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The fields of nanoscience and nanotechnology have recently pro-
gressed toward the sub-10 nm scale, which is a technology node
that requires new materials for various applications owing to the
quantum mechanical limitations of silicon. Accordingly, two-
dimensional transition-metal dichalcogenides (2D TMDCs) are
widely being studied due to their great potential for low-power
electronics. Despite these striking advantages, 2D TMDC field-
effect transistors have poor mobility due to their high contact re-
sistance and interfacial scattering of defects. To mitigate non-ideal
electrical contacts, thermal annealing processes are performed in
most cases; however, such processes require expensive and bulky
equipment. In this study, a facile approach is proposed for
ambient-air and selective annealing, which is performed on a
wafer scale between MoS, and electrodes through flash lamp
irradiation. Flash lamp irradiation promotes excellent photother-
mal annealing, thus increasing the electrode temperature to
>640 K, significantly enhancing the device performance. It was
confirmed that the primary cause for the improvement of contact
characteristics is the hybridization between Au and MoS; and the
generation of sulfur vacancies in MoS,, supported by surface
element analysis and optical measurements.

Introduction

With the advancement of the silicon-based semiconductor
industry, continuous efforts have been made to reduce the
gate length of transistors while maintaining sufficient gate
controllability. However, the industry has progressed towards
sub-10 nm technology; therefore, the demand for new

“School of Electrical Engineering, Graduate School of Semiconductor Technology,
Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-ro,
Yuseong-gu, Daejeon 34141, Republic of Korea. E-mail: sungyool.choi@kaist.ac.kr
bSchool of Electronics and Electrical Engineering Dankook University, 152 Jukjeon-ro,
Suji-gu, Yongin-si, Gyeonggi-do 16890, Republic of Korea

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5nr00114e

1 These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2025

™ COYAL SOCIETY
ap OF CHEMISTRY

Selective and local flash-annealing for
improvement in the contact characteristics of
MoS, transistorsf

Jun-Hwe Cha,$? Inseong Lee,1? Seol Won Yun,? Woonggi Hong,®
Hyo Hoon Byeon,? Jungyeop Oh,? Seohak Park® and Sung-Yool Choi (2 *@

materials has emerged owing to the quantum mechanical
limitations of silicon."”* Accordingly, significant research
studies have been conducted on two-dimensional transition-
metal dichalcogenides (2D TMDCs), which are promising can-
didate materials for low-power electronics and opto-
electronics.” In particular, molybdenum disulfide (MoS,),
which is a representative 2D TMDC, has been extensively
studied in both academic and industrial fields that are based
on nanoscale field-effect transistor (FET) applications owing to
its promising properties,”” such as atomic thickness (0.65 nm
per layer), relatively large bandgaps (1.2-1.8 eV), high electron
mobility at room temperature (>100 cm® V™' s7%), and thermal
stability.*” In addition, 2D TMDC semiconductors feature neg-
ligible degradation in mobility depending on the thickness
and a suppressed short channel effect, which are the major
concerns in nanoscale MOSFETSs, owing to their atomically
thin body nature.® Furthermore, the co-integration of 2D
TMDCs with Si-based CMOS technology for next-generation
device structures such as nanosheet transistors is regarded as
a new and potential approach for chip
functionality.’

Despite outstanding advantages of 2D TMDCs for next-
generation devices, it has been consistently reported that MoS,
FETs suffer from relatively low mobility due to interfacial scat-
tering of defects and impurities, thus resulting in high contact
resistance (Rc). Because R is significant in determining the
device performance, several approaches such as doping,'”
removal of contaminants,'”'* phase change of 2D TMDCs,"*"*
electron irradiation onto contact metals," and hybridization
between 2D TMDCs and electrodes'®'” have been proposed to
achieve high-performance electronic devices with MoS, to
minimize non-ideal electrical contacts corresponding to
Schottky barriers at the junctions. Most of the abovemen-
tioned approaches demand thermal annealing processes,
including high-vacuum annealing or rapid thermal annealing,
which necessitates expensive and heavily built equipment
such as a furnace with vacuum chambers.'® In other words,
conventional furnace annealing basically features high process
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complexity with gas flow systems and inefficient heating of the
entire panel including undesired areas. Accordingly, laser
irradiation with a short wavelength and high energy density
onto metal electrodes has been proposed to perform thermal
annealing using photothermal effects, thus enabling the
heating of locally confined areas on devices.'>*° Despite the
advantages of selective annealing with laser irradiation, the
size of a small laser spot (~um) necessitates the moving stages
to focus on the target area of devices, thus resulting in a time-
consuming serial process. In contrast, lamps with a broadband
light spectrum can achieve a higher output efficiency due to a
larger beam area (>cm?” scale) than that of lasers (<mm? scale).
So far, there are no reports on the improvement in contact
characteristics between 2D TMDCs and metals based on lamp
irradiation.

In this study, we proposed a facile method for the ambient-
air process of selective annealing on a wafer scale between
MoS, and electrodes with defined contact areas using milli-
second-scale (ms) light pulse irradiation generated using a
xenon flash lamp. Bi-layered MoS, grown through power-based
chemical vapor deposition (CVD) was used as a channel. Flash
light irradiation (energy density of 19.9 J cm™>) resulted in
excellent photothermal annealing, thus increasing the overall
temperature of the electrodes (Au) over 640 K, which was veri-
fied via thermal simulation using COMSOL Multiphysics.

Flash light
(on-time : 20 ms)

MoS,
Ambient-air 100 pm
Annealing

on contact area Source
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Afterwards, a decrease in the R; between MoS, and Au was
confirmed from 8.9 to 3.3 kQ and further analyzed using the
Y-function method and the Schottky barrier height (®g),
suggesting the reduction of @y from 61 to 30 meV. As a result,
the device performance was significantly enhanced by 4.0-fold
in terms of field effect mobility from 3.4 to 13.4 cm® V' s7.
Finally, the improvement of contact characteristics was
ascribed to the hybridization between Au and MoS, and the
generation of sulfur vacancies on the contact area identified by
surface element analysis and optical measurements using
Raman and photoluminescence (PL) analyses. Hopefully, the
selective and local flash-annealing will pave the way for a new
platform toward interface treatment on the desired areas
within wafers.

Results and discussion

Fig. 1a illustrates the ambient-air process of selective anneal-
ing on a wafer scale between MoS, and electrodes with defined
contact areas using millisecond-scale (<20 ms) light pulse
irradiation generated using a xenon lamp. Photothermal
annealing can be performed on the desired area by coupling
between electrons from the conducting electrodes and
photons from the flash lamp through white-light irradiation.
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(a) Schematic illustration of the process of ambient-air and selective annealing on the contact area of the MoS, thin film transistors. (b)

Optical microscopy image of the fabricated MoS, transistor. (c) Raman spectra of CVD-MoS, on Si/SiO,. The insets show the height profile (upper)
and AFM image (lower) of MoS, synthesized on Si/SiO,. The height profile was measured along the white line in the AFM image (lower). (d) Xenon
flash lamp output spectrum utilized in this study. (e) Absorption spectrum of the Au thin film depending on thickness. (f) Representative transfer
curves of the MoS, FETs without (black) and with (red) the flash annealing process. The inset in (f) shows the transfer curves of the gate overdrive

voltage (Vg — Vq).
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Furnace annealing methods that require a vacuum chamber
have been widely used for heating the contact regions between
2D materials and metals. However, this high-thermal-budget
process is likely to restrict productive process schemes owing
to slow heating rates (<10 °C min™"). Although rapid thermal
annealing can provide low-thermal-budget schemes, a rela-
tively long process time (>10 s) can induce thermal oxidation
reactions, thus demanding vacuum or reducing conditions.
Instead, laser annealing approaches using monochromatic
light sources have been introduced owing to the ultra-short
process time (<ns) and the low thermal budget (LTB). With
regard to productivity, lasers are subject to time-consuming
serial processes as a result of their small spot sizes (xpm). In
addition to laser annealing, lamp-based irradiation (flash
annealing) also enables photothermal effects and features
large beam sizes (cm to m) with the advantages of LTB
approaches and avoidance of unwanted oxidation due to fast
(s to ms) processing. Alternatively, furnace annealing
methods for the improvement in contact properties can be
replaced with local annealing based on flash annealing.
Fig. 1b displays an optical microscopic image of the fabricated
device. Electrodes functioning as heating layers were first
arranged in a pattern on the Si/SiO, substrates using a thermal
evaporator. A 5 nm Cr layer was used for adhesion, while
45 nm Au was used for the source and drain electrodes as well
as for the photothermal layers. Note that Au was cautiously
selected because of its low chemical reactivity at the interface
and its sufficient melting temperature of 1064 °C. Next, bi-
layer MoS, grown via power-based CVD was wet-transferred
onto the substrate (Fig. S1, ESIT). Subsequently, the flash light
with an energy density of 19.9 ] cm > was exposed on the
entire area of the fabricated substrate in ambient air (Fig. S2,
ESIT), followed by the channel defined by lithography. The
defined channel areas with gate lengths and widths of 10 and
40 pm are highlighted by the yellow dotted line in Fig. 1b.
Note that the length of flash lamps can vary depending on the
processing area, thus indicating considerable potential for
facile and mass-production processes.”’ Finally, 25 nm Al,O;
is formed at 150 °C on the flash-light-exposed sample as a gate
insulator by atomic layer deposition, followed by the depo-
sition of the gate electrode (Fig. S3 and 4, ESIf). The lattice
structure of MoS, grown on the SiO,/Si substrates via CVD is
characterized by Raman spectroscopy at room temperature
(Fig. 1c). It was observed that the experimentally obtained
Raman spectra of MoS, were consistent with the reported
Raman modes of Elzg and Ay, for MoS, at approximately 382.7
and 407.1 cm™?, respectively. The peak difference was lower
than 25 cm™, thus indicating that atomically thin MoS, was
synthesized and transferred onto the substrate.” Atomic force
microscopy was used to determine the number of MoS, layers.
The result shows that 1.5 nm-thick MoS, is uniformly obtained
over the measured area, which is similar to the thickness of bi-
layered MoS,. For the photothermal effect, light should be
absorbed into the heating layer, thus resulting in the tran-
sition of energy to heat. Therefore, the spectral information of

flash light with an energy density of ~3.0 ] cm™ was examined
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using a compact spectrometer, as shown in Fig. 1d. The flash-
light spectrum ranges from approximately 300 to 1000 nm
with a broad peak in the range of 400-700 nm. Next, ultra-
violet-visible (UV/vis) absorption data of the Au thin films
were obtained at thicknesses of 50, 100, and 150 nm, respect-
ively. It was verified that the Au thin films could absorb incom-
ing photons at wavelengths in the range of 300-500 nm. The
increase in film thickness did not significantly affect absor-
bance, except for a slight absorption enhancement in the wave-
length range of 450-500 nm. As a result, it is reasonable to
assume that photons generated from the xenon lamp can be
absorbed into the Au film, especially at wavelengths of
300-600 nm. This light absorption results in photon-to-elec-
tron coupling. As a result, phonons are generated in the metal
lattice. Therefore, the adjacent MoS, contact area on the Au
thin film can be readily heated by flash light exposure of the
device in milliseconds. It should be noted that the heating
areas can be naturally selected as conducting regions on
devices due to abundance of free electrons. This indicates that
a significant annealing process can be effectively achieved in
the localized contact region where the desired MoS, and Au
overlap. In addition, ambient-air annealing can be realized
even without the introduction of any vacuum facility owing to
millisecond-scale processes that significantly diminish the
surface oxidation of MoS,, which will be further elaborated
later in the following sections.*>** Fig. 1f shows the transfer
characteristics (I, — V) of the MoS, FET in a log scale with Vp,
= 1 V before (black) and after (red) the flash treatment in
ambient air. Here, statistical analysis of 10 devices reveals that
the threshold voltage exhibits a redshift from 0.1 V to —0.1 V
(Fig. S5a, ESIT), where the threshold voltage is defined as the
gate voltage at a normalized drain current of 107 A (constant
current method). This phenomenon is believed to be caused
by the diffusion of some electrons into the channel region due
to the increased electron concentration in the contact region.
For the purpose of comparison, the transfer characteristics of
the overdrive voltage (Vg — Vq) are displayed in the inset,
showing an improvement in the on-current. The off-current is
constant at a value less than 0.1 pA (107'* A) due to the
measurement limit. The subthreshold swing (SS) before and
after flash annealing remains nearly unchanged with an
average value of 220.2 mV dec™' before annealing and
221.8 mV dec ™" after annealing (Fig. S5b, ESI{). Consequently,
it was demonstrated that ambient air flash annealing can con-
tribute to a slight decrease in the threshold voltage and
improvement in the on-current. This finding could possibly
originate from an increase in the carrier density of MoS, or a
decrease in R¢.

To explicitly elucidate the mechanism of the photothermal
effect, we performed thermal simulations, as shown in Fig. 2a
and b (please refer to the Experimental methods for more
details). In the simulation, light with a total energy density of
19.9 J em™? was irradiated onto the device for 20 ms. Fig. 2a
shows the heatmap over the entire device area at the moment
when the flash turned off shortly after the lamp on-time of
20 ms. Note that the brighter the color, the greater the photo-
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Fig. 2 (a) 3D Heat distribution simulation using COMSOL Multiphysics over the entire device at a lamp on-time of 20 ms. (b) Temperature of the

interface between Au and SiO; along the A—A’ line in (a) on the lamp on-time (0—20 ms). It was confirmed that the photothermal effect was induced
by the Au electrode through the intense pulsed light process. (c) Raman spectra and (d) photoluminescence (PL) spectra of MoS, and f-MoS, on Si/
SiO,. (e) Raman spectra and (f) photoluminescence (PL) spectra of MoS, and f-MoS, on Au.

annealed area. The maximum temperature was estimated to be
647 K on the Au electrode, including the MoS, area.
Simultaneously, a sharp decrease in temperature to 433 K on
SiO, was observed at the location 100 pm away from the
surface of the Au electrodes. In previous papers,'®>**° it is
reported that the momentary local annealing greater than
540 K around the electrodes such as Ti and Au at the MoS,
interface is sufficient to reduce the Schottky barrier height or
width. In addition to the 3D temperature distribution, the
temperature trend of the interface between Au and SiO, was
identified along the A-A’ line in Fig. 2a, depending on the
lamp on-time (¢,, = 0-20 ms), as shown in Fig. 2b. Initially, the
temperature of the entire region remains constant at 293 K
and gradually increases over time. At the on-time of 20 ms, the
entire temperature of the Au area was annealed over 640 K. In
addition, the temperature of the channel area peaks at over
600 K through the heat accumulation effect. However, we
believe that a temperature of over 600 K formed on the
channel area is unlikely to provide sufficient conditions for
additional crystallization of MoS, because of the higher crystal-
line temperature of MoS, (over 1000 K). As a result, the
reduction in Rc was regarded as the primary factor for on-
current improvement. The modulation of the contact interface
properties between MoS, and metals can be identified by the
change in the MoS, crystal quality. Accordingly, Raman and
photoluminescence (PL) spectra were recorded for MoS, with
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and without flash annealing on two different substrates (Si/
SiO, and Si/SiO,/Au), as shown in Fig. 2c-f, by exciting each
substrate with a laser (lx = 514 nm) at room temperature.
Hereafter, the MoS, thin films treated with flash exposure are
denoted as f-MoS,. Note that for the optical measurements of
MoS, and f-MoS, on Au, 15 random points were obtained from
a couple of samples (Fig. S6, ESIT). There is no noticeable peak
shift or change in intensity before and after IPL treatment on
the Si/SiO, substrate due to no heating layer (Au), as shown in
Fig. 2c and d. This indicates that no special interaction occurs
at the MoS,/SiO, interface due to the negligible photothermal
effect, which is likely attributed to the low absorbance of MoS,
and Si0,.2®%*” However, there is a clear difference between
before and after IPL treatment on the Au substrate, as shown
in Fig. 2e and f. Considering that the thermal energy can
break the Mo-S covalent bond, we reason that the selective
and local flash-annealing creates localized sulfur vacancies in
the contact region that increase the electron concentration by
emitting S.”®?° Fig. 2e shows a redshift of 2 cm™" after flash
annealing and a clear decrease in Raman intensity. Peak weak-
ening might occur in the case where the original atomic struc-
tures are deformed, which will be discussed in detail later.>*3*
Given that the shift of the A,, peak is sensitive to the carrier
concentration induced by doping, the observed redshift of the
A,¢ peak indicates that additional electrons have been gener-
ated in MoS, on the Au substrate due to the formation of

This journal is © The Royal Society of Chemistry 2025
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sulfur vacancies during the flash exposure. In other words, the
redshift originates from the resulting n-type doping by IPL
treatment. The PL emission spectra of MoS, exhibited broad
PL peaks at approximately 1.80 and 1.95 eV, which correspond
to the PL characteristic peaks of MoS,, as displayed in Fig. 2f.
Normally, the peak at approximately 1.80 eV has been con-
sidered to result from the combination of two sub-peaks at
approximately 1.78 and 1.84 eV, which are assigned to trions
and neutral excitons (A-excitons) formed through Coulomb
interactions, respectively.’>** In addition, the remaining peak
located at approximately 1.95 eV is related to B-excitons that
originate from the transitions between the conduction band
and the spin-orbit split valence band. Electrons from
additional sulfur vacancies can convert A-excitons to A-trions,
which have a lower PL quantum yield compared to
A-excitons.** Due to the above reason, the main peak of f-MoS,
in Fig. 2f is not only redshifted but also decreases in intensity
compared to MoS,. In addition, sulfur vacancies can signifi-
cantly affect the intra-band relaxation dynamics and lead to an
increase in the relative PL intensity of B-excitons.**2° The
green arrow in the normalized PL spectrum (inset of Fig. 2f)
indicates the relative intensity difference of the B peak
between MoS, (black) and f-MoS, (red). As a result, it was
clearly confirmed that the relative B peak of f-MoS, becomes
stronger than that of MoS, in the normalized PL spectra.

Furthermore, it has been reported that hybridization
between MoS, and metals is likely to occur through high-
thermal-budget processes such as furnace annealing, enabling
interface tuning. In particular, lattice mismatches can be
identified at the interface between Au and MoS, owing to
structural differences. As a result, the distance between the Au
and S atoms decreases, potentially lowering the hybridization
energy of the Mo and S orbitals. Thus, local heating of the
interface between Au and MoS, can also contribute to the for-
mation of hybridized states in the band gap of MoS, and
makes it metallic. Considering that the Raman redshift of the
A, peak is determined by charge transfer due to n-type
doping, the enhancement of charge transfer by hybridization
between Au and MoS, during flash exposure could also be
another contributor to the redshift.’” Similar to the Raman
data, the PL spectra also exhibited a peak intensity reduction
after flash annealing with negligible peak shift. We also
believe that the decrease in the PL peak intensity is due to the
semiconducting-to-metallic transition through hybridization.
It should be noted that significant PL quenching first occurred
because of charge transfer when MoS, was transferred onto
the Au thin film (Fig. S7, ESIT).*®*° Despite this, we reasoned
that PL quenching was further enhanced after flash lamp
irradiation due to the hybridization. In other words, we can
determine not only that Au plays a pivotal role in the heating
of the flash lamp, but that its hybridization with MoS, acts as
the additional cause of charge transfer and changes in the
optical properties.

To investigate the chemical bonding states, X-ray photo-
electron spectroscopy (XPS) was conducted on the sample,
which was prepared by transferring MoS, onto an Au substrate,

This journal is © The Royal Society of Chemistry 2025
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with analyses performed both before and after IPL treatment
(Fig. 3a and b). All XPS spectra were calibrated with respect to
C 1s (284.8 eV). When MoS, is exposed in ambient air during a
long thermal processing time, in general, unintended oxi-
dation can possibly occur, resulting in the generation of impu-
rities such as MoO; that adversely affects the interface.
However, since our flash-annealing allows for localized heat
treatment in an ultra-short process time, no unnecessary oxi-
dation occurs, showing the absence of the Mo®" peak at
around 236 eV in Fig. 3a and b, which is clear evidence of neg-
ligible oxidation of MoS,. In contrast, the peak corresponding
to Mo*" is clearly visible. These Mo*" peaks can be deconvo-
luted into two components; intrinsic MoS,, which demon-
strates a Mo*" stoichiometric composition and, defective
MoS,, which arises due to defects like sulfur vacancies. Unlike
MoS,, where 14.6% of the total Mo 3d peaks were present as
defective MoS,, f-MoS, exhibits a defective MoS, ratio of 19.4%
(for more details, see Fig. S8, ESIf). These results show that
our IPL process generates sulfur vacancies without oxidation
even in ambient air, which can lower R; and improve the
mobility of the device. The increase in sulfur vacancies is
further confirmed by the relative atomic percentages of each
element (Au, Mo and S) in MoS, and f-MoS, normalized by the
amount of Mo (Fig. 3c). This result indicates that the ratio of
Au rapidly increases from 0.6 to 1.2, while the ratio of S slightly
decreases from 1.9 to 1.7 (Fig. S9, ESIf). This further supports
the increase in the number of sulfur vacancies in the contact
region, which in turn boosts the electron concentration.” Also,
this observation confirms that electrons excited using X-rays
with Au bonding information could originate from the hybri-
dized states in the band gap of MoS,. Meanwhile, photo-
excited electrons from Au bonding could be detected though
MosS, thin film exfoliation on the Au film at the flash lamp by
exposing the Au film to air. Therefore, conductive atomic force
microscopy (C-AFM) was performed to measure the surface
current level to verify potential MoS, film exfoliation (Fig. S10,
ESI}). For the Au film, the current between the probe tip and
Au was estimated as 2.1 pA, thus exhibiting the metallic pro-
perties. In contrast, MoS, on the Au film before and after flash
annealing featured negligible current in the range of the
measurement limit (~107' A). The resulting data imply that
MoS, delamination does not occur during flash annealing,
keeping the Au film covered with MoS,. For a more detailed
characterization of the interface, transmission electron
microscopy (TEM) analysis was performed (Fig. 3d).

TEM analysis confirmed the presence of a uniform MoS,
bilayer on the Au surface, with no additional MoO; layer
observed. This finding aligns with the XPS results, confirming
that no unwanted oxidation occurred during the IPL process.
Furthermore, a new layer was identified at the interface
between MoS, and Au. EDS mapping analysis indicates that
this layer is composed of Mo, S, and Au elements, indirectly
suggesting the formation of a MoS,-Au hybridization layer
(Fig. 3e). Fig. 3f illustrates the corresponding band diagram of
the MoS,-Au interface before and after selective flash anneal-
ing on the conductive area. The rapid decrease in R can be
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attributed to the generation of sulfur vacancies and the for-
mation of a MoS,-Au hybridization layer. The tunneling
barrier is effectively eliminated due to the van der Waals gap
and the reduction in @g.

The improvement of the electrical characteristics by the IPL
process can be verified in Fig. 4a. Comparative analysis con-
ducted at the maximum overdrive voltage (Vg — V¢ = 5 V)
reveals an approximate 3.0-fold increase in the on-current for
f-MoS, in contrast to n-MoS,. Additionally, the field-effect
mobility (4pg), extracted from the transconductance (gm) — Vg
curve at the voltage corresponding to the maximum transcon-
ductance, exhibits a notable improvement, approximately 4.0-
fold higher, escalating from 3.4 to 13.4 cm® V' s™' (Fig. 4b).
The negligible amount of Vy, shift (delta Vi, = 0.5 V) suggests
that there is little increase in the carrier concentration in the
channel, thereby suggesting that the improved electrical pro-
perties are primarily attributed to the mitigation of contact
resistance.

The Y-function method has been applied in 2D FETs to
extract their intrinsic mobility (x,) under relatively low-bias
conditions because it can exclude series resistance such as R¢
and channel interface resistance.'"*>*" Additionally, the
effects of R on device operation were verified by comparing y,
and ppg.

Since the channel length of the devices fabricated in this
study is classified as a long channel of 10 pm, the contact re-

NM310 | Nanoscale, 2025, 17, 1305-11315

sistance was analyzed using the Y-function method, which not
only allows accurate analysis at this channel length, but also
allows the contact resistance to be extracted from the existing
device without additional structural modifications. The
Y-function can be calculated based on the transfer curve
extracted from the MoS, transistor at Vi, = 0.1 V and the Y func-
tion-Vg curve is shown based on eqn (1) (Fig. 4c).

Y = Ins/(gm)"* = (Cox[W/L)VD) (Ve = Ve) (1)
where C,y is the capacitance per unit area of Al,0; and W and
L indicate the width and length of the channel, respectively.
Then, we extracted the contact resistance on gate overdrive
voltages.

Accordingly, the Y-function curves of MoS, FETs recorded
at Vp = 0.1 V using the g,,, values from Fig. 4b are presented in
Figure Fig. 4c. To extract the u, values of MoS, FETs upon
flash treatment, each slope in the Y-function curves was
extrapolated in Fig. 4c to obtain the values of 9.4 x 10™* and
14.1 x 10~ for the normal device (n-MoS, FET) and the flash-
annealed device (f-MoS, FET), respectively. Fig. 4d shows the
calculated po and pyg values for n-MoS, and f-MoS,, respect-
ively. Similarly to pupg, the flash process led to a 2.2-fold
improvement in the y, values from 9.3 to 20.6 cm”> V' s™* for
n-MosS, and f-MoS,, respectively. As a result, it was verified that
pre accounted for 36% (n-MoS,) and 65% (f-MoS,) of pu,,

This journal is © The Royal Society of Chemistry 2025
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respectively. This result indicates that selective annealing of
the electrode through the flash process leads to an enhance-
ment in the device performance by decreasing Rc.

Next, the contact resistance was estimated on the gate
overdrive voltage to support the above-mentioned explanation.
For overlapping FET devices, the total resistance (Ryoa) is com-
posed of two R¢s for the drain and source contact areas and
one channel resistance (R.,) caused by scattering effects. With
regard to R, it decreases to a value close to 0 as the overdrive
voltage (Vg — Vg) increases sufficiently, thus enabling the
extraction of R¢. Fig. 4e and f present Rital, Ren, and Rg on Vg
— Vg for n-MoS, and f-MoS,, respectively, based on the follow-
ing equations:

Riotal = 2Rc + Ren

(2)

Ren = 1/f(Vg — V), = poCq /L.

(3)

As Vs — Vr increases, we observed that Ry, and R, gradu-
ally saturate due to the increase in the applied electron con-
centration. The finding suggests that R reduced from 8.9 to
3.3 kQ by 63% owing to the introduction of the flash process.
This result indicates that selective annealing of the electrode
through the flash process enables an enhancement in the
device performance by decreasing Rc. Moreover, other mul-
tiple devices on the same substrate exposed to the identical
flash light also exhibited noticeable improvement in mobility,
thus highlighting the overall effects for large-area treatment
(Fig. S5c, ESIf).

This journal is © The Royal Society of Chemistry 2025

It is well known that the Schottky contact, which appears at
the interface between metals and 2D materials, such as MoS,
and WS,, can determine R¢ from the height of the Schottky
barrier (&g). Accordingly, @y was evaluated for further verifica-
tion of the effect of flash annealing on the contact properties
using the Arrhenius method (Fig. 5a-f). The 2D thermionic
emission equation used for the evaluation is defined as
follows:

Ins = Ay T* expl—q/ksT(®s — Vps/n)] (4)
where A, is the Richardson constant corrected for 2D
materials, T is the absolute temperature, kg is the Boltzmann
constant, and 7 is the ideal factor.*>** Fig. 5a and d show the
transfer curves of n-MoS, and f-MoS,, respectively. I-V
measurement was performed by increasing the temperature
from 158 to 338 K every 30 K, thus causing an increase in the
thermionic emission current. Next, the Arrhenius plots were
obtained for different gate biases from —0.4to 2.0 Vat Vpb =1V
for n-MoS, and f-MoS, in Fig. 5b and e, respectively. Since
each slope of the lines in the Arrhenius plots corresponds to
®g, each @y can be plotted depending on the corresponding
gate biases (Fig. 5¢ and f). Once Vi exceeds the flat band
voltage, the linearity of the ®g—V; curve deviates from the orig-
inal trend because of the soaring tunneling current. Therefore,
@y values using Au as the contact metal were estimated to be
61 and 30 meV for n-MoS, and f-MoS,, respectively. This
finding supportively proves that selective annealing of the
contact areas through flash irradiation can reduce Rc by

Nanoscale, 2025, 17, 1305-11315 | 11311
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decreasing @g. 2D semiconductor-based transistors are con-
sidered suitable channel materials for the top layer of a 3D
stacked structure for logic circuit implementation. In that
sense, without causing unnecessary thermal damage to the
underlying layers, the IPL process can selectively improve the
contact resistance of contact areas. We hope that this selective
and local flash-annealing can be utilized as an attractive next-
generation process for 2D semiconductor devices in 3D
stacked structures.

Conclusions

In this study, we proposed a novel and facile approach for
improving the contact characteristics between 2D material
channels and metal electrodes through ultrafast flash anneal-
ing by selectively heating the defined conducting areas in
ambient air. We performed thermal simulation using
COMSOL Multiphysics to verify that the entire temperature of
the Au area on the MoS, FETs was photo-thermally annealed
over 640 K under light with a total energy density of 19.9 J
cm ™2, It was observed in the transfer curve that the mobility of
flash-annealed MoS, FETs increased along with the on-
current. With respect to the output curve, the switching
characteristics in the linear region were distinctly enhanced,
thus indicating a decrease in the contact resistance between
MoS, and Au. For a better understanding, we applied the
Y-function method to extract u,, which was then compared to

M312 | Nanoscale, 2025, 17, 1305-11315

upe- The results indicated a 2.2-fold increase in y, and a 4.0-
fold increase in upg at the flash light. It was further found that
Rc reduced by 63% from 8.9 to 3.3 kQ by the introduction of a
flash process with @5 decreasing from 61 to 30 meV. Based on
the results of optical measurements such as Raman and PL
analyses, we reasoned that the striking improvement in
contact characteristics can possibly result from the hybridiz-
ation between Au and MoS, during flash exposure and the
increase in electron concentration due to the creation of sulfur
vacancies. These aspects not only demonstrate that our IPL
process with a low heat budget is an effective method for redu-
cing contact resistance in two-dimensional materials, but also
suggest new possibilities for the three-dimensional integration
of two-dimensional materials.

Method
MoS, growth

The MoS, thin film was synthesized in an inner quartz tube (2
in.) located in an outer quartz-tube (4 in.) furnace. High-purity
Ar gas was used as a carrier gas that flowed along the 4 in.
quartz tube at a pressure of 750 Torr (ESI S1}). As shown in
Fig. Sla, ESI,¥ 120 mg of sulfur powder was prepared at the
upstream of the furnace (heater 1). For Mo sources, 3.0-3.5 mg
of molybdenum trioxide (MoO;) powder was placed at the
downstream of the furnace (heater 2) with the Si/SiO, growth
substrate faced down. Note that perylene-3,4,9,10-tetracar-

This journal is © The Royal Society of Chemistry 2025
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boxylic acid tetrapotassium salt (PTAS) was added to the
growth substrate as a seeding promoter. Afterwards, heater 1
and heater 2 were heated up to a temperature of 830 and
320 °C, respectively, during the main step of MoS, growth as
shown in Fig. S1b, ESL}

Device fabrication and electrical property characterization

The Si/SiO, substrate was cleaned using piranha solution
(H,SO4: H,0, = 1:1) for 10 min at room temperature, followed
by deionized water (DI) rinsing. Afterwards, source and drain
patterning was defined by the introduction of negative PR and
subsequent photolithography. Then, Cr (5 nm)/Au (50 nm) was
thermally deposited at ~107® Torr by thermal evaporation.
Next, MoS, synthesized by chemical vapor deposition was
transferred on the source and drain formed on the prepared
substrate by the PS-assisted method, which was reported else-
where.** Intense pulsed light (IPL) with a xenon flash lamp
(PLT, Photocura) was introduced to perform selective and
ambient-air flash annealing on the source and drain area.
After the flash annealing, the MoS, channel region was
defined on positive PR (GXR-601) with O, plasma exposure,
followed by deposition of 25 nm Al,O; as the gate and
blocking oxide by atomic layer deposition. Lastly, the gate elec-
trode in the form of Cr (5 nm)/Au (50 nm) was patterned on
the fabricated substrate by photolithography on an NR
9 resist. Finally, post-annealing was performed at 150 °C for
90 min at a ramping rate of 2 °C min '. We used a
parameter analyzer (Keithley, 4200 SCS) and a probe station
(MS-TECH, MST-1000B) for characterization of the electrical
properties from each fabricated device. Note that all measure-
ments were performed under dark and vacuum conditions
(~50 mTorr).

Flash annealing by IPL treatment

A xenon flash lamp (PLT, Photocura) was utilized as a light
source to perform selective and ambient-air flash annealing on
the source and drain area. The IPL process features the spec-
trum range of 300-1000 nm. Spectrum information of the
flash light with an energy density of ~3.0 J cm™> was examined
using a compact spectrometer (Thorlabs, CCS200). The optical
energy density was adjusted by tailoring the applied voltage,
the pulse on time, the repetition rate of flashlight irradiation,
the output pulse shape, and the distance between the lamp
and the fabricated devices. In this study, various light energies
from 15.6 to 24.3 J em™? (15.6, 19.9, 21.2, and 24.3 J cm?)
were applied to confirm the optimized device conditions. It
was found that the device irradiated with a light energy
density of 19.9 ] cm ™2 exhibits the best performance when it
comes to FET device properties (ESI S117).

Numerical simulation for light-materials interactions

Based on the measured data, the total energy applied during
the photothermal treatment was determined to be 19.9 J cm™2.
The light absorption rates for each material were measured
using the values reported from the relevant literature, enabling

the calculation of the actual energy for heat generation inside

This journal is © The Royal Society of Chemistry 2025
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the materials after photon-electron coupling. Considering the
absorbable wavelength, absorbance was set as 0.2,%° 0.6,*> and
0.15'" for MoS,, Au, and SiO,, respectively. Besides, time-
dependent variables must be taken into account since the
light-absorbed energy is not instantaneously converted entirely
into thermal energy but is gradually transformed into heat for
a certain period. Assuming that the light absorption by the
material and the resulting photothermal reaction occur uni-
formly during an exposure time of 20 ms, a mathematical
equation of a single square waveform was introduced to enable
the total absorbed energy. Afterwards, the total energy actually
absorbed by the material is converted into heat via the photo-
thermal effect. Heat transfer analyses were conducted using
COMSOL Multiphysics. For the heat transfer simulation, the
temperatures of MoS,, Au, and SiO, under flash light
irradiation were determined using the following heat flux
equation, eqn (5):*%%”

oT

5% +pC-VT -V - (kVT) (5)

Q=pC
where Q is the thermal energy caused by the flash light and C,
p, and k are the heat capacity, density, and thermal conduc-
tivity of MoS,, Au, and SiO,, respectively. Each dimension of
the MoS, FET device was established with a 900 pm x 400 pm
x 1 pm channel, a 500 pm x 600 pm x 50 um Au electrode, and
a 1300 pm x 800 pm x 100 pm substrate of width, length, and
height, respectively. Note that since decreasing all the device
sizes requires high computing power due to dense meshes, we
introduced relatively wide and long device sizes. Since flash
irradiation was perpendicularly performed onto the fabricated
devices, conduction effects were mainly applied to the face-up
planes. The conduction is the main mechanism of heat trans-
fer, leading to flash annealing into the samples. Besides, con-
vection cooling and radiation loss were also considered due to
the temperature difference between the layers of interest and
surrounding atmosphere after the flash irradiation. In order to
demonstrate the simulation with high consistency, materials
parameters of MoS,, Au, and SiO, were introduced such as
thermal conductivity, emissivity, and absorption coefficient on
the output wavelength of the flash lamp. Each thermal para-
meter of the materials was applied as 13.3, 320.0, and 1.2 W
m~* K™ for MoS,, Au, and SiO,, respectively.*®
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