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ABSTRACT A layered polycrystalline WS, film is formed by radio-frequency (RF) magnetron sputtering
and sulfur-vapor annealing (SVA). Its pMISFET is successfully demonstrated with TiN/HfO, top-gate
stack, TiN contact, and ultra-thin body and box technologies. A WS, film with a (002) plane is formed
parallel to a substrate surface using RF magnetron sputtering, and its crystallinity is drastically enhanced
by the SVA. I-V characteristics with p-type operation are confirmed in WS, MISFETs with a maximum
field effect mobility of 1.5 x 1072 ¢cm?>V~!s~!. Therefore, our film-formation method is a promising
candidate for pMOSFETs in CMOS circuits.

INDEX TERMS Tungsten disulfide (WS,), pMISFET, ultra-high vacuum (UHV), radio-frequency (RF)
magnetron sputtering, sulfur-vapor annealing (SVA), TiN top gate, TiN contact, ultra-thin body and box

(UTBB).

I. INTRODUCTION

Silicon technology with FinFETs in logic LSIs has been
scaled down to the 5-nm technology node [1], [2]. Although
nano-sheet and fork-sheet devices have been recently
proposed beyond 5 nm, they need thin channels in several-
nanometer size, in which a scattering is required to be
controlled to enhance a mobility [3]. With respect to the
silicon (Si), it has been reported that the mobility decreases
with a decrease in the channel thickness due to an increase in
the scattering effect by the dangling bonds at Si surface. In
contrast, a tungsten disulfide (WS,) film among a transition
metal di-chalcogenide (TMDC) has an atomically thin 2D
structure without dangling bond, resulting in high mobility.

A calculated high mobility has been reported to be more
than 1,000 cm?V~1's~! for a mono layer [4]. Therefore,
WS, films as well as films of other TMDCs are expected to
be applicable not only to advanced LSIs but also to energy
harvesters, displays and sensors [5]-[11].

To obtain an atomically thin WS, film with a large area
for such applications, the chemical vapor deposition (CVD)
method has been investigated, in which a WS, film on a
300 mm wafer has been reported [12], [13]. However, this
requires a transfer technique to obtain the WS, film onto Si
substrates, which raises concerns about contamination due
to residues during transfer. To avoid unexpected difficulties
and to realize large films, sputtering under ultra-high vacuum
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(UHV) has been proposed as a physical vapor deposition
(PVD) technique [14], [15].

Previously, a combination of sputtering and sulfur vapor
annealing (SVA) was used to realize layered-polycrystalline
TMDC films with a low carrier density, large area and
uniform thickness [16]-[18], resulting in normally off
MoS, nMISFETs [19] and ZrS, ambipolar-MISFETs [20].
Compared to MoS, and ZrS, films, the WS, has the advan-
tages of a higher calculated mobility than MoS, film and
lower mass anisotropy than ZrS, film. Recently, we fabri-
cated a WS, film by PVD and demonstrated its pMISFET
consisting of TiN/HfO, top-gate stack, TiN bottom contact,
and ultra-thin body and box (UTBB) technologies [21].

In this paper, the characteristics of both a WS, film and
the pMISFETs are discussed in detail.

Il. EXPERIMENTAL METHODS

A. Ws, FILM FORMATION

A base material of silicon dioxide (SiO,) with a 400-nm
thickness on a Si substrate was cleaned by a piranha solu-
tion. A WS, film was formed on the substrate by using an
UHYV radio frequency (RF) magnetron sputtering tool hav-
ing a 99.99% purity WS, target (Matsurf Technologies Inc.)
with a power of 80 W. Here, a WS, film was deposited
for a deposition time of 160 seconds for transmission elec-
tron microscopy (TEM). For other physical measurements,
2.5-nm-WS, films were deposited for a deposition time
of 60 seconds based on a deposition rate calculated from
the TEM results. The distance between the target and the
substrate was 150 mm, and sputtering was performed at a
substrate temperature of 300°C under an argon pressure of
0.55 Pa. The WS, film was annealed at 700°C using sulfur
(S) under 100 Pa for 60 min [16].

The atomic-scale structure of the WS, film was observed
using TEM with an accelerating voltage of 200 keV. An
X-ray diffraction (XRD) analysis was performed using a Cu
K, X-ray source operated at 45 kV and 200 mA. Atomic
force microscopy (AFM) was performed in the dynamic
force microscopy (DFM) mode. The Raman spectroscopy
was performed using the laser with a wavelength of 532 nm,
and a pseudo-Voigt function was used to describe the Raman
spectrum of the WS, film. An X-ray photoelectron spec-
troscopy (XPS) was performed by an Al K, X-ray source,
and spectral fitting was also carried out using the pseudo-
Voigt function. The composition ratio of the WS, film is
defined as follows:

A;/RSF;

Ci= 270
' XjAj/RSF;

(1)
where C;, A; and RSF; are the composition ratio, peak area
and relative sensitivity factor of the atom i, respectively. To
obtain the Arrhenius plots of resistivity for WS, films with
and without SVA, the Van der Pauw measurements were per-
formed for WS,/Si0,/Si samples with TiN bottom contacts
in 1 cm x 1 cm area. Bottom electrodes with titanium-
nitride (TiN) film with a thickness of 50 nm were formed
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FIGURE 1. Cross-sectional TEM image of WS, film sputtered at 80 W using
SVA directly on SiO,/Si substrate.

by sputtering and wet etching with an ammonia-hydrogen
peroxide mixture (APM) with photo resist. After substrate
cleaning using acetone and ethanol, 2.5-nm-WS, films were
formed for a deposition time of 60 seconds.

B. WS2 MISFET WITH TIN/HFOZ-GATE, TIN CONTACT &
UTBB

TiN source and drain (S/D) electrodes with a thickness
of 50 nm were fabricated on 87—nm-Si02/p+-Si substrate,
which is suitable for UTBB and silicon on thin BOX
(SOTB) [22], [23]. A 2.5-nm-WS, film was formed by sput-
tering for 60 seconds and SVA. A 17-nm-HfO, gate insulator
was deposited by an atomic-layer deposition (ALD) at 300°C
with tetrakis(dimethyl)-aminohafnium (TDMAH) and H,O
precursors. Here, ALD-insulator films on the TMDC film
deposited by the magnetron sputtering have good cover-
age even without any functionalization at the surface of the
TMDC film, because there are appropriately active sites at
grain boundaries of the surface. [19], [24]. A 60-nm-SiN
sidewall was formed by lift-off, just after active area def-
inition with lithography and etching. A top gate electrode
with an 80-nm-TiN film and contact metals with 40-nm-TiN
films were formed with sputtering and lift-off, respectively.
Finally, an SiO, film on the backside of the substrate was
etched with buffered hydrogen fluoride (BHF).

1Il. RESULTS AND DISCUSSION

A. WS, FILM BY SPUTTERING AND SVA

From a cross-sectional TEM image of the WS, film formed
by sputtering and SVA shown in Fig. 1, a layered structure
parallel to the SiO, surface is confirmed. In addition, an out-
of-plane XRD pattern is shown in Fig. 2. (002) plane peaks
in WS, films with and without SVA are observed, which
indicate that layered WS, film was formed during the sput-
tering process. A lattice constant with the (002) plane from
the diffraction peak was changed from 0.67 to 0.64 nm dur-
ing the SVA. It is speculated that this is because of a sulfur
compensation by the SVA. To examine the morphology and
roughness of the film surfaces, AFM images after PVD and
SVA are shown in Figs. 3(a) and (b), respectively. Although
some residues on the film are found after SVA due to the
residual S which may be formed by cooling of the vaporized
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FIGURE 2. XRD patterns of WS, films at 80 W with and without SVA. (002)
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FIGURE 3. AFM images of WS, films at 80 W after (a) PVD and (b) SVA.
Root mean square values of roughness are 0.40 and 0.64 nm, respectively.

sulfur, a smooth surfaces are observed with the root mean
square (RMS) values of 0.40 and 0.64 nm after PVD and
SVA, respectively. Moreover, this residue is removed during
an early stage of the following ALD process at 300°C under
low pressure.

To confirm improvement of crystallinity by SVA, the
Raman spectra are shown in Fig. 4. Three peaks are con-
firmed and their intensities are significantly enhanced by
SVA. Here, these peaks include Eég mode as the in-plane
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FIGURE 4. Raman spectra of WS, films at 80 W with and without SVA.
Peak intensities are significantly enhanced by SVA.

vibration of W-S, A1, mode as the out-of-plane vibration of
S and a second-order Raman resonance involving the lon-
gitudinal acoustic phonons (2LA(M)). It is speculated that
S-vacancies in the WS, film are compensated by SVA.

To investigate the differences in the chemical composi-
tion ratio of the films between before and after SVA, XPS
analyses were performed as shown in Fig. 5. In Fig. 5(a),
the W 4f peaks are found consisting of W-S and also W-O
bonding as which the PVD WS, film can be oxidized due to
an exposure in the air. In Fig. 5(b), the S 2p peaks are found
consisting of S-W and also S-S bonding. The S/W composi-
tion ratio in the WS, film calculated from the W-S and S-W
peak areas increased from 1.60 to 1.94 because of the SVA.
Therefore, it is considered that the S vacancies in the film
are effectively compensated. In addition, shifts in binding
energy peaks of W 4f7,, and S 2p3,, toward the negative
direction were observed after SVA. It has been reported that
sulfur vacancies in the WS, film induce a shift of the Fermi
level toward the conduction band minimum, because of an
n-type doping effect from a theoretical calculation [25]. In
addition, from experimental results, shifts in binding energy
peaks of W 4f7,, and S 2p3/; in the same direction have
been confirmed [26], [27]. Therefore, our result indicates that
the Fermi level shifts away from the conduction band mini-
mum, which is consistent with the S vacancies compensation
because it reduces the carrier electrons.

To discuss the difference in the electrical characteristics
of the film with and without SVA, Arrhenius plots of resis-
tivity are shown in Fig. 6. Here, resistivity values at above
200 K and 90 K with and without SVA were respectively
selected because of the Ohmic /-V characteristics rather than
the Schottky ones. The resistivities in both films decrease
with an increase in temperature, clearly demonstrating semi-
conducting characteristics. It is modeled using the thermally
activated transport equation [28]-[30]:

SR S ex(E“> 2
L= T anu@) ~ oo P\t
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FIGURE 5. XPS spectra of (a) W 4f and (b) S 2p in PVD WS, films at 80 W

with and without SVA. The black dotted and solid lines represent
measured and fitted spectra, respectively.
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FIGURE 6. Arrhenius plots of resistivity in WS, films with and without SVA.

where E,, kp, and o are the activation energy, the Boltzmann
constant, and a pre-factor depending on the temperature,
respectively. The activation energy increases from 40 to
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FIGURE 7. Cross-sectional schematic diagram of top-gate WS, MISFET
with UTBB.
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FIGURE 8. Optical top view of WS, MISFET array, where channel length
and width are varied.

169 meV because of SVA. It is concerned that the low
activation-energy and resistivity of the film without SVA
are attributed to high density of S vacancies, which induces
n-type carrier generation [25]. S compensation because of
SVA successfully performed the Fermi level shift away
from the conduction band minimum. This consideration is
consistent with the discussion on the XPS results.

B. WS, pMISFETS

A cross-sectional schematic illustration of a fabricated WS,
MISFET and a top optical image of the FET array are shown
in Figs. 7 and 8, respectively. The WS, channel is contacted
with the bottom TiN S/D metals with an overlap of 5 pum.
An RMS value of 1.7 nm was confirmed at a surface of
HfO,/WS, film from the AFM, which is the similar value
with that in previous reports [19], [24].

To confirm the dielectric properties of the top-HfO, and
the bottom-SiO, films, the 1y, I, I,, and Iy, values as a
function of Vg are compared, whose characteristics were
measured in the WS, pMISFET with L., = 10 ym and W,
= 80 ym at V4o = — 1.0 V (Fig. 9). I, and I, values
are about three-order smaller than the I; one. Therefore,
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FIGURE 9. I4-, Is-, Ig- and Isup=Vgs characteristics of WS, pMISFET with
Lep, of 10 um and Wy, of 80 pm at a Vg value of —1.0 V. Ig and I,
values are effectively reduced.
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FIGURE 10. I4-Vgs characteristics of WS, pMISFET with L, of 10 pm and
Wy, of 80 um at Vg values of —0.05 and —1.0 V. P-type characteristics are
successfully observed.

the top-HfO, and bottom-SiO, films of the device show
understandable behavior as an insulator.

In order to evaluate the drive current and operation type
of the FET, I;—V,, characteristics at Vy; values of —0.05 and
—1.0 V in Fig. 10 are confirmed. Although a SS value is
comparatively larger than expected due to a leakage current
at larger negative V; values, p-type characteristics are obvi-
ously observed. Here, interface-characteristics at HfO,/WS,
and WS,/SiO, are required to be improved to enhance the
SS value. Additionally, Fig. 11 shows the variation in /;—V
characteristics for several W,. Here, threshold voltage, Vi,
values are extracted by an intercept of an extrapolated
straight line along the maximum slope of the g,,—V; curve,
described below, to the Vg-axis. I; values normalized by
W, show only a small difference in the off state at higher
positive Vs values, indicating that the leakage current at
the channel width edges is negligible because of success-
ful passivation through encapsulation with the SiN sidewall
film for the WS, film. The I;—Vy; characteristics, shown in
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FIGURE 11. I4-Vgs characteristics of WS, pMISFET with L., of 20 pm and
W, of 80, 120 and 160 um at a Vg value of — 1.0 V and Vg, value of 0 V.
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FIGURE 12. I4-Vg4g characteristics of WS, pMISFET with L., of 10 p.m and
Wy, of 80 um. Values of Vgs — Vg, were varied from 0.31 to —3.69 V.
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FIGURE 13. Band diagrams under different gate and drain voltages with
Schottky-barrier FET model for WS, channel.

Fig. 12, indicate that gate voltage modulation is successfully
performed.

P-type transfer characteristics, as discussed above, can
be explained by the Schottky-barrier FET model [31], as
shown in Fig. 13. We assume that a high work function of
approximately 4.7 eV in TiN contacts is relatively closer to
the valence band maximum of the WS, film rather than the
conduction band minimum [32]. In addition, the Fermi level
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in the WS, film is located below the intrinsic level because of
the improvement in crystallinity through the S compensation
using SVA. Under these discussions, holes contribute to the
current at a negative Vg, because of the thinner Schottky
barrier, rather than electrons.

Finally, to evaluate the intrinsic drivability of holes in
FETs, the parasitic resistance R,y and effective channel
length L.y are extracted by the Terada method [33], based
on the dependence of resistance on the L., value, as shown
in Fig. 14. An R,y value of 0.32 GQum and a 2AL value
of 3.5 um were calculated from L,y = L., — 2AL. The
&m — Vg5 characteristics normalized by L.y and W, with-
out parasitic resistance are shown in Fig. 15. The field effect
mobility wpg is calculated using the abovementioned g, val-
ues. Fig. 16 shows a histogram of upg for 50 devices with
L.y, ranging from 5 to 50 um and W, ranging from 80 to
160 um. A maximum g value of 1.5x 1072 cm?V~1s~! is
successfully obtained and log-normal distribution was suit-
able for this histogram. The WS, films in this paper have
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FIGURE 16. Histogram of field effect mobilities in WS, pMISFETs. Black
curve shows the log-normal distribution.

small grain sizes and, thus, many grain boundary, which
make carriers mean free path shorten. Therefore, the elec-
trical performance can be further enhanced by enlarging the
grain size and controlling the process conditions.

IV. CONCLUSION

WS, pMISFETs formed by sputtering and SVA were suc-
cessfully demonstrated. An atomic layered (002)-oriented
WS, film was formed parallel to the surface of a substrate by
the UHV RF magnetron sputtering. The crystallinity of the
film was drastically enhanced by the SVA through compensa-
tion of S vacancies. A WS, pMISFET array was successfully
realized by TiN/HfO, top-gate stack, TiN contact and UTBB
technologies. A maximum prg of 1.5 x 1072 em?vV—ls~!
and the log-normal distribution for 50 devices were obtained.
The PVD process is a promising candidate for pMOSFETSs
in CMOS circuits beyond the 5-nm technology node.
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