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ABSTRACT

Field effect transistors (FETs) using two-dimensional molybdenum disulfide (MoS,) as the channel material has been considered one of the
most potential candidates for future complementary metal-oxide-semiconductor technology with low power consumption. However, the
understanding of the correlation between the device performance and material properties, particularly for devices with scaling-down channel
lengths, is still insufficient. We report in this paper back-gate FETs with chemical-vapor-deposition grown and transferred MoS; and Zr doped
HfO, ((Hf,Zr)O,, HZO) high-k dielectric gates with channel lengths ranging from 10 to 30 ym with a step of 5 ym. It has been demonstrated
that channels with the length to width ratio of 0.2 lead to the most superior performance of the FETs. The MoS;/HZO hybrid FETs show
a stable threshold voltage of ~1.5 V, current on/off ratio of >10*, and field effect mobility in excess of 0.38 cm> V™! s™'. The impact of the
channel lengths on FET performance is analyzed and discussed in depth. A hysteresis loop has been observed in the I3, — Vi characteristics
of the hybrid FETs, which has been further studied and attributed to the charge effect at the interfaces. The HZO films show a relatively weak
ferroelectric orthorhombic phase and thus serve mainly as the high-k dielectric gate. Charge trapping in the HZO layer that might induce
hysteresis has been discussed. Our results show that MoS,/HZO hybrid FETs possess great potential in future low power and high-speed
integrated circuits, and future work will focus on further improvement of the transistor performances using ferroelectric HZO films and the
study of devices with even shorter MoS, channels.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0055574

I. INTRODUCTION

The continuous scaling-down of the integrated circuits (ICs)
and transistors leads to increasing power consumption. The reduc-
tion of the power consumption needs to increase the on/off ratio of
the transistor and give better turn-off characteristics. It is thus nec-
essary to define novel materials with high carrier mobility and new
device structures.

According to the International Technology Roadmap for Semi-
conductors (ITRS), Molybdenum disulphide (MoS;), together with
graphene and boron nitride, is a potential new material for inte-
gration into nanometer scale structures due to its ultra-thin struc-
ture and outstanding electrical properties."” In fact, transition metal
dichalcogenides (TMDs), such as MoS;,” MoSe,,* and WSe;,,” have
already been examined as channel materials in field effect transis-
tors. Among them, MoS, and WSe, have relatively higher carrier

AIP Advances 11, 065229 (2021); doi: 10.1063/5.0055574
© Author(s) 2021

11, 065229-1


https://scitation.org/journal/adv
https://doi.org/10.1063/5.0055574
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0055574
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0055574&domain=pdf&date_stamp=2021-June-21
https://doi.org/10.1063/5.0055574
http://orcid.org/0000-0002-3971-3206
http://orcid.org/0000-0002-8813-8885
http://orcid.org/0000-0001-9749-0699
http://orcid.org/0000-0003-4090-1850
http://orcid.org/0000-0003-4697-1358
http://orcid.org/0000-0003-0971-4280
http://orcid.org/0000-0003-0975-5066
http://orcid.org/0000-0002-7404-0019
mailto:gangniu@xjtu.edu.cn
mailto:wren@mail.xjtu.edu.cn
mailto:bertrand.vilquin@ec-lyon.fr
https://doi.org/10.1063/5.0055574

AIP Advances ARTICLE

mobility (up to ~200 cm? V7! s7D),° while MoS; is currently the
most studied one due to its outstanding electrical and optoelectronic
properties.” MoS; could be fabricated by chemical vapor deposition
(CVD), which is capable of forming large scale monolayers to multi-
layers with uniform morphology and remarkable optical, electrical,
and optoelectronic properties. MoS; has the bandgap ranging from
1.2 to 1.9 eV when its thickness decreases from bulk to monolayer,
which demonstrates the MoS, potential in device modulation and
its capability of being “switched off” in electronic devices.”** More-
over, CVD fabricated MoS; has the mobility of 0.01-13 cm?Vlg!
on SiO,, which is lower than that of the exfoliated MoS, nanosheets
transferred on SiO,. Therefore, CVD MoS, with higher mobility is
more favorable in electronic devices.”

The 2D material-based FET devices also require low leak-
age current, therefore, high-k dielectrics have been employed as
the gate dielectric in FETs. Hafnia-based materials are applied as
standard dielectrics in the current complementary metal-oxide-
semiconductor (CMOS) technology due to its high-k characteristic,
which is of great potential to realize the low leakage current of the
FETs.!"!* Previous work has reported on FETs based on Mo$; and
HfO, dielectric gates with high mobility and on/off ratios, how-
ever, the impact of channel lengths in the FET's was not discussed in
detail, which was essential in the device fabrication and application
of large scale electronic arrays.'> Recently, intensive studies reported
ferroelectricity in Zr doped HfO, ((Hf,Zr)O,, HZO), which could
be induced with external stimuli. Meanwhile, HZO is also a high-k
dielectric material, which has potential in FETs.

Here, we present back-gate field effect transistors based on
MoS; in combination with HZO thin films as gate dielectrics. The
electrical properties of the FET's with channel lengths ranging from
10 to 30 um with a step of 5 ym were studied. The impact of the chan-
nel lengths on the performance of the MoS;/HZO FETSs has been
shown. The back-gate MoS;/HZO FETs exhibit a high on/off ratio
of >10* with the carrier mobility of 0.38 cm® V7! s7!, which is pre-
mier to conventional Si-based devices. Moreover, the hysteresis in
the MoS,/HZO back-gate FET's was discussed, which was attributed
to the charge effect in the FETs. The MoS;/HZO hybrid system
has been proved as a promising candidate for future low power
consumption devices due to their CMOS compatible property and
ultra-thin structure.

Il. MATERIALS AND METHODS
A. Materials synthesis

The HZO nanolayer was fabricated by magnetron sputtering.
Deposition details of the HZO film have been reported in the pre-
vious work.'” A phosphor doped (10'*/cm®) n-type Si (100) sub-
strate was prepared by ultrasonic cleaning in acetone and ethanol
for 5 min. The native SiO; layer on the Si substrate was removed by
immersing it in a buffered oxide etching (BOE) solution, followed
by cleaning in deionized (DI) water for 4 min. A 100 nm-thick TiN
layer was deposited onto the substrate by a radio frequency (RF)
reactive magnetron sputtering system with a high purity TiN target
in the Ar and N, atmosphere. A 10 nm-thick HZO layer was then
deposited.

A single layer MoS; (6Carbon, China) was fabricated on SiO,
(200 nm)/n-Si (500 ym) by CVD and then was transferred onto
HZO/TiN/Si (001). The polymethyl methacrylate (PMMA)-assisted

scitation.org/journal/adv

transferring method was used to transfer the CVD MoS; from the
silicon substrate to the HZO sample. Details of the transfer process
are as follows: PMMA was first coated on the MoS, and heated at a
temperature of 100 °C. The sample was then placed into a 2 mol/l
KOH solution for 2 h to separate the PMMA/MoS; nano-flake from
the silicon substrate. The separated PMMA film was then cleaned in
DI water to remove the residual KOH. Next, the target substrate was
applied to take the PMMA film out and MoS; could attach to the
target substrate. The transferred MoS,/HZO sample was heated on a
hot stage for 30 min at 80 °C after air drying to make sure the MoS;
is tightly attached to HZO. The sample was then soaked in acetone
to etch the PMMA layer.

B. Device fabrication

A highly n-type doped Si (10'® cm™) was used as the sub-
strate. An ~70 nm-thick TiN film serves as the bottom electrode,
and HZO thin films with a thickness of 10 nm were applied as
gate dielectrics. CVD fabricated MoS, was utilized as the chan-
nel material. Cr (10 nm)/Au (50 nm) top electrodes were prepared
using a lift-off process to realize the drain and source contacts.
Optical microscopy (OM) images demonstrated that the morphol-
ogy of the MoS, was uniform and smooth after transferring to
the HZO. Details of the lithography process were as follows: the
MoS,/HZO sample was annealed at 150 °C for 30 min in advance
to further enhance the adhesion between MoS, and HZO. Pho-
toresist (AR-P 3510T, Allresist, Germany) was spin coated on the
MoS; and placed inside a convection oven for 15 min. Lithography
was carried out with the exposure time of 30 s. Developer solu-
tion (AR 300-26, Allresist, Germany) was diluted with DI water
with the ratio of 1:2. Then, the samples were put into the devel-
oper solution for 1 min and rinsed with DI water to remove resid-
ual developer solution. After 5 min of drying in the convection
oven, the drain and source contacts were fabricated by magnetron
sputtering.

C. Characterization

The lattice structure of the HZO layer was measured with
a grazing incidence X-ray diffractometer (GIXRD) (SmartLab,
Rigaku, Japan). The MoS; after transferring to HZO was charac-
terized by Raman spectroscopy (DXR 3xi, Thermo Fisher, USA)
using a 532 nm laser with laser power of 2 mW. The MoS,/HZO
FETs were fabricated by lithography and sputtering processes, and
OM was performed to measure the channel size of the devices.
The surface morphology and the cross section of the MoS,/HZO
heterostructure were examined by a scanning electron microscope
(SEM) (Quanta FEG 250, FEIL, USA). A Keithley 4200A-SCS semi-
conductor parameter analyzer was used to measure the electrical
properties of the devices, and the measurements were carried out
under an atmospheric condition and room temperature without
illumination.

Ill. RESULTS AND DISCUSSION

Raman spectroscopy was performed to study the quality of the
MoS; after transfer, and the result is shown in Fig. 1(a). The charac-
teristic Ezgl and Ajg peaks of the MoS, were observed at 383.7 and
403.2 cm™', respectively, corresponding to the in-plane vibration
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of two S atoms with respect to the Mo atoms and the out-of-plane
vibration of S atoms in the opposite direction, respectively, as shown
in the insets of Fig. 1(a)."” The A,, vibration mode at ~460 cm™" is
an IR-active mode, which involves the vibration of both Mo and S
atoms. The 2LA(M) mode at ~450 cm ™ refers to a second order pro-
cess involving the LA(M) phonon.'**?" The difference between Ezgl
and Ay is 19.5 cm™', which is in good agreement with the reported
mode difference of the MoS;,.”"*> The SEM image of the MoS,/HZO
surface, as shown in Fig. 1(b), demonstrated that the MoS, surface
was uniform and a few defects were observed in a large scale. More-
over, the interface of MoS,/HZO, as shown in Fig. 1(c), was quite
sharp with no contaminant or polymer residue. Figures 2(a) and
2(b) show the top view OM images of the fabricated devices, where
Fig. 2(b) shows the zoomed-in image of one of the devices with a
channel length of 10 ym [marked by a red square in Fig. 2(a)].

The schematic diagram of the MoS,/HZO FETs is illustrated in
Fig. 3(a). The electrical properties of the devices with various chan-
nel lengths were investigated. The transfer and output characteristics
were measured with channel lengths of 10-30 ym with a step of
5 ym. The variation of the source-drain current density as a func-
tion of the source—drain bias (Is — Vgs) of the MoS,/HZO hybrid
MOSEFET with different gate bias (Vgs) was applied, and the results
are shown in Fig. 3(b). The I45 property of the transistor was mea-
sured with the V4, that swept from 0 to 4 V, and Vi, was applied with

sl nn
munnmnN
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s IR} I
nmmmpnpnn
AR ED B D BEDT

((3? V‘IU " Es mm

HZO/TiN/Si
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FIG. 1. (a) Raman spectroscopy of
MoS,/HZO samples. Insets of (a) show
the bonding vibrations of Esq", Asg, and
Ayy. (b) Surface and (c) cross-sectional
SEM images of the MoS,/HZO het-
erostructure.

200 nm

a step of 0.1 V ranging from —0.5 to 0.5 V. The highest measured Ig;
was ~0.1 yA cm™! with Vgs of 0.5 V (green circles). It was observed
that I4s increased with augmentation of the Vg, which demonstrated
the rising conductivity of the channel. Moreover, with the decrease
in Vg to 0 V (red triangles) and negative values, the variation of the
current I, flowing through the FETs became smaller, i.e., the control
of the FET by Vs became weaker for Vg <0 V.

Atlow Vg (< 3 V), a clear sub-linear behavior was observed in
the I4s — Vg curve, which demonstrated that the Schottky barrier
exists at the drain contact between the electrode and MoS,.”*** The
inset of Fig. 3(b) shows the band diagram of the Schottky contact
and electron mobility at the Schottky barrier. The existence of such
a Schottky barrier on the one hand suppresses the output current
and on the other hand reduces the off current of the transistor. The
current density of the “off” state of our MoS,/HZO FETs reaches
~107!1 A [see Fig. 4(a)].

Source-drain transfer characteristics [Log(I4s) — Vgs] were also
measured for the MoS,/HZO FETs. Figure 4(a) shows the result of
the MoS,/HZO FET with a channel length of 20 gm and a channel
width of 100 um. Vg was applied from 0.5 to 4.2 V with the Vg,
ranging from 0.1 to 0.9 V with a step of 0.2 V. The threshold voltage
(Vi) was defined as the transverse distance of the rising edge. It was
found that Viu = 1.5V at Vg =0.1Vand Vg, =1.82Vat Vg > 0.1 V.
Devices with different channel lengths showed variation of the Vy,

FIG. 2. (a) Optical microscopy image of the overview of the MoS,/HZO FETs and (b) the zoomed-in image of one of the devices with a channel length of 10 ym.
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FIG. 3. (a) The schematic diagram of MoS,/HZO FETs and (b) lgs — Vs of MoS, FETs with a channel length of 20 4m and width of 100 um. Vgs ranges from —0.5 o 0.5 V
with a step of 0.1V, and the inset is the band diagram at the Schottky barrier, where E.4 is the vacuum level; Ec, Eg, and Ey are the energy of the conductive band, Fermi

level, and valence band, respectively; and Eg is the bandgap of MoS,.

of only ~0.3 V, which demonstrated the stable Vy, of the MoS,/HZO
FETs. Based on the Igs — Vg curves, the field effect mobility of the
devices could be measured by

dl L
= X

- , 1
= v, waivy W

where L and W are the channel length and width, respectively, and
C; is the dielectric capacitance per unit area (C; = e¢,/d, where
& = 24.5 and d = 10 nm).”” The mobility of the FETs could be
extracted from the data presented in Fig. 4(a) and calculated to be
0.38 cm® V™' 57!, which is in good agreement with the previously
reported carrier mobility of devices based on CVD MoS,.%%" It was
noticed that only the non-saturated region was measured in both
the output and transfer characteristics of the FET's due to a relatively
low breakdown voltage (at Vg = 4.5 V) of the ultra-thin HZO gate
dielectrics.

41(@)

2k

31

Log(l,,) (MA pm™)

4| Onloff ratio >10*

05 10 15 20 25 30 35 40
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A hysteresis loop in the MoS;/HZO FETs was also observed
and investigated. This phenomenon could be possibly attributed to
the intrinsic trapping in MoS;, the adsorption of moisture and O,
of MoS,, the interface effect, and/or the fabrication process of the
devices.”**! With multiple cycles on the same device, the hysteresis
loop remained in the I3, — Vs curve [Fig. 4(b)]. This suggests that
the fixed charge that originated from the defects at the MoS,/HZO
interface is a probable origin contributing to the hysteresis.”>*’ It is
known that in the dielectric layer, the charge trapping/detrapping
process and their dynamics depend on the capture and emission
time of the carriers. As the charging time is longer than the releasing
time with Vg sweeping from positive to negative, injected carriers
in the defects reached a dynamic equilibrium, which resulted in the
observed hysteresis loop.

In order to further understand the contribution of the dielec-
tric layer to the device characteristics, the crystallinity of the HZO
thin film was also characterized by GIXRD. The result was shown
in Fig. 5. It can be seen that in addition to the TiN Bragg peaks that

“Hb)

0.9V

3 / 0.7V

——0.5V

—— 0.3V

10° ——0.1v|
1.0 15 20 25 3.0 35 40

v, (V)

FIG. 4. (a) lgs — Vgs transfer characteristics with Vs ranging from 0.1 to 0.9 V with a step of 0.2 V. The on/off ratio of the devices was measured to be >10%. (b) lgs — Vgs of
the MoS; FET with a channel length 20 um and a width of 100 um, with Vgs ranging from 0.1 to 0.9 V.
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FIG. 5. Lattice structure of the HZO nanolayer measured by GIXRD. The charac-
teristic peaks of the 0-HZO were observed, but the m-phase is more dominating.

appear at 26 = 36.2° and 42.5°, six Bragg reflections appear, corre-
sponding to the HZO layer. It is known that the diffraction peak at 20
=30.5° corresponds to the orthorhombic (o) phase, which is related
to the ferroelectricity in HZO. However, it is evident that the mono-
clinic (m) phase (Bragg peaks at 260 = 24.7°, 28.5°, 31.6°, 35.4°, and
41.0°) is dominating in the diffraction pattern.

It has been widely reported that the formation of the o-phase
in HZO requires the tensile stress from the TiN electrodes, both on
the top and at the bottom, in the sandwich structure. One of our
previous works has proved the ferroelectricity in the 10 nm-thick
HZO film with a TiN (50 nm)/HZO (10 nm)/TiN (50 nm) sandwich
structure.”” It is noted here that the observed hysteresis in the Iy
— Vg curves of MoS,/HZO FETs that originated from the fixed
charge and ferroelectricity in the HZO nanolayer has the oppo-
site direction, which might induce neutralization of the hystere-
sis.”* However, in our case, as observed in Fig. 3(b), the clockwise
hysteresis is still dominated by charge trapping in the transistor.

It has to be noted that the HZO layers used in our FETs were
fabricated without top-layer stressors, which probably consequently
led to weak ferroelectricity in HZO layers and resulted in partial
neutralization. Despite this, the HZO film is still promising in FETs,
thanks to its high-k property and ultra-thin structure.

The channel length impact of the MoS,/HZO FETs was then
investigated. Igs — Vg transfer curves were measured for devices
with different channel lengths. The results are shown in Fig. 6.
Because the channel lengths in the MoS;/HZO FETs are >10 ym
and much larger than the electron mean free path, the carriers in
the channel operate in diffusion regimes. The carrier mobility of
the devices remains constant in long channel devices, and the cur-
rent in the FETs is mainly contributed by the channel resistance
and electrode resistance. It can be seen in Fig. 6 that Iy initially
increases with the increase in the channel length and then reaches
the highest value when the channel length is 20 ym. A significant
drop in the current was observed on further increasing the channel
length, which could have resulted from the high resistance of the
long channel devices. With the decrease in the channel length in the

scitation.org/journal/adv

10" L
- 2
10
£
1 -
g 0%}
=
10k ——20 um
: —— 25 um
r — 30 um
10-5: 1 1 1 1 If
05 10 15 20 25 30 35 40

v,, (V)

FIG. 6. lgs — Vgs of the MoS, FET with the channel lengths varying from 10 to
30 um with a step of 5 um and Vs = 0.7 V.

MoS;, the device with a length to width ratio of 0.2 shows a superior
performance.

IV. CONCLUSION

In conclusion, we have successfully fabricated the MoS,-based
back-gate FETs with CVD MoS; and an HZO high-k dielectric gate.
The electrical properties of devices with channel lengths ranging
from 10 to 30 ym with a step of 5 ym have been studied in detail. The
channel length to width ratio of 0.2 was proved to lead to the high-
est performance, i.e., a high on/off ratio of >10* and a field effect
mobility of 0.38 em? V7! 7L A stable Vi, of ~1.5 V was achieved
in our MoS,/HZO FETs. A hysteresis loop was also observed in the
I3 — Vgs curves of MoS,/HZO FETs, which were carefully discussed
and attributed to the intrinsic trap and adsorbates of MoS, as well
as the interfacial fixed charge. Further studies will focus on the opti-
mization of the devices, including the improvement of the quality of
the MoS;, and the optimization of the dielectrics as well as the min-
imization of the charge effect in FETs. Short channel devices based
on MoS; and ferroelectric HZO materials will also be further studied
for future high speed, high on/off ratio, and low power consumption
devices.
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