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Abstract: The ultra-short pulsed laser annealing process enhances the performance of MoS, thin film
transistors (TFTs) without thermal damage on plastic substrates. However, there has been insufficient
investigation into how much improvement can be brought about by the laser process. In this paper,
we observed how the parameters of TFTs, i.e., mobility, subthreshold swing, Ion /1o ratio, and Vy,,
changed as the TFTs’ contacts were (1) not annealed, (2) annealed on one side, or (3) annealed on both
sides. The results showed that the linear effective mobility (i in) increased from 13.14 [cm?/Vs]
(not annealed) to 18.84 (one side annealed) to 24.91 (both sides annealed). Also, Iy, /14 ratio increased
from 2.27 x 10° (not annealed) to 3.14 x 10° (one side annealed) to 4.81 x 10° (both sides annealed),
with Vy, shifting to negative direction. Analyzing the main reason for the improvement through the
Y function method (YFM), we found that both the contact resistance (R.) and the channel interface
resistance (R.,) improves after the pulsed laser annealings under different conditions. Moreover,
the R. enhances more dramatically than the R, does. In conclusion, our picosecond laser annealing
improves the performance of TFTs (especially, the R.) in direct proportion to the number of annealings
applied. The results will contribute to the investigation about correlations between the laser annealing
process and the performance of devices.

Keywords: pulsed laser; transistor; contact; MoS;

1. Introduction

Flexible electronics have the potential to be applied in various fields due to advantages such
as better durability, lighter weight, higher space efficiency, and improved comfort that conventional
form factor cannot have [1]. In particular, wearable and flexible smart systems (e.g., smart watches,
smart glasses, smart tablets, smartphones, and e-tattoos) have continued to advance and have made a
significant impact on people’s lives [2,3]. In spite of the potential, there are some obstacles to applying
conventional thin-film transistors (TFTs) to a flexible device: process temperature, electrical properties
in stress and strain, and deformation. Therefore, new approaches in terms of the material and process
are required to overcome previous drawbacks.

Two-dimensional (2D) layered semiconductor materials (vertically stacked structure in layers
consisted of MX; (transition metal dichalcogenides (TMDs)) by weak van der Waals force) can be a
good candidate for solving these problems due to their properties. For example, single/multilayer
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molybdenum disulfide (MoS;) has the interesting features: high surface to volume ratio, relatively
large bandgap (1.2-1.9 eV), high mobility at room temperature (~100 cm?/Vs), low subthreshold swing
(SS, ~70 mV /decade), an absence of dangling bond, and high mechanical strength (a higher Young’s
modulus than that of steel) [4-8]. Furthermore, it can be deformed by up to 11% without fracture [9,10]
and can be bent to a bending radius of 0.75 nm without losing its electrical properties [11,12]. However,
when metal-MoS; junctions form, electrical contacts can disrupt the seamless flow of charge carriers to
obtain the expected maximum performance [13]; to achieve high performance of electronic devices
with MoS,, the contact resistance (R.) should be considered. Some methods have been suggested
to reduce the R.: a highly-doped interface [14], scandium electrode [15], and thermal annealing [7].
However, there are some obstacles to using them. Highly-doped interfaces have trouble maintaining a
constant high doping rate and doping effect. Scandium electrode is inappropriate to use commercially
because of its scarcity. Conventional thermal annealing to heat the entire wafer at a high temperature
can damage flexible substrates with a low thermal budget (< 200 °C).

In this regard, a pulsed laser has the advantage of being able to focus the energy at a point and
inducing a relatively high temperature at a very locally confined area, imparting a smaller heat-affected
zone (HAZ) [16]. In earlier research, we mainly focused on showing the possibility of obtaining highly
improved performance through a laser annealing process, and revealed that selective and localized
laser annealing can lower the effective contact barrier of the metal-MoS; junction [17]. In these previous
experiments, we annealed both source- and drain-channel contact regions. However, neither of these
annealings can provide detailed information about the degree and the trend of the effect made by each,
and both, at the source and drain contact regions. Therefore, in this paper, we examine the degree
of improvement in one-side annealing where only one of the source or the drain is annealed and the
contacts thereby becoming asymmetric (“asymmetric contacts”) and in both-side annealing where
both of the source and the drain are annealed and hence contacts becoming symmetric (“symmetric
contacts”). Then, we probe into the primary reason for the differences in the degree of the improvement
under asymmetric- and symmetric-contact conditions.

2. Experiments and Setup

Figure 1a shows the conceptual diagram of multilayer MoS, TFT. The devices were fabricated
by the following process: (1) a 250-nm-thick SiO, dielectric layer was deposited by sputtering on the
heavily doped Si substrate, (2) a multilayer MoS, flake (~50 nm) was transferred from bulk MoS,
crystal (SPI Supplies, West Chester, PA, USA), and (3) Ti of 10 nm and Au of 300 nm as source and drain
electrodes were formed by conventional photolithography;, lift-off techniques, and e-beam evaporation.
Here, we note that the lowest layer would be a flexible substrate, but this laser annealing process did
not affect the substrate in our previous results [17,18] or the convenience of fabrication, so we used
the rigid Si substrate instead of flexible films in the experiment. Also, the MoS, flakes were obtained
from mechanical exfoliation because they had a larger electrical mobility value than MoS; grown by
chemical vapor deposition (CVD). Note that the studies on the reason why artificially obtained MoS,
has low mobility are still ongoing; here are some possible reasons: (1) the twisted stacked structure
causing a change in the bandgap by interlayer electronic coupling, (2) a change in the unit cell structure
of MoS; from trigonal prismatic (2H) to octahedral (1T), and (3) a lot of fabrication defects [19-21].
Moreover, the Ti/Au electrodes we use can make up for the drawbacks of Au without a Ti layer,
which has a relatively high work function and bad adhesion to the substrate [6]. Figure 1b shows the
representative top-view image (filmed with an optical microscope) of the fabricated MoS; transistor of
11.2 pm (channel width) by 7 um (channel length). For an accurate comparison of the improvement
between asymmetric and symmetric contacts, we tried to select and use MoS; transistors having almost
the same width on both sides of the electrodes.
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Figure 1. Bottom-gated multilayer MoS, thin-film transistors (TFTs): (a) conceptual schematic of the
structure of MoS, TFTs; (b) top-view image of the optical microscope image for the finished MoS, TFTs
fabricated by a mechanical exfoliation.

The laser process progressed at the surface of the contact region between electrode and channel
with a fixed scan speed of 10 um/s, as shown in Figure 2a. We used a neodymium-doped yttrium
vanadate (Nd:YVO4) picosecond (ps) pulsed laser (Spectra-Physics, Santa Clara, CA, USA) with a
wavelength of 355 nm, a pulse width based on full width at half maximum (FWHM) of 12 ps, and a
pulse repetition of 80 MHz. For effective annealing, the laser beam was mainly focused on the edge of
the metal-MoS, contacts because a large part of the electron is injected through them [22]. Also, the
selected wavelength (355 nm) matched well the absorption coefficient of Au-MoS;; the absorption
spectrum of MoS;-Au has a peak near 355 nm [23]. A beam of light with Gaussian profile from ps laser
went to the target point of a sample on a high-resolution X-Y linear stage (Aerotech, Pittsburgh, PA,
USA) after passing the dichroic mirror and the objective lens (39x) that modulated the beam spot size
as 1.5 um diameter at a 1/e? peak irradiance (Figure 2b). A small amount of the light beam toward the
CCD camera allowed us to adjust the focus of the laser at the accurate target point by confirming the
position of the spot.
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Figure 2. The ultra-short pulsed laser annealing system: (a) the visualized diagram of the laser
annealing process; (b) configuration of optical setup for the picosecond laser system.

3. Results and Discussion

3.1. Thermal Analysis

During the laser process, free electrons in the metal electrodes initially absorb a photon energy
of a laser, and the temperature rises by an interaction between thermalized electrons and lattices
(within 1071°~10712 s). Then, the generated heat moves to the direction of the higher thermal
conductivity. Unfortunately, there is as of yet no way of directly measuring the temperature produced
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by the ultra-short pulsed laser. However, we can predict the transient temperature distribution at a
specific position where a ps pulsed laser is irradiated through a three-dimensional (3D) Finite-Element
Method (FEM) using COMSOL Multiphysics®. In more detail, we can estimate the generated heat
profiles and flows when the pulsed laser beam irradiates the top of the Au electrode. The thermal
analysis generally has many variables and it is very difficult to enter information to accurately mirror
the real-world environment. To resolve these difficulties, we made a rough estimate of the results
through the equilibrium temperature approximation. The estimation applies to the classical Fourier
conduction model: 3T

pcpg —V(kVT) = Q(xy2), 1)
where p is the density, C;, is the specific heat, k is the thermal conductivity, and Q is the Gaussian heat
source term, expressed as

)2 )2

(x—xg =y
AC 7[ 202 + 202 +ACZ]
= — X y
Q(xy,z) = Qo(1 R)mexay , @)

where Qp, R, A, and oy y means the total input power, the reflectivity, the absorption coefficient, and
the x, y widths of the spatial irradiation distribution, respectively. Also, for the accuracy of the analysis,
we performed an actual experiment for finding the laser-induced damage threshold and extracted the
parameters from the results of the real test. Figure 3a shows the computed temperature distribution
while the eight laser pulses (the selected laser power of 20 mW, see Appendix A for the results of the
parametric study in detail) irradiate at the surface of the Au electrode. The first pulse was absorbed
to the top of the surface and a sharp heat spike occurred. Due to the high repetition rate (80 MHz),
the generated spike heat was not able to cool down to the initial temperature before the next pulse (i.e.,
the heat accumulates) [24]. Therefore, we can observe two parts in Figure 3a: a pulsed laser-affected
region (red) and a heat-accumulated region (blue). Moreover, the heat was confined to the shallow
surface due to the ultra-short pulse duration (12 ps), as shown in Figure 3b. The aforementioned heat
accumulation effect lasted up to 0.2 s until the moving laser beam (with a spot size of 1.5 pm diameter
and a scan speed of 10 um/s) was completely out of a specific point. As more and more pulses
were absorbed, the bottom temperature of the electrode became the same as the surface temperature
(Figure 3b). After the effect of the spike peaks disappeared, the heat dissipated entirely at 2.5s. In a
continuous time, we can restructure the graph for the overall accumulated temperature profile of point
1 (the top of the Au electrode) and point 2 (the bottom of the Au electrode) as shown in Figure 3c. From
the simulated results, we were able to have enough heat (around 520 K) for the generally performed
annealing process through the ultra-short pulsed laser at a power of 20 mW. Furthermore, this heat
conducted to the bottom electrode (point 2) with minor energy loss due to the relatively high thermal
conductivity of the electrode; this conducted heat mainly created thermal annealing consequences at
the contact interface (between MoS, and electrode). Changes in electrical characteristics suggest that
the effect of temperature contributes to performance improvement.
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Figure 3. Thermal analysis of transistors during picosecond laser annealing process: (a) temperature
distribution by laser annealed heat at sample; (b) the timeline view of all laser annealing process; (c) the
overall temperature profile of point 1,2 (point 1 is the top of Au electrode and point 2 is the bottom of
Au electrode) as a function of time.

3.2. Electrical Characteristics

Figure 4a shows the energy band diagram of the metal-MoS,-metal junction at thermal equilibrium
and the equivalent circuit of them. At the MoS, and metal junction, a Schottky barrier can exist because
of the difference of the metal-vacuum work function and the semiconductor-vacuum electron affinity
and can make the R. at the metal-MoS; junction, which is expressed as R4 and R [25]. Then, the total
resistance of the equivalent circuit will be Rg + Ry + 1/gm: The sum of R, and channel interface
resistance (R.,). To investigate the difference in the degree of the improvement under asymmetric
and symmetric contacts, we firstly measured the transfer curve (the source-drain current (I3s) and the
gate-source voltage (Vgs)) and the output curve (I4s-Vgs) of not annealed (Before, reference), one side
annealed (Asymmetric), and both sides annealed (Symmetric) devices on the log (left) and linear-scale
(right) in Figure 4b,c. The I3s-Vgs in Figure 4b was measured at low V4, (0.4 V) to guarantee that
the shape of the conductive channel can be uniformly formed (linear regime) and for applying the
Y function method (YFM) with the assumption that it be used for extracting the contact parameters
later [26-28]. Also, we used the devices with a relatively large contact barrier as a sample for observing
considerable changes; the I45-V 45 showed a non-linear output curve in a low V4 regime (Figure 4c).
From the curves, the field-effective mobilities in linear regime (L 1in) Were extracted: 13.17 cm?/Vs
(Before), 18.84 cm?/Vs (Asymmetric contact), and 24.91 cm?/Vs (Symmetric contacts). In a qualitative
sense, an increase in e Jin (= ngvm), where 0 is the mobility attenuation factor caused by the
sum of the scattering factor, 8 and the contact resistance factor, 6* (= %COX poRe) and g is the intrinsic

mobility) can be based on the decrease of 8 value and/or on the decrease of Vy, value. In a quantitative
sense, the linear increment of the i i, could mean that a dominant factor of the variation could be
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also changed linearly. Due to the enhancement of the pi i, the ON current level appears to have a
similar tendency. Therefore, Ion /I,¢ ratio has increased: 2.27 x 10° (Before), 3.14 x 10° (Asymmetric
contact), and 4.81 x 10° (Symmetric contact). As we expected, we observed a negative shift of Vy,

(dms — C%fx +2¢p + 7”11\1520552%, where ¢yq is the work function difference between the gate and
the channel material and @g is the Fermi level offset. This indicates that the surface and interface
charges (Q) could be decreased by the decline of the coulomb scattering through the lower interface
traps. This fact also agreed with the changes of the subthreshold swings (SS): 3.80 V/decade (Before),
3.53 V/decade (Asymmetric contact), and 3.21 V/decade (Symmetric contact). We know that this
result comes from the diminishing of the Cj; from the relational formula of SS, (In 10) (%T )( %(yc")
[V/decade] (Cp: Depletion layer capacitance, C;;: Channel interface-trap capacitance). The degree of
the decline of SS was proportionate to the number of annealings; the laser process could have a positive
effect on the reduction of traps of the channel interface. By all accounts, the laser process can improve
the performance of the MoS; TFTs by reducing the R, as well as making a better channel interface.
However, it is still hard to decide what accounts for the changes; we just know that improving contact

and interface quality can contribute to enhanced electrical characteristics after the laser annealing.
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Figure 4. Electrical properties of MoS, TFTs by laser annealing process: (a) the energy band diagram of
the metal-MoS; junction at thermal equilibrium condition and the equivalent circuit of them; (b) I3s-Vgs
characteristics for a MoS; transistors on low Vg ( = 0.4 V) in linear scale (solid) and log scale (dot);
(c) Igs-V4s characteristics of both sides annealed contacts (solid), one side annealed contact (dash), and
before annealing (dot) for MoS, transistors in linear scale.

To estimate the degree of the laser annealing effect on the R. and MoS; channel interface,
we compared the [ ji, and the pg through the Y function method (YFM). Generally, a transfer-line
method (TLM) with various channel lengths and uniform contact on the same channel body is engaged
to extract the contact parameters. However, TLM is difficult to apply in our case, in which the devices
are arbitrarily obtained and have an irregular shape and small size. On the other hand, YFM does
not need any additional geometry except the low V44 condition (linear regime). In a linear regime,
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Igs is defined by, Iy = g4, X Vgs = %th Heff 1in X Vds (gds: the channel conductance, Q: the channel
charge per unit area). I35 can be rewritten as

W ;40

Ids = fCox(Vgs - Vth)m X Vds~ (3)

According to the definition of the transconductance (g, = g\lf(:s where V45 = const.), 6 can be

eliminated by defining the Y function as

I W
Y= \/(;im = fcoxPOVds X (Vgs - Vth)- (4)

From the slope of the Y function, we can extract the value of the gy because the other parameters
are known. As shown in Figure 5a, the slopes (4.28 x 10* (Before), 4.57 x 10* (Asymmetric contact), and
4.75 x 10* (Symmetric contact)) were obtained and the values of extracted p are shown in Figure 5b
(black filled rectangular points). Furthermore, we can calculate the pff 1, from the square-law model
(see black unfilled rectangular points in Figure 5b). Here, we note that the g 1, includes the
contact and interface effects, but p contains only the interface factor. Therefore, the root cause of the

discrepancy between py and s 1in can be the R¢, and the difference decreased through the consecutive
laser annealing process from 47.04% to 33.55% to 18.67% (Figure 5b). Also, the g has risen; the value
of g in the case of both annealed contacts went up 18.8% from the initial case (no annealing) and
7.44% from the case of one side annealed contact. Since p only exhibits the effect of Ry, this can
come down to the improvement of the interface quality after the laser treatment. The degree of the
enhancement for the R, and R, was linearly varied along the process, and the parameters made an
impact on the linear advancement of the electrical performance. However, the improvement of the
R. is more dominant than that of the Ry,; the difference in proportions (the size of the area of each
dominated region) and in the increase rates between i and pief 1in can be seen in Figure 5b.
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Figure 5. Extracted mobility values from Y function method: (a) Y function values of both sides
annealed contacts (red), one side annealed contact (blue), and before annealing (black) with respect
to Vgs; (b) comparison of the intrinsic mobility (o) and the linear effect mobility (uef) during each
laser process.

4. Summary and Outlook

In summary, a picosecond pulsed laser annealing process enhanced the performance of MoS; TFTs
and the simulated temperature distribution showed that the process was compatible with a fabrication
for flexible/wearable devices with a low thermal budget. The pg 1in, Ho, Ion/Iogf ratio, SS, and Vi, in
the direction of high performance changed whenever the number of laser processes increased. (Heff jin:
13.14 [cm?/ Vs] (Before), 18.84 (asymmetric contact), and 24.91 (symmetric contact), to: 24.87 [cm? /Vs]
(Before), 28.35 (asymmetric contact), and 30.63 (symmetric contact), Ion /Lo ratio: 2.27 x 10° (Before),
3.14 x 10° (asymmetric contact), and 4.81 x 105(symmetric contact), SS: 3.80 [V/decade] (Before),
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3.53 (asymmetric contact), and 3.21 (symmetric contact), and Vy,: shifted to negative direction.)
Furthermore, we traced the main reason for the improvement through the YFM. The laser annealing
process can improve the R as well as the R, and the two factors were linearly proportional to the
contact conditions, such as the number of laser processes. Also, reducing the R. had a more major
effect than promoting the channel interface. These results can be expected to help us develop an
in-depth understanding of the interaction between the laser irradiation and materials. Furthermore,
we expect that the irradiation of a pulsed laser with high energy density and short wavelength onto
metal as an electrode can lead to a thermal annealing effect at a locally confined small area that needs
high temperature without severe thermal damage to the entire plastic substrate; this process can be
compatible with the soft materials often used in applications for flexible /wearable electronics.
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Figure A1. Plot of the relative mobility value with respect to (a) laser power and (b) scan speed.
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