping mode. Raman spectroscopy is
performed using a customized micro-Raman system. Raman spectra of
MoTe2 flakes are measured in vacuum (∼10 mTorr) at room
temperature using a 532 nm green laser at different laser power levels.
The MoTe2−Au contact is heated by the 785 nm laser at a power
range from 0.6 to 13.2 mW. A green laser (532 nm, 0.15 mW) is
focused on the same spot to measure in situ Raman spectra. EDS is
measured using an XEDS and EBSD Oxford system (X-Max 50 mm2

EDS, Nordlys high-resolution EBSD) that is integrated into the SEM
system (FEI Nova NanoLab 200).
Density Functional Theory (DFT) Calculations. The simu-

lations of the Au−MoTe2 interface are conducted by DFT with the
Vienna ab initio simulation package (VASP) codes. The generalized
gradient approximation (GGA) method is used with the Perdew−
Burke−Ernzerhof (PBE) exchange−correlation functional. The
Brillouin zone is sampled by the 10 × 10 × 1 Monkhorst−Pack
scheme. The cutoff energy for the wave function expansion is set to

400 eV. The total local potential is set to contain the entire local
potential including the ionic, Hartree, and exchange−correlation
potential. The structure of the supercell for VASP simulation contains
trilayer Au and monolayer MoTe2 or AuTe2 to form the interface of
Au−MoTe2. The total energy of supercells achieves the minimum
value by adjusting the distance between Au and MoTe2/AuTe2. The
vacuum energy level and Fermi energy level are both acquired from
simulation results, and the difference of energy reveals the work
function of the Au−MoTe2 interface. Given the ab initio computation
results, the electron wave function probability density is plotted and
visualized by using XcrySDen.

Electrical Measurement. All the measurements of the electronic
characteristics are performed in the dark at room temperature using a
parameter analyzer (Keithley 4200A-SCS) and a customized probe
station. For the high-frequency measurement, a high-precision mixed
signal oscilloscope (model: MSO54, Tektronix) and an arbitrary
function generator (model: AFG31102, Tektronix) are used.
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