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86 mV/dec subthreshold swing of back-gated MoS, FET on SiO,
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Abstract: Back-gated (BG) Multi-layer MoS, field effect transistors ( FETs) have been fabricated on SiO,/Si
(P*"") substrate and electrically characterized. By optimizing the fabrication process and scaling down the SiO,
thickness to 10 nm, the device exhibit excellent switching performance with a subthreshold swing of 86 mV/dec and
an I, /I, ratio ~107. The little hysteresis and small SS jointly suggest tiny magnitude of interface traps or attached
oxidants. The noise current induced by gate leakage can affect the measured switch ratio by overwhelming the effec-
tive I, current defined by V5. According to the behaviors of MoS, FETs expressed by this work and others’ , BG

devices with SiO, insulator present good performance and valuable potentials underutilized for rich applications.
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Introduction

Molybdenum disulfide (MoS,), as a layered mate-
rial with atomic thickness and proper bandgap (1.2 eV
for multilayers and 1.8 eV for monolayer) ‘7 has attrac-
ted considerable attention for the possibility to extend
Moore’ s law in coming decades >’ . MosS, is also a po-

tential 2D semiconductor for hio-sensor'*’

[5 [6-7]

, optical de-
vices'”" and flexible circuits'®”'. While monolayer MoS,
with a thickness of 0.65 nm"® shows good availability in
nanoscale devices and optical applications, multi-layer
MoS, with a certain thickness exhibits higher mobility
and better immunity to circumstance-induced scatter-
ings'””. In early studies, thermally grown SiO, with a
thickness of 300 nm, which is in purple color, was
proved a good substrate for spotting the layer number of a
MoS, membrane exfoliated on it'""’. Thus the following
researchers usually choose 300-nm SiO, as the dielectric
in fabricating BG mono/multi-layer MoS, FETs! '

study the electrical characteristics of MoS, in different

to

applications. Nevertheless, SiO, has not been chosen as
the top gate oxide when preparing top-gated (TG) FETs
with sandwiched MoS, membranes, but high-k dielectric
instead. Such device with single-layer MoS, surrounded

by SiO, and HfO, has exhibited a high I, /I , ratio ~10°

and a very low SS at 74 mV/decade'”’, which agrees
with the theoretical prediction that high-k surroundings
could effectively screen the coulomb scattering from traps
near the conducting channel "', As contrast, SiO,-based

MoS, devices are seemingly overmatched by a landslide

when referring to subthreshold swing (SS) """ car-

rier mobility'"™® and on-state current''’. However, most
comparisons above took place between TG/BG devices
with thin high-k insulators and BG devices with thick
Si0, insulator, and the latter ones’ MoS, channels are u-
sually exposed to ambient environment. It’s not fair to i-
deologically assume a poor outlook of SiO,-based devices
if the following points are noticed; i) SS closely relate
with the equivalent oxide thickness (EOT) , ii) coulomb
scattering in Si0, circumstance will be decreased when
increasing the MoS, layer number, iii) foreign impurities
from the ambient will severely suppress the device’ s per-
formance. Actually, a recent research predicted that
high-k dielectrics can increase the electron mobility of a
2D semiconductor only when the impurity density is very
high, while clean samples surrounded by low-k materials
such as SiO, show a much higher electron mobility than
in high-k conditions'®’. Thus, comprehensive consider-
ation should be made for MoS, devices in specific cir-
cumstances.

Compared with preparing high-k dielectric by ALD
(atomic layer deposition) or sol-gel method, it is easier
to get a high-quality SiO, layer with a uniform thickness
by thermal growth. SiO, with a stronger breakdown elec-
tric field than that of high-k materials is suitable for high
performance BG devices that widely used in bio-chemical
sensors, optical detectors and other related researches,

especially when the electrode pads are overlapped by the
back gate, which increases the risk of dielectric break-
down and induces a non-negligible gate leakage.

In this work, BG MoS, FETs with SiO, dielectric of
different thicknesses were fabricated. The device with a
thin SiO, layer (10 nm) performs as well as some repor-
ted devices with high-k oxide. An I, /I ; ratio ~10" and
a minimum SS at 86 mV/dec were achieved. It is the
best SS value to our knowledge among those SiO,-based
BG MoS, FETs.

1 Device fabrication

Si0, layers of different thicknesses (10, 20, 30,
50, 100, 200 and 300 nm) were thermally grown on
p" " doped silicon wafers (p < 0.001 Q + cm) , and fur-
ther confirmed by a SC620 ellipsometer. All the SiO,
surfaces were treated by O, plasma for 5 mins to improve
the surface adhesive force, and followed by mechanical
exfoliation of MoS, films with a scotch tape. To get rid of
the residual organic pollutant from the tape, we dipped
the wafer in Acetone for 10 mins and in alcohol for
Smins. Considering that the source/drain metal with a
low work function ( WF) promotes small schottky barri-
ers'” | we chose a 200 nm aluminum (WF ~4.2 eV)
layer deposited by EBE ( electron-beam evaporation) as
the contact metal to the MoS, membrane. Next, 200°C
annealing in a forming gas for 2 hours was carried to fur-
ther lower the contact barrier'>"

MoS,

Etchant— 7

Mask
Al
MoS,
SiO,
Si(P™)

Fig.1 (a) Fabrication processes of the BG multi-layer
MoS, FETs. (b) Schematic of the finished chip
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As shown in Fig. 1 (a), MoS, sheets of different
shapes and thicknesses are randomly distributed on the
Si0, surface. To expediently fabricate as many devices as
possible, we designed a mask with thousands densely ar-
ranged square pads. According to the Buffon’ s needle
experiment, a MoS, “needle” with several-microns scale
will have a good possibility to be contacted by two Al
pads. All the pads with 70-pum side lengths are separated
by 3-pm-long channels. And all the pads were defined
by ultra-violet lithography technology. Considering the
MoS, films attached to the SiO, surface by Van der Waals
force are easily to be washed away in a lift-off process, a
mixed solution (10% DI water +5% nitric acid +5%
acetic acid +80% phosphoric acid) was chosen to uni-
formly etch the Al metal that coated on the channel area.
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As displayed in Fig. 1 (b), devices with properly posi-
tioned MoS, sheets were selected with a Leica micro-
scope. The thicknesses of these membranes were meas-
ured by a BRUKER AFM. In order to decrease the atta-
ched impurities'™?! | all the devices were placed in a
vacuum chamber (10™ mbar) for more than 24 hours be-
fore electrical characterization. The electrical tests with
Agilent B1505 were finished in one hour after the chips’
exposure to the ambient environment.

2 Results and discussion

Device with 11. 17 nm ( ~ 17 layer) MoS, shown
in Fig. 1 (a) was fabricated with a 10 nm SiO, layer.
Figure 2 (b) displays the device’ s transfer characteris-
tics with an I,n/I ; ratio ~ 107, a carrier mobility at 24.
5cm’/V « s and a SS at 86 mV/dec. It is the best SS
value to our knowledge among the reported SiO,-based

BG devices''? '* **%!  The testing process in Fig. 2(b)
was carried in a dark chamber at =300 K, in a step of
0.05 V. The blue triangle shows the ideal SS slope. The
interface state density (D, ) can be estimated by the fol-

lowing equation'*’

SS = ’LThl(m) x (1 +M) . (D)

q Cox
where k is the Boltzmann constant, T is the characteriza-
tion temperature in Kelvin, Cy is the depletion capaci-

tance of MoS,, C, is the MoS,/Si0O, interface state capaci-
tance, and C,, is the gate capacitance at 3.45 x 107 F/
em’ (10 nm Si0,). When V is near to the threshold volt-
age, C_ can be neglected compared with C,. Thus, we
can further get the effective interface state density by "

D = C, ~ qSS 1) x Cox (2)
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Fig.2 (a) The optical image of the BG MoS, FET and a
thickness scan along the dash line across the MoS, sheet. (b)
Transfer characteristics, (¢) Output characteristics, (d) The de-
tails of I,4-V,, curves across the point of V, =0 V
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The interface state density D, is calculated to be 9.55 x
10"/em?
previous works' , as indicating less coulomb
scattering. A field effect mobility of 24.5 cm’/V « s is
extracted using''’ ;
_[d1, L
[dVG max * WCo V) 3
where L/W =0.66, V, =0.1 V. It is a conventional
mobility among Si0,-based BG MoS, devices''® > %',
However, the mobility is yet underestimated due to neg-
lecting the contact resistance, which will be discussed
subsequently.

The output characteristics with fixed back gate volta-
ges were presented in Fig. 2 (¢ ), the current bending
with an increasing V), is induced by the pinch-off in MoS,
channel. Before V|, reaches the pinch-off points, all the
output curves arranged in Fig. 2 (d) are almost linear,
which suggests a good Al/MoS, contact. Nevertheless, a

- eV, which is a relatively low value among the
1,16, 18, 32]

recent research indicates that the seemingly Ohmic con-
tact could be a false appearance of a thermally assisted
tunneling Schottky barrier'”’. According to the Fowler-
Nordheim (FN) tunneling current function as described
in Ref. [31], both the tunneling intensity and the re-
sistance of Schottky barrier are V,, dependent. We can
briefly express the contact resistance as R, = R, + R_,
where R, is the total resistance of the Metal/MoS, con-
tacts, R,
R_ is the temperature/voltage dependent Schottky barrier
resistance.

In a typical two-probe mobility measurement, the
voltage dropping across the channel region will be overra-

ted at the presence of R,. By assuming that R_ varies lit-

tle when the device is overdriven'*’, the Y-function

method developed by Ref. [34] and verified by Ref.
[35] was applied to obtain the R,. The resistance in-
duced by source/drain contacts is extracted as 41.5 k(},
or 221.2 Q - mm. It is a relatively smaller value when
compared with that of Refs. [36-38] , but obviously
higher than that of Refs. [19, 39], which suggest that
the device’ s performance could be further improved by a
forward decrease of R,. Relevant researches have been
developed by Refs. [19, 21, 4042 ]. Finally, a modi-
fied mobility of 42. 3 em’/V - s is deduced, 72. 7%
higher than the primary value calculated through the typi-
cal method.

For most BG MoS, FETS with their channel exposed
to the ambient environment, hysteresis is commonly exist
when taking two-direction gate sweeps. The hysteresis is
mainly induced by the trapping and de-trapping processes
dominated by the channel potential ®’. As exhibited in
Fig.3 (a), traps not only exist at the MoS,/SiO, inter-
face'”’ | but also forms at the upper face of the MoS,
membrane with attached H,0, O, and other impurity

is the voltage independent Ohmic resistance,

molecules by Van der Waals force or electrostatic
force'*!. For devices fabricated in a rather clean envi-
ronment, the hysteresis during tests is mainly induced by
the foreign impurities from the ambient''®’ . Interestingly
the dynamic balance of the absorption magnitude can be

changed by the applied gate voliage'®’. Both the atta-
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ched molecules and the interface traps act as an adjusta-
ble capacitance in series with the channel region and gate
dielectric, thus bringing a shift to the transfer curves.
The magnitude of voltage shift corresponds to the amount
of traps. As presented in Fig.3(b) ,the hysteresis width
is0.13 Vat Vs, =0.1 V, and expands as 0. 17 V at V4
=0.5 V, where the device is measured in a dark cham-
ber at 300 K, and the relative humidity is controlled un-
der 30% '**). The small hysteresis''®* ***/ of our de-
vice indicates a mild influence induced by the trap-
formed ‘capacitance’. The expand of the hysteresis win-
dow at Vs =0.5 V might be jointly induced by the resid-
ual attachment from the 0.1 V test and an enhanced ab-
sorption of impurities in the 0.5 V test due to stronger e-
lectron current in MoS,.

To eliminate the impurities attached to MoS, mem-
brane, one can simply apply a negative voltage stress to
the device, which would decrease the ‘doping level’ in
MoS, , therefore less polar molecules (water) or electro-
philic molecules will keep sticking in the 2D MoS, lay-
ers P10 A dryer atmosphere[m or a vacuum testing envi-
ronment also works in decreasing the hysteresis. Vacuum
annealing would remove the foreign matter more thor-

oughly'*'. However, as long as the MoS, channel is ex-

posed to ambient, the device’ s performance will be se-
verely suppressed. It is better to coat a passivation layer
or high-reduction-potential molecules over the channel
region[ - 16461

The gate induced drain noise ( GIDN) was also
taken into consideration. As shown in Fig. 4 (a), G
stands for the conductance of each branch circuit. The
adjustable resistances of the MoS, channel in Fig. 4 (a)
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Fig.4 (a) A simple circuit model of the gate leakage
paths, (b) Gate leakage current in two sweep directions
(black for forward and gray for backward) and the linear fit-
ted curve, (¢) Part of the drain current signal is swallowed
by the gate induced noise at the off-state region
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are the sums of the S/D contact resistances and the chan-
nel resistance. Most gate leakage in our device is in-
duced by the overlap among two Al metal pads (70 pm
x 70 wm) and the back gate. Considering the small area
and high resistance of the MoS, sheet, the current be-
tween MoS, channel and back gate can be neglected. As
displayed in Fig. 4 (b), I, reaches ~10" A at the start
points of the forward sweep. It is induced by a foreign
pulse from the parasitic capacitance of the test system.
Interestingly, a tiny hysteresis is also observed in the
gate leakage of two directions, which could be a conse-
quence of the altered tunneling conditions induced by
71 However, the fitted
linear curve calculated from the two-direction Iy, current
rightly goes through the point (0.05 V, 0 A), where I,
(the branch current from drain to backgate) compensates
I (the branch current from backgate to source). It will

trap movement in the SiO, layer

help us to confirm the circuit model in Fig. 4 (a) (as-
suming Ry, = R, Rscand Ry are the resistances be-
tween source/drain pad and backgate). Thus we can get
a gate leakage density of 4. 12 nA/cm” under a 2 x 10°
V/m field, which suggests a good quality of the dielec-
tric ™ ¥ We can further get the GIDN (/,,,x) by
Vs B VBG VB(;

IGIDN - IB(; - Rsc - Rsc - IBG ’ <4)
I ;py In two directions are presented in Fig. 4 (c¢), and
the extended dash lines present the I, signal of practical
situation. The I, /I ; ratio of our device is seemingly de-
creased by two orders. The gate leakage shrinks with less
overlap area, thus the switch ratio will be further im-
proved.

To further verify the influence of the dielectric
thickness on the BG devices, devices with SiO, layers of
different thicknesses were fabricated and characterized.
The thicknesses of MoS, membranes vary from 5 nm to 35
nm. As presented in Fig. 5(a), SS degrades with in-
creasing Si0, thickness. To intuitively make a compari-
son among the transfer curves, all the curves are rear-
ranged by properly setting the V , values. The extracted
SS values from this work and other literatures
(( Si0, )20 m20.5080 ( ALO, )T 16
(HfO, )™ >3 and (HITIO) ™' ) are together dis-
played in Fig. 5(b). All the devices included are BG
Multi-layer (3 ~50 nm) MoS, FETs with their channel
exposed to the ambient. In Fig.5(b) , three fitted curves
are extracted from Eq. 2, where C_ is assumed negligible
and D, values are set as 3 x 10", 2 x 10" and 8 x 10"
em” - eV'. Given Eq. 1 and the assumption that Cj is
negligible, we can simply deduce that;

SS o (1 +A-D, - Ty) , (5)
where Ty is the thickness of the SiO, layer, A is con-
stant coefficient. Thus the SS of a BG MoS, FET is main-
ly determined by the interface trap density and EOT.
During a wide D, range from 3 x 10" to 8 x 10" ¢m™ -
eV"', a trend is observed in Fig. 5(b) that the SS value
decreases when EOT becomes thinner. Interestingly, no
obvious evidence is shown here that the D, of MoS,/Si0O,
interface is larger than that of MoS,/high-k dielectric in-
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Fig.5 (a) Transfer characteristics of BG ML-MoS, devices
with different thickness of SiO, insulator, (b) SS as a func-
tion of EOT with different dielectric, (¢) The mobility of BG
MoS, devices with different dielectric
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terface. Ref. [54 ] concludes that the distribution of D,
and the peak of D, at native MoS, MOS interfaces are not
strongly dependent on the gate dielectrics. Since the atta-
ched impurities will introduce a hysteresis to the BG de-
vices, the D, calculated here is probably a sum of inter-
face traps and channel attachments. Further studies
should be developed to research the impact on SS brought
by ambient impurities. In summary, the SS of a SiO,-
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based BG device is possible to be properly shrunk.
Meanwhile, the mobility values of BG devices based
on different dielectric have been displayed in Fig.5(c¢) ,
mobility values are from this work and Refs. [5, 13,
16, 18-19, 23, 28-29, 39, 50-51, 56 ] (Si0,), Refs.
[7, 16, 52-54, 57] (Al,0,), Refs. [18, 52, 55]
(HfO,), Ref. [32](HfTiO), Ref. [58]( VDF-TrFE)
and Ref. [59] (PZT). All the mobility values are ex-
tracted through a two-probe test, using Eq. 3. No obvi-
ous relationship was observed between EOT and mobili-
ty. Surprisingly, the mobility values of BG MoS, FETSs
based on high-k dielectric are not distinctly higher than
those of SiO,-based devices, which is contrary to the pre-
vious results'"™®'. Generally, the contact resistance and
the scattering rate are critical to a device’ s characteris-
tics. Compared with the performance of devices based on
low-k dielectrics, a mobility of 184 e¢cm>/V - s (SiO,)
was reached by Ref. [ 19], owing to a rather small con-
tact resistance and extremely low Schottky barrier. An
average mobility of 305 em’/V « s (Si0,) was observed
in Ref. [ 13 ], where a four-probe test system was ap-
plied, thus the negative influence of contact resistance
was eliminated. Both results above present a promising
outlook for Si0,-based MoS, FETs. For devices charac-
terized by a two-probe testing system, Y-function method
is proved effectively in extracting the real field effect
mobility'®’. In the past works, the low tested mobilities
of devices based on SiO, are probably suppressed by high
level of impurities and poor metal/MoS, contacts. As

predicted in Ref. [20], MoS, devices based on low-k di-

electrics may perform better than those based on high-k
dielectrics at room temperature, as long as the impurity
level is reduced so that surface optical phonon scattering
set the upper limit of carrier mobility.

In addition, devices with MoS, and ferroelectrics di-
electrics have emerged recently. They have good poten-
tial in non-volatile memory and negative-capacitance
transistors. The mobilitis versus different dielectrics
( VDF-TrFE and PZT) are displayed in Fig. 5(c¢). Due
to the domain switching in ferroelectric membrane, mem-
ory windows are formed with transfer curves in two direc-
tions going anticlockwise' ™ | thus two maximum mobil-
ity values can be extracted within one device. As presen-
ted in Ref. [59], these two mobility values differ greatly
due to the change of ferroelectric polarization direction.
While Ref. [ 58] only presents the higher mobility value,
leaving the smaller one unknown.

3 Conclusion

In summary, back-gated multi-layer MoS, FETs
based on different-thickness SiO, substrates have been
fabricated and characterized. With the SiO, thickness
scaling down to 10 nm, a minimum SS at 86 mV/dec has
been achieved. As far as we know, it is the best SS val-
ue among the reported Si0O,-based BG devices. A mild
hysteresis is observed in two direction sweeps, and it is
mainly induced by the absorption/desorption process of
impurities. The gate leakage of our device is very small,
which suggests good electrical quality of the SiO, layer.

When I, reaches ~10™ A, the drain current signal is o-
verwhelmed by GIDN, thus the switch ratio is underesti-
mated. Smaller overlap area between Al pad and back
gate will help to decrease GIDN. The SS and mobility are
contrastively analyzed among the BG MoS, devices based
EOT shows
a stronger influence on SS. More important, no evidence
is observed that high-k dielectric is necessary in boosting
the carrier mobility. The first thing before dielectric ap-
plication in a MoS, FET is to consider the trade-off be-
tween impurity level and surface optical scattering. As
discussed in this work, the MoS,/Si0O, system shows un-
developed potentials for further exploration.

on different oxide layers. Compared with D,

iy
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