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Doping technique is vital for applying two-dimensional (2D)smaterials such as transition
metal dichalcogenide (TMDC)-based field effect transistors (FETS), which can control the
channel polarity and improve the performance. However,as.conventional doping techniques
for silicon-based FET are not suitable for 2D materials, the realization of heavy doping of
TMDC materials is challenging, especially for n-type heawvy doping. This study reports a
simple, regioselective, controllable, and chemically/stable r:eavy doping method for 2H-
MoTe; crystal via high-density laser irradiation. The polarity of the doping can be controlled
by changing the irradiation environment. For. the-MoTe>-nFET, good performance with
enhanced contact properties was obtainedtusing the contact doping method via laser

irradiation in a vacuum environment.
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1. Introduction

Traditional Si-based metal oxide semiconductor field effect transistors (MOSFETS)
contain many dangling-bond-induced traps and exhibit short-channel effects in the post-
Moore era, making it more challenging to continue Moore's Law®. Transition-metal
dichalcogenide (TMDC) semiconductors, which comprise one transition metal atom and two
chalcogen atoms, have an adjustable bandgap of 1-2 eV by selecting the elements and-are
chemically stable?>*. A two-dimensional (2D) transistor can effectively prévent the. short-
channel effect and it has become the best candidate to replace silicon_in, next-generation
integrated circuits®. 2H-MoTez is a member of the TMDC family as a semiconductor with
a small band gap of 1.1 eV in monolayer and 0.88 eV in multilayer®®. Intrinsic 2H-MoTe;
always shows ambipolar transfer properties due to its small band.gap-and can be easily doped
to exhibit n- or p-type transfer properties®?. Therefore, it has excellent potential for
applications in complementary MOSFET**). However, the 2D-FET using TMDC
materials still presents a significant challenge in contact properties owing to the Fermi level
pinning (FLP) effect in the contact interface caused by intrinsic defects and metal
deposition'®2. Therefore, it is difficult to control the channel polarity of the device by
selecting a contact metal. Many previous‘studies have,been conducted to improve contact
properties. For example, de-pinning interfaces are fabricated by inserting an insulating layer
such as monolayer h-BN or Al,Osbetween.metal and 2H-MoTe2?1?2. Moreover, using a
semi-metallic polymorphic structure such'as 1T’-MoTe> as an electrode instead of a metal
contact with 2H-MoTe; and it shows a low contact resistance and ohmic carrier injunction®*
25, Unlike these methods, contact doping is also an excellent way to decrease contact
resistance by reducing thesdepletion.width. However, traditional heavy doping methods,
such as ion implantation, are significantly challenging to apply to TMDC materials because
of the severe damage caused to the crystal and thermal repairing is not applicable. Chemical
doping is a promising method for TMDC materials; however, its doping concentration is
usually low?®. Se far, it has only been used to dope the carrier to change the polarity of the
device and improve its performance?®”). Although there is a report on chemically heavy n-
type doping of 2H-MoTe> crystal using a benzyl viologen solution, this doping method is
not regioselective and unsuitable for large-scale integrated circuits?®®. Recently, several
studies havereported using ozone by UV irradiation to form a WOx layer having a high work
function on the surface of WSe>, which absorbs electrons from the underlayer and thus
heavily dopes the crystalline in p-type by charge transfer mechanizm?®39. However, this

method is unstable, and regioselective doping is difficult. In addition, the technique is
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suitable only for p-type doping, and whether the WOy layer participates in the conduction
has not been clarified yet. For applying laser irradiation on MoTe,-FET, it has been reported
that weak laser irradiation in an atmosphere environment is a good method for p-type
doping®Y. Other studies have used laser irradiation to make the irradiated region undergo a
phase transition, which changes the structure from 2H to 1T, and the laser-induced 1T°-
MoTe, can form good contact with 2H-MoTe;*2%3. However, there have béen no reports.on
the quantitative estimation of the barrier height and the contact resistance by using heavy.
contact doping via laser irradiation. In this study, a regioselective heavy doping method for
2H-MoTe> via high-density laser irradiation was reported. In addition, heavym--or p-type
doping can be achieved by changing the environment in which the sample\is placed. Thus, a
tunneling-FET (TFET) using MoTe. can be realized by laser.irradiation in different
environmental conditions. Some experimental results on TFET devices fabricated by this
technique have been presented at the 2022 International Conference on Solid State Devices
and Materials (SSDM 2022)**. Herein, we analyzed the principle of the laser-induced
doping in detail and demonstrated that the contact.properties of the MoTe,-nFET were
significantly improved via the heavy n-type doping by high-density laser irradiation in a

vacuum environment.

2. Experimental methods

The 2H-MoTe; bulk crystal was purchased from HQ Graphene, and multilayer 2H-MoTe;
crystals were exfoliated with a blue tap on a 300 nm SiO-coated p**-Si substrate. The
thickness of the 2H-MoTe; crystals used,in this study was about 15 nm. Electrodes were
fabricated using electron heam lithography and electron beam metal deposition. 2H-MoTe;
was placed on the prefabricated electrodes via a dry transfer process for the bottom contact
sample. Laser irradiation was performed using a continuous wave laser with a wavelength
of 532 nm and output power of 1 W. The laser is guided into a vacuum chamber through an
optical microscope: Since a 20x objective lens was used to focus the laser, the laser spot was
4 um in diameter.on a.sample surface. The power of the laser used to irradiate the 2H-MoTe;
crystal in.the chamber was over 100 mW; thus, the optical power density was over 0.8
MW/cm?. The time for each laser irradiation was 1 second. Raman spectra were measured
using a JASCO RPM-510 Raman Spectrometer with an excitation wavelength of 532 nm
installed inan Olympus BX-51 optical microscope. For the contact-doped MoTez-nFET, the
electrode pattern was first engraved using electron beam lithography. After development, the

contact area is irradiated locally with a laser in a vacuum, causing the crystal of the contact
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area to be heavily n-type doped. Finally, the metal (Cr/Au) was evaporated onto the contact
area. All electrical measurements were performed using a Keithley 2614 B System Source

Meter in a vacuum probe station.

3. Results and discussion
3.1 Laser-induced heavy n-doping

Figure 1(a) shows a top-contacted MoTe>-FET sample after laser irradiation between the
electrodes in a vacuum. The laser created a hole in the MoTe; crystal at the.irradiated region.
The diameter of the hole is almost the same as the size of the laser spot, Raman §pectroscopy
was used to confirm the crystalline structure inside and in the vicinity of theshole. No signal
was observed in the hole within the wave-number range, indicating no residue remained after
the irradiation of the optical power density of 0.8 MW/cm?. Before laser irradiation, the
original sample showed two prominent peaks at 170 cm™' and230 cm!, which correspond
to the A1z mode and Ez; mode of 2H-MoTe; as shown in Figure'l(b). After laser irradiation,
no significant change was observed in the spectrumrat the regions indicated by red-dotted
rectangular close to the hole. The color of the remained Mo'fez crystal did not change after
the irradiation as shown in Figure 1(a), indicating that.the crystal did not exhibit a layer-
thinning phenomenon or phase transition caused by, the influence of the laser. Figure 1(c)
shows the electrical properties of the sample before and after the irradiation. The original
sample showed an n-type semiconducting ttansfer property with an on/off ratio of 10°. After
laser irradiation in the channel, the transfer property changed to n’-property with a high-
drain current (/4) and almost independent of the gate voltage (V). Figure 1(d) shows the
transfer properties of the n'~dopedisample at different temperatures. The current values in
each curve decreased slightly with decreasing the temperature however no significant change
was observed in the shape of the curve. This result indicates that the channel region includes
a gate-independent degenerately heavily doped region and a gate-dependent lightly doped
one in parallel however, even the heavily doped region has a small potential barrier at the
contact region.

Generally, MoTey crystals are easily damaged by heat in the atmosphere because of the
weak stability Of Te atoms. Therefore, increasing the temperature above 400 K began to
produce Te'vacancies. It is known that such chalcogen-atom vacancies have an effect of n-
type doping in TMDC crystals®¥, and also our first-principal density functional theory (DFT)
calculation revealed an appearance of donor level in the band gap close to the conduction

band in MoTe>. Owing to increasing the temperature by the irradiation of the focused laser,
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the MoTe: crystal absorbed the light because the energy of the green laser was larger than
that of the band gap of the multilayer MoTez, 0.88 eV®. The temperature of the MoTe; crystal
during the irradiation can be estimated as above 1200 K*® consequently the crystal was
decomposed into Mo and Te atoms and completely sublimated in a vacuum environment as
schematically shown in Figure 1(e); therefore, no Raman spectrum was observed inthe hole.
However, due to the Gaussian profile of the laser, the temperature of MoTes crystal atound
the hole is also heated up, and then the sublimation of Te atoms creates»Te vacancies.
Consequently, a heavily n-doped region appears in the vicinity of the hole, and the doping
level gradually decays when going away from the hole. Even when the n-dopedisample was
placed in the atmosphere, no change in the doping level was obsetved, i@icating that this

laser-induced heavy n-type doping is stable.

3.2 Laser-induced heavy p-doping

In order to confirm the effect of laser irradiation in the atmosphere, the MoTe,-FET sample
was placed in the Raman spectrometer, and the sample was.irradiated linearly with a focused
laser of the power density of 0.5 MW/cm? by moving the saniple stage. Figure 2(a) shows a
bottom-contact MoTe>-FET sample after laser irradiation: A hole (groove) was also created
in the crystal however the irradiated region showed.an evident color change, which resulted
in a thinning behavior. Compared with'the.case of laser irradiation in a vacuum, there is often
a crystal residue in a hole or groove. Ramanspectroscopy was used to confirm the crystalline
structure in the sample. As shown in Figure 2(b), the directly irradiated area shows a
prominent Raman peak at 120 ém !, which corresponds to the Az mode of pure Te *. Also,
two peaks at 200 cm ! and 227:%¢m! cortespond to the spectra of MoO>*”. Thus, the residuals
in the hole (groove) are not layer-thinned MoTe: crystal but Te atoms and Mo oxide (M0O2)
after the thermal decompositioncaused by the laser irradiation. However, the adjacent area
where we focused on shewedmno significant change in the Raman spectrum from the original
one, which corrésponds to the 2H-MoTe;. This indicates that no phase transition occurred in
the adjacentarea. Figure 2(c) shows the transfer curves of the adjacent area before and after
the laser irradiation using the electrodes shown in Figure 2(a). The curve changes from an
n-type [semiconducting transfer property to a heavily-doped p*-type property. This p*-type
regionrshowed good stability, even in a vacuum and at low temperatures as shown in Figure
2(d). Figure 2(e) shows the schematic diagram in the case of laser irradiation in the
atmospheric environment.

Therimportant experimental fact is that the absorption of oxygen molecules at the Te
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vacancies for p-type doping needs a heating process; therefore, the n-doped sample prepared
by laser irradiation in a vacuum does not change the polarity and the carrier density, even
when the sample is exposed to oxygen at room temperature. In addition, it is known thatMo
oxide acts as a suitable acceptor for TMDC crystals due to a charge transfer process. The
MoO: included in the residue inside or around the irradiated region may play a role of an

acceptor for the 2H-MoTe; in the vicinity of the hole.

3.3 Contact doping for MoTe2-FET

In MoTex-FETs, top-contact using conventional metals usually /causes poor contact
properties by the FLP effect and severely inhibits the performance: ThusQn this study, the
contact doping method via laser irradiation is applied to thin the Schottky barrier caused by
the FLP effect and reduce the contact resistance. Figure 3(a) shows aschematic diagram and
an optical microscope image of the contact-doped MoTe;-FET. Metallic source and drain
electrodes were contacted with two heavily n-doped regions prepared by laser irradiation in
a vacuum before the metal deposition. This sample showed an evident n-type transfer
property with a high on/off ratio of 10* at room temperatute and 107 at 125 K, as shown in
Figure 3(b). The current in the on-state hasinegligible temperature dependence, indicating
no energy barrier exists at high gate voltages. The drain current-drain voltage (/4-Va) curves
of conventional MoTe>-FETs usually show a Schottky characteristic in which the device
performance is limited in a low-bias region because of the significant energy barrier in the
contact interface between the metal and the MoTe,. However, our sample showed good
ohmic characteristics at room temperature as seen in Figure 3(c). Moreover, even at 125 K,
the sample still showed ohmicfeatures as seen in Figure 3(d), indicating that a suitable
contact property was obtained‘via the contact doping technique by laser irradiation.

However, the temperature deépendence of current in the low gate voltage region indicates
that a certain levelof energy barrier still exists at the contact interface. The Schottky barrier
height and contaet resistance were estimated using thermionic equations and the Y-function
method to prove the excellent contact property further. Equations 1 and 2 describe the

thermionic equations for the Schottky barrier height**-9):

£ e 9 v
I; = WA, T2 exp (— qk—TB) [1—exp (— %)] (1
i qVv8mm*k3
Aip =7
1
Oy =—% [M] ©)
B q AT-1
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where I; is the drain current, W is the channel width, 4, is the modified Richardson
constant, k is the Boltzmann constant, ¢ is the electrical charge, m* is the effective mass,
@5 1s the Schottky barrier height, and V; is the applied drain voltage. Figure 4(a) shows/the
Schottky barrier height at various gate voltages, where the effective barrier height can be
derived from the turning point of the slope of the curve corresponding to the_flat band
condition, which shows just 6 meV. This indicates that the sample can exhibit good contact
properties when the temperature is above 70 K. The Y-function method is applied following

Ref. 40. The Y-function is defined as

—fa ___la
Y—m N (3)

where g;, is the transconductance defined by dl;/dV;. The threshold,veltage (V1) is

extracted through the Y-V curve. Then the low-field mobility (¢o) ¢an be calculated as

w
Y = (U = V) {7 Coxtola @
where L is the channel length, C,, is the capacitance of the,gate insulator. Next, the
mobility attenuation factor (6) is obtained by using the equation

_ K _ Ho
la = Cox(Vy = V1) 70500 = S - v, (5)

Finally, the contact resistance can be calculated from the relation between 6 and R,
namely

w
0= ?ﬂOCoch ©)
For the contact resistance in the on-state (V; >0) at room temperature, an average value of

56 kQum was obtained, as shown in Figure 4(b). Such a small contact resistance proves that
good contact properties have been achieved compared to conventional MoTe>-FETs. Figure
4(c) shows the temperature depéndence.of the mobility at /'y =40 V and then the mobility at

room temperature is 22 cmz/Vs\If the/contact properties are poor, the mobility decreases

with decreasing temperature diie to the high contact resistance*. However, the mobility of
this sample increases with decreasing temperature, which indicates that the phonon
scattering processdn the channel is the dominant mechanism in the sample rather than the
contact barrier. These experimental results prove that laser irradiation is a suitable method

for contact doping to enhance the device performance of the MoTe>-FET.

4. Conclusions

Heavy n-typeand p-type doping of 2H-MoTe: crystal was achieved by high-density laser
irradiation in a vacuum and an atmosphere environment, respectively. The MoTe;-nFET
showed excellent performance with a negligible Schottky contact barrier of 6 meV and low

contact resistance of 56 kQum at room temperature via the contact doping method by laser
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irradiation in a vacuum. In addition, heavy p-type doping by laser irradiation in the
atmosphere can also improve the contact properties of MoTe,-pFET. The heavy doping
technique appears to be useful for the realization of a TFET using MoTe>. Howeverglaser-
induced doping is not only suitable for MoTe: but also for other TMDC materials such as

MoS:.
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Figure Captions

Fig. 1. (a) Optical microscope image of the sample. (b) Raman spectroscopy of the original
crystal and doped crystal. (c) Transfer properties of the MoTe;-FET before and after laser
doping. (d) Temperature dependence of transfer property of heavy n-type doped MoTe,-FET:

(e) Schematic diagram of heavy n-type doping via laser irradiation in a vacuum.

~
Fig. 2. (a) Optical microscope image of the sample. (b) Raman spectroscopy of the original
crystal and doped crystal. (c) Transfer properties of the MoTe>-FET before and after laser
doping. (d) Temperature dependence of transfer property of‘heavy p-type doped MoTe,-FET.

(e) Schematic diagram of heavy p-type doping via laserirradiation in an atmosphere.

4

Fig. 3. (a) Schematic diagram and optical microscope image of contact-doped MoTe,-FET.
(b) Transfer curves of contact-doped MoTex-FET at different temperatures. /-V curves of
contact-doped MoTe>-FET at (c) room temperature and (d) low temperature in Vg varied

from -40 to 60 V.

Fig. 4. (a) Schottky barrier height of contact-doped MoTe-FET at various gate voltages. (b)
N
Contact resistance which calculated by the Y-function method at various gate voltages. (c)

Two terminal mobilities at different temperatures.

12

Page 12 of 16



Page 13 0f 16 AUTHOR SUBMITTED MANUSCRIPT - JJAP-S1103038.R2

Template for JJAP Regular Papers (Mar. 2022)

(a) (b) (€) 4

Laser irradiation
in vacuum

oNOYTULT D WN =

——Before laser doping
—After laser doping 10°

10° L .

\1 v
fore laser doping
laser doping

e
720 20 40 6
v [V]

- O
o

—_ .
N =

—_
w

Intensity [a.u.]

i

—_
wv

—_
(o)}

50 100 150 200 250 300
Raman shift [cm™"]

—_ -
[ BN

(e) Vacuum en

—_
o}

N
o

@ Mo atom
@® Te atom
€ Laser-induced Te vacancy

NN NN
A WN =

N
w

N
o)}

120K

NN
[ BN

oouuuuuuuuuub bbb DDDMDIDMDDIEDAEDADWWWWWWWWWWN
VWO NOOCULLAhWN-—_OCVONOOCULLDDWN—_OOVONOUVID WN=—= OV



oNOYTULT D WN =

QuuuuuuuuuubdbbdDDdDDDDMDMNDEDMNDWWWWWWWWWWRNNNNNNNNNN= =2 2 29299230999
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

(a)

(d)

6x10°
5x10°

4x10°®

[A]

3x10°

)

1

2x10°

1x10°

AUTHOR SUBMITTED MANUSCRIPT - JJAP-S1103038.R2

280K
LY

o\

A)
120K

0 P S T S S T
-40 -30 -20 -10 0 10 20 30 40

(b)

Intensity [a.u.]

Template for JJAP Regular Papers (Mar. 2022)

(c)

—_— / \ 10*’[
/\ 107 |

—

<
——Before laser doping \u10‘5
— After laser doping 4
—Irradiated region
107}
doping (V4 =0.2 V)
ping (V=2 V)
10-10 " 1
0 100 150 200 250 300 -4 10 20 30 40

Raman shift [cm™"]

Atmospherge enviro

@ Mo atom
@ Te atom
8 Oxygen molecule

leavy p-doped region

Heavy p-doped regio
1 e e e -

i0,

Page 14 of 16



Page 150f 16 AUTHOR SUBMITTED MANUSCRIPT - JJAP-S1103038.R2

Template for JJAP Regular Papers (Mar. 2022)

oNOYTULT D WN =

(a) Laser-induced

heavy n-doping

I Ve )
unbhwNn-=0

Irradiated region

—_
(o)}

MoTe,

N = = =
O OV 0

N
—_

Heavily n-doped-region

N NN
H WiN

W wwwww N NNNNN
U hWN=O0UVONO WU

w
[e)}

w
N

B W W
o OV ©

Fig.3.

cvuvuuuuuuuuudAdDDdMDMDNMNDMNDMNDINDN
SVoONOOULBDWN_OOVONOOULDWN =
[EEN
ol



oNOYTULT D WN =

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDMNDAEWWWWWWWWWWNNNDNNNDNNNDN=S S @92 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - JJAP-S1103038.R2

Template for JJAP Regular Papers (Mar. 2022)

(b) 1000 .
soofk *
L]
Eso0 o
[e] .
2=,
L]
ook S
Ll
00f %
LI} E -
"ag [.56 kOum 8
2056 7o 20 30 40 50 80 0

v
g

Fig.4.

J

@5’)
<
<

16

Page 16 of 16



