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threshold voltage

Abstract

Molybdenum disulphide (MoS,) is currently regarded as a promising material for the next generation of electronic and optoelec-
tronic devices. However, several issues need to be addressed to fully exploit its potential for field effect transistor (FET) applica-
tions. In this context, the contact resistance, Rc, associated with the Schottky barrier between source/drain metals and MoS; cur-
rently represents one of the main limiting factors for suitable device performance. Furthermore, to gain a deeper understanding of
MoS, FETs under practical operating conditions, it is necessary to investigate the temperature dependence of the main electrical pa-
rameters, such as the field effect mobility (i) and the threshold voltage (V). This paper reports a detailed electrical characteriza-
tion of back-gated multilayer MoS, transistors with Ni source/drain contacts at temperatures from 7'= 298 to 373 K, i.e., the ex-
pected range for transistor operation in circuits/systems, considering heating effects due to inefficient power dissipation. From the
analysis of the transfer characteristics (/p—Vg) in the subthreshold regime, the Schottky barrier height (dg = 0.18 eV) associated
with the Ni/MoS; contact was evaluated. The resulting contact resistance in the on-state (electron accumulation in the channel) was
also determined and it was found to increase with T as R proportional to 73-!. The contribution of R¢ to the extraction of p and Vy,
was evaluated, showing a more than 10% underestimation of p when the effect of R¢ is neglected, whereas the effect on Vy, is less
significant. The temperature dependence of p and Vy, was also investigated. A decrease of p proportional to 1/7* with o = 1.4 £ 0.3
was found, indicating scattering by optical phonons as the main limiting mechanism for mobility above room temperature. The
value of Vy, showed a large negative shift (about 6 V) increasing the temperature from 298 to 373 K, which was explained in terms

of electron trapping at MoS,/SiO, interface states.
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Introduction

Transition metal dichalcogenides (TMDs) are compound mate-
rials formed by the Van der Waals stacking of MX, layers
(where M = Mo, W, etc., i.e., a transition metal, and X = S, Se,
Te, i.c., a chalcogen atom). Among the large number of existing
layered materials [1], TMDs are currently attracting increasing
scientific interest due to some distinct properties, such as the
presence of a sizable bandgap in their band structure. As an ex-
ample, MoS; (the most studied among TMDs due to its high
abundance in nature and relatively high stability under ambient
conditions) exhibits an indirect bandgap of ~1.3 eV in the case
of few layers and bulk material and a direct bandgap of 1.8 eV
in the case of a single layer. These properties make MoS, an
interesting material for the next generation of electronics and
optoelectronics devices [2]. As an example, field effect transis-
tors with very interesting performance in terms of the on/off
current ratio (10°—108) and low subthreshold swing (=70 meV/
decade) have been demonstrated using single [3] and multi-
layers of MoS; [4].

MoS; thin films, obtained either by cleavage from the bulk ma-
terial or by chemical vapor deposition, are typically uninten-
tionally n-type doped. Since well-assessed methods for doping
enrichment of MoS; under source/drain contacts are still
lacking, MoS, transistors are mostly fabricated by deposition of
metals directly on the unintentionally doped material, resulting
in the formation of Schottky contacts. Experimental investiga-
tions showed that both low work function (e.g., Sc, Ti) and high
work function (e.g., Ni, Pt) metals mostly exhibit a Fermi level
pinning close to the conduction band of MoS, [5], resulting in a
Schottky barrier height (SBH) for electrons typically ranging
from 0.1 to 0.3 eV. The origin of this Fermi level pinning is cur-
rently a matter of investigation and a crucial role seems to be
played by nanoscale defects/inhomogeneities at the metal/MoS;
interface [6,7].

The presence of this small but not negligible Schottky barrier at
source/drain contacts certainly has a strong impact on the elec-
trical characteristics of MoS, transistors in the subthreshold
regime [5]. In addition, the resulting source/drain contact resis-
tance, R, can also have a significant influence on the electrical
properties of the device in the on-state, i.e., above the threshold
voltage (V). In particular, Rc is expected to affect, to some
extent, the values of V, and of the field effect mobility p
extracted from the transfer characteristics (drain current, Ip_vs
gate bias, V) of the device and of the on-resistance (Ryp)
extracted from the output characteristics (drain current, I vs
drain bias, V'pg). Clearly, all these parameters (Vy,, 1, and Ryy)
have their own dependence on the temperature, and their combi-
nation results in the device electrical characteristics at a fixed

measurement condition. Hence, to gain a deeper understanding
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of the behavior of MoS; transistors for real applications, a tem-
perature-dependent characterization of the main electrical pa-
rameters under practical operating conditions is mandatory. A
temperature range from room temperature to 400 K is a real-
istic range for device operation in circuits/systems, taking into
account the heating effect they undergo due to inefficient heat
dissipation. However, to date, only a limited number of papers
have focused on the high temperature behavior of MoS, transis-
tors [8,9].

In this paper, we report a detailed temperature dependent inves-
tigation of multilayer MoS, transistors with Ni source/drain
contacts, focusing on the role played by the contact both in the
subthreshold regime and above the threshold voltage. In
contrast to other literature works, mainly focused on the use of
low work function contacts (such as Sc or Ti) to minimize the
effect of contact resistance in n-type MoS, FETs [5], we
focused on a high work function metal such as Ni in this paper
in order to evaluate the impact of Ni/MoS, contact resistance on
the device field effect mobility p and threshold voltage V. The
interest on Ni was also motivated by the recently demonstrated
possibility to achieve MoS, FETs with ambipolar behavior by
performing a temperature-bias annealing processes on
as-deposited Ni contacts [10]. In the following, the temperature
dependence of p, Vy, and R in the range from 298 to 373 K
was determined and the physical mechanisms of these depen-
dences were discussed.

Results and Discussion

Back-gated transistors have been fabricated using multilayer
MoS, flakes (with thickness ranging from =40 to ~50 nm) exfo-
liated from bulk molybdenite crystals onto a highly doped Si
substrate covered with 380 nm thick, thermally grown SiO,.
Such relatively thick MoS, samples have been chosen since it
has been reported that the electrical properties (i, Vy,) of simple
back-gated transistors fabricated with multilayer MoS, are
much less affected by the effect of the external environment
(water/oxygen) [9] with respect to single or few layer devices
[11], for which encapsulation is instead required to achieve
good electrical performance [3].

Furthermore, as reported in the literature, carrier mobility is
only slightly dependent on MoS, thickness for transistors fabri-
cated on ~20 to =70 nm thick flakes, whereas stronger varia-
tions are observed for thinner flakes, with the largest mobility
values obtained for thicknesses ranging from 6 to 12 nm [5].

The experiments discussed in this paper have been carried out

on a set of ten FETs fabricated on the same substrate. For

consistency, the reported temperature-dependent analysis has
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been carried out on one of the transistors from this set of
devices. Figure 1a shows a schematic representation including
an optical image of a MoS, transistor with the SiO,/Si back-
gate and Ni/Au source and drain contacts. An atomic force
microscopy image (Figure 1b) and the corresponding height
linescan (Figure 1c) of the MoS, flake on the SiO, substrate are
also reported, showing ~40 nm flake thickness.

The transfer characteristics (/p—Vg) measured at a low fixed
drain bias (Vpg = 0.1 V) on this device at different tempera-
tures from 298 to 373 K are reported in Figure 2 both on a semi-
logarithmic scale (Figure 2a) and on a linear scale (Figure 2b).
Clearly, the linear scale plot allows the current transport above
the threshold voltage (Vi) to be studied, whereas the semilog
scale plot allows for a better visualization of transport in the
subthreshold regime. In the following two sections, a detailed
analysis of the characteristics in the subthreshold and above-
threshold regime will be reported and the device electrical pa-
rameters will be extracted. In particular, the Ni/MoS, Schottky
barrier height and the flat band voltage (Vgg) will be evaluated
from the temperature-dependent analysis of the subthreshold
Ip—Vg curves, whereas the temperature behavior of Vy, and p
will be obtained from the curves above the threshold.

Subthreshold behavior

The semilog scale Ip—Vg characteristics (Figure 2a) measured
at 298 K exhibit a current variation of more than six orders of
magnitude in the bias range from Vg = —55 V to 0 V. This
current variation is significantly reduced with increasing
the temperature from 298 to 373 K, especially due to the
strong increase of current with the temperature at large nega-
tive bias.

Beilstein J. Nanotechnol. 2017, 8, 254-263.

Figure 2: Semilog scale plot (a) and linear scale plot (b) of the transfer
characteristics (Ip—Vg) measured at a fixed drain bias (Vpg = 0.1 V)
and at different temperatures ranging from 298 to 373 K. (c) Transcon-
ductance (g, = dIp/dV) vs Vg curves at different temperatures calcu-
lated from the Ip—V characteristics in (b).
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Figure 1: (a) Schematic including an optical image of a MoS; transistor with the SiO,/Si backgate and Ni/Au source and drain contacts. (b) Atomic
force microscopy image and (c) the corresponding height linescan of the MoS;, flake on the SiO; substrate.
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This is better highlighted in Figure 3a, where the /p—V charac-
teristics in the gate bias range from —55 to —35 V and at differ-
ent temperatures from 298 to 373 K have been reported. Such
strong dependence of /p on 7 suggests that current transport in
the subthreshold regime is dominated by thermionic current
injection through the reverse biased source/MoS, Schottky con-
tact, according to the relation I oc T2 exp[—qCDB (VG )/kBT]
[5], where ®g(Vg) is the effective Schottky barrier height
(SBH), modulated by the gate bias V. To verify this, for each
Vg an Arrhenius plot of Ip/T? vs 1000/T is reported in
Figure 3b. A nice linear dependence was observed for all the Vg
in the considered bias range. The effective SBH values ®@g, ob-
tained from the slope of the linear fit of the Arrhenius plot in
Figure 3b are reported in Figure 3c as a function of V. The
schematic band diagrams corresponding to the different tran-
sistor operation regimes, i.e., depletion (i), flat band (ii) and
accumulation (iii), are also illustrated in the inserts of Figure 3c.

In the depletion regime (Figure 3c (i)), the applied gate bias in-
duces an upward band bending, y, in MoS, at the interface with
the SiO, gate insulator. The experimentally evaluated SBH is
found to depend linearly on V. This dependence can be fitted
with the relation ®p=®g(Vep)-7(Vg—Ves), where

10°

7

10" 3
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Op(VER) is the effective SBH at the flat band voltage and the
term y = y(VGg—VEg) is the upward band bending. The slope y
indicates the modulation efficiency of ®g by the gate bias. It
depends on the SiO, layer capacitance, Cox = €0€ox/tox ~
9.1 x 107 F/m? (g is the vacuum dielectric constant, g,y = 3.9,
tox = 380 nm, the permittivity and the thickness of the SiO,
film, respectively), on the capacitance of the MoS, depletion
region, Cs, as well as on the capacitance associated with MoS,/
SiO, interface traps, Cj; [5]. In the depletion regime, the current
transport in the transistor is ruled by thermionic emission (TE)
of electrons from the source contact to the channel.

The effective SBH ®y and, hence, the band bending y =
DOp(VG)—Dg(VER) is found to decrease linearly moving toward
positive Vg values. The flat band voltage Vpg corresponds to
the gate bias for which y = 0 (see (ii) in Figure 3b), whereas for
VG > Vg the band bending vy < 0 (see (iii) in Figure 3b), i.c.,
the channel starts to accumulate electrons. In the accumulation
regime, current injection in the channel is ruled by thermionic
field emission (TFE) through the source triangular barrier. The
TFE mechanism yields a reduced effective SBH with respect to
the constant @p value (red dashed line in Figure 3c) that would
be expected if only TE over the barrier would occur. As a guide

0.0~

5 . 50

45
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Figure 3: (a) Semilog scale plot of the transfer characteristics (Ip—Vg) in the subthreshold regime at different temperatures ranging from 298 to 373 K.
(b) Arrhenius plot of /p/T2 vs 1000/T for each gate bias. (c) Effective SBH ®g as a function of V. In the inserts, schematic band diagrams are given
for the transistor operation in different regimes: depletion (i), flat band voltage (ii) and accumulation (jii).
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for the eye, the SBH dependence on V in the accumulation
regime has been fitted with a blue line in Figure 3c. Hence,
Veg = —39.6 V can be experimentally determined as the bias
corresponding to the intercept between the two linear fits [5].
The corresponding SBH value ®g(Vgg) = 0.18 eV represents
the “real” (i.e., gate bias independent) value of the Ni/MoS,
Schottky barrier.

The experimental Vg for the MoS, transistor exhibits a large
negative value, as reported in other literature works [12]. Such a
result has been ascribed to donor-like interface trap states (posi-
tively charged when empty) between the SiO, and MoS,
[13,14]. In order to evaluate the amount of this positive charge
at the interface, it is worth comparing the experimental value
with the one deduced from theoretical expression of the flat
band voltage (Vg iq) of an ideal metal-oxide-semiconductor
field effect transistor (i.e., without fixed or interface charges).
VEB,id is expressed as [15]:

Vepia =Wu —[ 1+ Eg [2—kT/qgIn(Np /m)], (1)

where W) is the work function of the gate material (4.05 eV for
the n*-doped Si back gate in our transistor), ¥ is the semicon-
ductor electron affinity (4.2 eV for MoS,), Np is the semicon-
ductor doping concentration (on the order of 10'® cm™ in unin-
tentionally doped MoS,) and #; is the intrinsic carrier concen-
tration (for MoS,, n; = 6x101° 73 exp(~ Eg /2kT) em ™). Ac-
cording to this expression a low value of Vgp jq slightly varying
with the 7 (from —0.35 V at 298 K to —0.42 V at 273 K) would
be expected for our device. The negative shift of the experimen-
tal Vpg with respect to Vg j¢ can be accounted for by the pres-
ence of a net positive charge density at the interface with SiO,

that can be evaluated as Cox(Vrp—VFB,id)/q = 2.2 X 1012 ¢cm™2.

In the following section, the device transfer characteristics
above the threshold will be analyzed to extract the threshold

voltage and mobility.

Transfer characteristics above threshold

The linear scale transfer characteristics (Figure 2b) show very
low current below a threshold voltage (V) and a nearly linear
increase of Ip vs Vg above Vy,. Two effects can be observed
from the comparison of the /p—Vg curves at increasing temper-
atures, i.e., (i) a negative shift of the threshold voltage and (ii) a
decrease of the Ip—Vg curve slope in the linear region above
Vin- The origin of these two effects will be discussed more in
detail later on. Interestingly, as a result of these two competing
effects, the /Ip—Vg characteristics tend to cross nearly at the
same gate bias Vg = —21 V (see details in the insert of

Figure 2b). This bias condition can be interesting for some ap-
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plications where it is desirable that the device performance does
not depend significantly on the temperature (d/p/d7 = 0).

Figure 2¢ shows the transconductance g, vs Vg curves calcu-
lated by differentiation (g, = dIp/dV) of the Ip—V g character-
istics in Figure 2b. In the considered bias range, all the curves
exhibit an increase of g, with Vg up to a maximum value, fol-
lowed by a decrease of g,,. The maximum transconductance
value (gm max) is found to decrease with increasing temperature.
Furthermore, a rigid shift of the g,,,— Vg curves toward negative
gate bias values is observed with increasing 7.

From the linear scale transfer characteristics and the transcon-
ductance, two key electrical parameters for transistor operation,
i.e., the threshold voltage (V) and the field effect mobility (p),
are typically evaluated. Figure 4a shows a linear scale plot of /p
(left axis) and of the transconductance g, (right axis) at
Vps = 0.1 Vand 7 = 298 K. The field effect mobility in the
linear region, Lj,, of the transfer characteristics is typically
extracted from the transconductance using the following
formula py, = gmL/(WCyVpg), where L and W are the channel
length and width, respectively, and Cyy the SiO; gate capaci-
tance. For our device with L/W = 7 um/25 um and Cyy =
9.1 x 1075 F/m?, the evaluated mobility from the maximum
transconductance value gm max Was i, = 31.75 em?VIs7L as
indicated in Figure 4a. A method for evaluating V', consists of
drawing the tangent line to the Ip—Vg curve at the bias (VG max)
corresponding to gm max and taking the intercept with the /p = 0
baseline [16], as shown in Figure 4a.

This procedure can be explained by simple geometrical consid-
erations. In the linear region of the transfer characteristics, /p

can be expressed as [14]:
w
Ip = 1CoxVps (Vo =V )- @

Hence, it results that Ip max = gm,max(¥G,max—Vth) and the
threshold voltage can be calculated as

Vth,lin = _[D,max /gm,max + VG,max ~-35.39V.

As a matter of fact, for the evaluation of Vy, 1, and p;, based on
Equation 2 the contribution of the contact resistance is assumed
to be zero. However, as deduced from the analysis of the
subthreshold characteristics, a Schottky barrier is associated to
the source/drain contacts with MoS,, which is also expected to
result in a non-negligible contact resistance, Rc. The value of
the contact resistance above the threshold and its temperature
dependence will be estimated in the last section of this paper

from the analysis of the on-resistance (R,,) extracted from the
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Figure 4: (a) Linear scale plot of Ip (left axis) and of the transconduc-
tance g (right axis) at Vpg = 0.1 V and T = 298 K. The extraction of
the field effect mobility (ujin) from the maximum of gy, and of Vi, by the
linear extrapolation method (Vi jin) is illustrated. (b) Plot of Ip/gm '/ vs
Vi with illustration of extraction of the mobility (up) and threshold
voltage value (Vih o) corrected by the effect of the contact resistance
(Re)-

device output characteristics (/p—Vps) at low Vpg. Here, we
want to discuss how R can influence the evaluation of p and
Vi from the transfer characteristics.

In order to take into account the role of R, Vpg can be replaced
by Vps—IpRc in Equation 2, and solving by Ip, the following
expression for /p is obtained:

w
7 MoCoxPs (V6 ~Vino)
I+ 1oCoxRe (V6 ~Vino)

where no and Vi, o represent the values of the mobility and
threshold voltage corrected by the effect of Rc. As a conse-
quence, the transconductance g, = d/p/dVg can be expressed

as:

w
f P-OCOX VDS

fm = )

w 2
[1 + ZI"LOCOXRC (VG —Vino ):|
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Noteworthy, the ratio ID/ng = JW/LpyCoxVps (VG - Vth,o)

is independent of R¢. A plot of Ip/gm!/? vs Vg is reported in
Figure 4b. The corrected value of the field effect mobility
(up =35.48 + 0.25 cm?V~1s71) can be calculated from the slope
of the linear fit of these data, whereas the threshold voltage
(Vin,o = =34.99 £ 0.19 V) can be obtained from the intercept
with the x axis. It is worth noting that the mobility value p after
correction for the contact resistance is more than 10% higher
than the value estimated without any correction, whereas the
threshold voltage Vi ¢ after correction is only 1% higher than
the value estimated without accounting for Rc. This indicates
that the underestimation of the mobility neglecting the contact
resistance effect can be quite relevant, whereas the threshold
voltage is less affected by Rc. By repeating this procedure for
all the measured characteristics reported in Figure 2b,c, the tem-
perature dependence of the mobility (jyi, and pg), threshold
voltage (Vy, and Vy, o) in the considered temperature range has
been evaluated, as illustrated in Figure 5a,b, respectively.

Both i, and py were found to decrease as a function of 7 with
a similar dependence 1/7%, with o = 1.5 + 0.2 in the case of i,
and a = 1.4 = 0.3 in the case of py. Such a dependence of
pu = 1/T* with a > 1 indicates that the main mechanism limiting
the mobility of electrons in the multilayer MoS, channel in this
temperature range is scattering by optical phonons, as reported
by other experimental and theoretical investigations [4].
Instead, electron mobility was found to be limited by Coulomb
scattering by charged impurities only at lower temperatures
(<100 K) [4]. Noteworthy, scattering by charged impurities at
the interface with the substrate results in the dominant mecha-
nism for another well-studied 2D material, graphene, even at

room temperature and higher temperatures [17,18].

In Figure 5b, the threshold voltage Vy, exhibits a negative shift
of about 6 V with increasing the temperature from 298 to
273 K. For convenience, the difference Vy,—Vgg is also re-
ported in Figure 5b, right scale. It is useful to compare the ex-
perimental temperature dependence of Vi, with the expected
theoretical variation with temperature, in order to understand

which are the relevant physical parameters ruling this behavior.

For an ideal transistor (without interface states) operating under
accumulation conditions, the shift between the threshold voltage
Vin,id and the flat band voltage Vg i can be expressed as:

gN, (\Vth )
Vinid —~VFB,id =Y +—SC ©))

[0):¢

where vy, is the downward (negative) band bending at the
threshold (as illustrated in the band diagram (iii) of Figure 3c,
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Figure 5: (a) Temperature dependence of the field effect mobility
extracted from the linear region of the /Ip— Vs characteristics without
(Min) and with (ug) the correction for the effect of the contact resis-
tance R¢. Experimental data have been fitted with a temperature de-
pendence 1/T%. (b) Temperature dependence of the threshold voltage
evaluated without (Vih jin) and with (Vi o) the correction for the effect of
the contact resistance R¢. (c) Density of trapped/detrapped electrons
at MoS»,/SiO», as a function of T (upper scale) and the corresponding
position of the Fermi level with respect to the conduction band
(Er-Ec).

and Ng(yy) is the electron density in the channel at yy,

V2e,e \Uj U}
N — Y=0% —tth |} Tth g 6
s(van) kTLp eXp( ij kT ©

where Lp :ﬂgoaskT/chD is the Debye length. The band

bending vy, can be evaluated assuming that the electron density

in the channel at the threshold corresponds to Ng(y,) = tNp,
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where Np is the uniform doping concentration in the MoS; thin
film and ¢ its thickness. Assuming Np = 10'¢ cm™ for our unin-
tentionally doped MoS,, we obtain Ny ~ 4 x 100 cm™2. Further-
more, a value of yy, ranging from approximately —34 meV (at
T'=298 K) to =39 meV (at 7= 373 K) can be estimated from
the dependence of N on yy, in Equation 6. Under these assump-
tions, Vin ig—VrB,id = 0.7 €V (nearly independent of 7) can be

estimated, as indicated in Figure 5b (blue dashed line).

In order to account for the large change of Vy, with temperature,
the role of interface states at SiO,/MoS, interface must be
considered. The difference between the experimental Vi,—Vgg
and theoretical Vi, jq—VFB,iq can be described by a term
AVit = gN;i/Cox, Where Nj; is the density of trapped/detrapped
electrons by SiO, interface traps. These interface traps exhibit a
donor like behavior, i.e., they are positively charged above the
Fermi level (when they are empty) and neutral below the Fermi
level (when they are filled by electrons) [13]. Hence, electron
trapping results in a neutralization of the interface states, result-
ing in a positive shift of Vy, with respect to Vgg (i.e. AVj > 0).
On the contrary, detrapping of electrons from these states
results in an increase of the positive charge and, hence, in
AV < 0.

From the experimental data in Figure 5b, trapped electron
densities Nj = 2 x 1011, 1 x 10!, and 2 x 1010 cm™2 are esti-
mated at 298, 323, and 348 K, respectively, whereas a
detrapped electron density Ni; = 1.3 x 101! cm™2 is obtained at
373 K (see Figure 5c¢). Electron trapping and detrapping at
MoS,/SiO; interface have been shown to be thermally acti-
vated processes [13]. Hence, for a given interface trap distribu-
tion Dj; close to the MoS;, conduction band, Nj; can be
expressed as

Ny =[BeD) - P D][7 ¢ Dydg ™

Ep—Ec+y

where Py (T) and Pye(T) are the trapping and detrapping proba-
bilities, respectively [13]. The experimentally found tempera-
ture dependence of Nj; can be explained as follows. As T in-
creases, the shift of the Fermi energy Ef with respect to Ec in-
creases as

Eg kT | Np
Ep—Ec=-"35_""
FrReT q“LﬂJ

resulting in a change of the integration range in Equation 7.
Furthermore, the difference Py (7)—Pye(T) can change with 7.
The dependence of Nj; on Ef is also illustrated in Figure 5c. It is
consistent with a decrease of Dj; with increasing Ef—E(.
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Furthermore, at 373 K, it can be argued that the P4, becomes

higher than Py, resulting in a negative value of Nj.

Output characteristics

Figure 6 shows the output characteristics /p—Vpg for different
gate bias values ranging from Vg = —56 to 0 V (with steps
AV =4 V) measured at different temperatures, i.e., (a) 298 K,
(b) 323 K, (c) 348 K and (d) 373 K. For all the Vg values, Ip
exhibits a linear increase with Vpg at low drain bias
(Vbs << VG—Vin), whereas it deviates from the linear behavior
at larger Vpg. In particular, current saturation is achieved when-
ever the condition Vpg > Vg—Vy, is reached. By comparing the
output characteristics measured at the different temperatures
with the same Vg values, it is evident that both the slope of the
Ip—Vpg curves in the linear region and the saturation current
value decreases with increasing 7.

The reciprocal of the In—Vpg curves slope in the linear region at
low Vpg is the device on-resistance R,,, which can be expressed

Beilstein J. Nanotechnol. 2017, 8, 254-263.

L L 1
R, =2Ro+—Ry =2Rot+ =
on C Ty feh Rc WQH(VG_Vth) ®)

where R is the source and drain contact resistance and Ry, the
channel sheet resistance, which depends inversely on (Vg—Vy),
according to Equation 2.

Figure 7a reports the plots of Ry, vs 1/(Vg—Vip 1in) extracted
from the /p—Vpg characteristics in Figure 6 at the different tem-
peratures. The linear fit of the data was performed for the four
temperatures and, from the intercept with the vertical axis, the
value of the contact resistance Rc was estimated. The behavior
of Rc vs T is reported in Figure 7b, indicating an increase of
Rc o« T%, with o= 3.1 £ 0.3.

Finally, the behavior of the output characteristics at high Vpg is
discussed. Figure 8a shows the In—Vpg characteristics measured
at 7= 298 K. The Vg—Vy, value for each curve is indicated. It

as: can be observed that the current saturation regime (i.e., Ipg in-
0@ | T=298K (b)  T=323K ©  T=348K @)  T=373K
|V =-56t00V, 7v 6100V | 1]
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Figure 6: Output characteristics Ip—Vpgs for different gate bias values from —56 to 0 V at different temperatures: (a) T =298 K, (b) T = 323 K,

(c) T=348 K and (d) T = 373 K.
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Figure 7: (a) On-resistance Ry vs 1/(Vg—Vin,iin) at different temperatures. (b) Temperature dependence of Rc.
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and linear fit of the data. (c) Saturation mobility psat Vs temperature.

dependent of Vpg) is reached only for Vg—Vy, < 20 V, corre-
sponding to an accumulated electron density in the channel
Ng < 1.1 x 102 cm™2. For Vg—Vi, > 20 V, saturation is not
reached.

In the saturation condition, /p is only a quadratic function of
V=V [14]:

w 2
ID,sat = ﬁusat Cox (VG - Vth ) > O]

where i, is the mobility value under saturation conditions and
the term B is the so-called body coefficient, which depends on
the gate oxide capacitance, on the doping concentration in the

film and on the temperature:

1 £0&s4” Np
1+ .
2Cox \ AT In[ Npy /iy (T) ]

For thin gate dielectrics and low doping in the film, B can be
approximated to 1, but for thick dielectrics and high doping its
value can be significantly higher. In the case of our device with
Cox
Np =~ 1 x 10'° ¢cm™3, B can range from ~2.97 to ~3.12 in the

= 9.1 x 107> F/m and assuming a MoS, doping

considered temperature range. In Figure 8b, Ip'/2 at Vpg =20V
is reported as a function of Vg—Vy,, showing a linear behavior.

According to Equation 9, the mobility under saturation condi-

tion can be evaluated from the slope m of the fit, as
Ueat = ZBLmZ/WCOX. By repeating this procedure for all the
output characteristics measured at the different temperatures,
the behavior of g, as a function of 7T can be obtained. The
main error source in the estimation of Ly, is related to the fact
that the doping concentration N and, hence, the coefficient B is
not exactly known. Noteworthy, the values of g, in Figure 8c,

estimated assuming Np ~ 1 x 1016 ¢cm™

, are very close to those
evaluated from the linear region of the transfer characteristics
(see Figure 5a) and exhibit a similar temperature dependence.
This also confirms that the assumption for the doping concen-

tration is correct.

Conclusion

In conclusion, a temperature dependent investigation of back-
gated multilayer MoS, transistors with Ni source/drain contacts
in the range from 7 = 298 to 373 K has been performed. The
SBH ®g ~ 0.18 eV of the Ni/MoS; contact was evaluated from
the analysis of the transfer characteristics Ip—Vg in the
subthreshold regime. The resulting R¢ associated with the SBH
was determined by fitting the R, dependence on 1/(Vg—Vi,)
extracted from the device output characteristics /p—Vpg at low
Vps. An increase of Rc o 731 was demonstrated. The impact
of Rc on the values of p and Vy, values was determined,
showing an underestimation of p by more than 10% if the effect
of Rc is neglected, whereas the influence of Rc on the esti-
mated value of Vy, is only 1%. Furthermore, the temperature de-

pendence of p and Vy, was investigated, showing a decrease of
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p =~ 1/T* with o = 1.4 + 0.3 (indicating scattering by optical
phonons as the limiting mechanism), and a negative shift of Vy,
by about 6 V with increasing 7. The role played by electron
trapping at the MoS,/SiO; interface to explain such a large Vi,
shift was discussed.

Experimental

Back-gated transistors were fabricated using MoS, flakes exfo-
liated from molybdenite bulk crystals (supplier SPI [19]) with
thicknesses ranging from ~40 to =50 nm and transferred onto a
highly doped n-type Si substrate covered with 380 nm of ther-
mally grown SiO,. An accurate sample preparation protocol has
been adopted for controlled quality of the MoS,/Si0O; interface,
as this is crucial to achieve reproducible electrical behavior of
the devices. In particular, thermo-compression printing using a
Karl-Suss nanoimprint device with fixed temperature and pres-
sure conditions [20,21] has been employed to transfer the exfo-
liated MoS; flakes onto the SiO, surface that was previously
cleaned using solvents and a soft O, plasma treatment. Finally,
source and drain contacts were obtained by deposition and lift-
off of a Ni(50 nm)/Au(100 nm) bilayer.

The temperature-dependent electrical characterization in the
range from 298 to 373 K was performed using a Cascade
Microtech probe station with an Agilent 4156b parameter
analyzer. All the measurements were carried out in dark condi-

tions and under nitrogen flux.
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