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The temperature dependence of electrical transport
properties was investigated for multilayer MoS, field effect
transistor devices with thicknesses of 3 ~ 22 nm. Some
devices showed typical n-type semiconducting behavior,
while others exhibited the metal-insulator crossover (MIC)
from metallic to insulating conduction at finite
temperatures. The latter effect occurred near zero gate
voltage or at high positive gate voltages. Analysis of Raman
spectroscopy revealed the key difference that devices with
the MIC had a metallic 1T phase as well as a
semiconducting 2H phase, whereas devices without the MIC
did not have a metallic 1T phase. These results suggest that
the metallic 1T phase may contribute to inducing the MIC.

Molybdenum disulphide (MoS,) is a layered transition-metal
dichalcogenide crystal consisting of a vertical stack of atomic
layers bound by van der Waals forces. Each layer is constructed
from S-Mo-S' triple atomic planes with strong in-plane bonding.
Single-layer MoS, appears in two distinct symmetries with
different electronic structures: the semiconducting 2H, where
each Mo has a trigonal prismatic coordination with the nearby S
atoms, and metallic 1T phases, where each Mo octahedrally
coordinates with the nearby S atoms.'” The most stable
polytype of bulk MoS, is the 2H phase. Mechanical exfoliation
of bulk 2H MoS, leads to the formation of single layer MoS, in
the 2H phase.'™ In contrast, chemically exfoliated MoS, single
layers are in the 1T phase since the Li intercalation stabilizes a
1T Li,MoS, polytype.®'® However, the 1T phase is metastable,
so mild annealing leads to a gradual transformation to the 2H
phase.'!

Single- or multi-layer MoS, prepared by mechanical
exfoliation has been extensively studied for its unique electrical,
optical, and mechanical properties.'>>* Multi-layer MoS, is a
semiconductor with an indirect bandgap of ~1.2 eV, while
single-layer MoS, presents a direct bandgap of 1.8 eV due to
quantum confinement.'®!” 2>2% The mechanical strength of
MoS, is about 30 times greater than that of steel due to its
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strong in-plane bonding.?** To gain a fundamental

understanding of its electronic properties, temperature
dependence measurements of the electrical transport properties
are required. Previous low-temperature measurements in
monolayer MoS, have shown that the mobility () is limited by
phonon scattering at high temperatures; thus, z follows a p~T7
temperature dependence with the exponent y = 0.6~1.7.26%8
Furthermore, the metal-insulator transition (MIT) has been
observed at a conductivity (o) of approximately e*/A in highly
doped monolayer MoS,, where e is the electron charge and # is
the Planck’s constant.?*>? In contrast, there are few reports that
have measured the temperature dependence of the electrical
transport properties for multilayer MoS,. To determine whether
multilayer MoS, exhibits a similar behavior to monolayer MoS,,
we investigated the temperature dependence of the electrical
transport properties for more than 20 multilayer MoS, field
effect transistor (FET) devices. We identified three
representative characteristics. Some devices showed typical n-
type semiconducting behaviors at all temperatures, while the
other devices exhibited the MIC at finite temperatures.
However, unlike highly doped monolayer MoS,,** 2’ our
devices were made of multilayer MoS, and crossover from
metallic to insulating conduction was found at a finite
temperature, leading to a peak of o. These results suggested
that its origin might be different from the origin of the MIT
observed in monolayer MoS,.

To explore the origin of the MIC in multilayer MoS,, we
measured the Raman spectra as they are a useful tool for
studying the metallic 1T and semiconducting 2H phases.” %313
Other than the typical Elzg and A, modes, additional Raman
peaks were observed for devices with the MIC, but not for
devices without the MIC. Since the additional Raman peaks are
probably due to the 1T phase,”! these observations suggest that
the metallic 1T phase may coexist with the semiconducting 2H
phase in multilayer MoS,, and that this metallic 1T phase may
contribute to inducing the MIC.
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Figure 1. (a) AFM image of the multilayer MoS; based field-effect device (device I) contacted by four electrodes. (b) Temperature dependence of
1,3-V>; curves measured using electrodes 2 and 3 for device I before RTA. The inset shows temperature dependence of /;,.,; — V.03 curves
measured by passing a current through electrodes 1 and 4 and measuring a voltage through electrodes 2 and 3 for device I before RTA. (c)
In(Z,3/T*) versus 1000/T at different values of Va3 for device I before RTA. The inset shows the slope estimated from In(//7%) versus 1000/T as a
function of V;. (d) Temperature dependence of /»;-V>; curves measured using electrodes 2 and 3 for device I after RTA. The inset shows
temperature dependence of 7,,.,; — V423 curves measured by passing a current through electrodes 1 and 4 and measuring a voltage through
electrodes 2 and 3 for device I after RTA. (e) In(/>;/ T2) versus 1000/7 at different values of V>3 for device I after RTA. (f) Temperature dependence
of R»; and R,,..; estimated for device I before and after RTA. I,;-V;; transtfer curves measured at different temperatures for device I (g) before and
(h) after RTA. (i) Temperature dependence of o for different values of V; in device I after RTA.

First, we fabricated a multilayer MoS, FET device with four
electrodes (Figure 1(a), device I) using a typical mechanical
exfoliation method. Briefly, MoS, flakes were transferred from
MoS,; crystals to Si substrates with thermally grown SiO, (300
nm), and then Au (50 nm)/Cr (5 nm) electrodes were patterned
using electron-beam lithography and lift-off techniques. The
thickness of the transferred MoS, flake measured by an atomic
force microscope was about 9.8 nm. Figure 1(b) shows the
current (/) — voltage (V) curves measured using electrodes 2 and
3 (I»3-Vp3). The inset of Figure 1(b) presents the results from
passing a current through electrodes 1 and 4 and measuring the
voltage through electrodes 2 and 3 (/1403 - Vy4.03) at various
temperatures. Both / - V' curves were linear at 300 K. The room
temperature resistance was estimated to be Ry probe = 29.3 kQ
from the 114_23- V14_23 curve and R23 ~ 37.4 kQ from the 123- V23
curve; therefore, the contact resistance (Rc) was calculated to be
about 4.1 kQ from the relationship Rc = (Ry3 - Raprobe)/2. The
contact resistance R¢ is mainly ascribed to the Schottky barrier
at the MoS,-metal contact. According to a thermionic emission

2| J. Name., 2012, 00, 1-3

model, the electrical transport across a Schottky contact into a
material is described by**™
— K)]
n

(2

where 4 is the contact area of the junction, A is the effective
Richardson constant, e is the electron charge, @5 is the
Schottky barrier height, n is the ideality factor, and V is the
drain-source bias voltage. To extract @y, In(l53/T?) was plotted
as a function of 1000/7 for various values of V53 (Figure 1(c)).
Negative slopes were found and the slope increased linearly
with V,3. From the intercept (S)), @z was estimtaed to be
approximately156 meV (inset of Figure 1(c)).

To decrease Rc or @p, rapid thermal annealing (RTA) was
performed at 200°C for 3 min in an N, atmosphere. The I3 - V>3
and /14,3 -V14.03 curves measured at various temperatures after
RTA are shown in Figure 1(d) and its inset, respectively. After
RTA, Ry; and R,4.,3 decreased to about 19.65 and 19.63 kQ at
300 K, respectively, resulting in Rc = 0.02 kQ. Figure 1(e)

[~ AA*T?exp [_kfr (1)
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Figure 2. I-V; transfer curves measured at different temperatures for devices 1I (a), III (b), and IV (¢), where / was measured using two
electrodes. Temperature dependence of o for different values of V; in devices II (d), III (e), and IV (f).

depicts the plot of In(/,3/T%) versus 1000/T after RTA. Unlike
the data obtained before RTA, positive slopes were found at
various V53, supporting that @z was reduced to near zero by
RTA, leading to Rc = 0. The temperature dependence of R,3; and
Ry 4,3 measured after RTA is shown in Figure 1(f). For 7> 240
K, R,3 was nearly same as Rj4.,3, indicating that R- was nearly
negligible above 240 K. Furthermore, as the temperature
decreased, R,3 and R4.,3 decreased until a temperature of about
240 K, and then they increased at lower temperatures,
suggesting that the MIC occurred around 240 K.

The current (/,3) — gate voltage (V) transfer curves of device
I measured at various temperatures before and after RTA are
shown in Figures 1(g) and (h), respectively. Before RTA,
device I showed a typical n-type semiconducting behavior.
However, the annealed device exhibited a crossover near Vg = 0
V although the crossover temperature was dependent on V.

. . I L. . .
For positive Vg, the conductivity (o = ;-W) increased with

decreasing temperature, indicating metallic behavior, whereas o
decreased with decreasing temperature for negative Vg (Figure
1(i)). A similar crossover was reported for the highly doped
monolayer MoS,, in which the crossover occurred at the
channel conductivity on the order of e*/A as a consequence of a
two-dimensional (2D) electron gas.***® However, device I

exhibited crossover at o< e*/h (Figure 1(i)), and it might not be
regarded as a 2D electron gas since its thickness was about 9.8
nm. Therefore, the origin of the crossover observed in device I
might not be related to the 2D electron gas.

To determine whether the MIC is observable in other
multilayer MoS, FET devices besides device I, we measured
the I-V; transfer curves at various temperatures for more than
20 devices, with thicknesses ranging from 3 to 22 nm. Three
representative characteristics were found, as shown in Figures
2(a), (b), and (c). The first characteristic was an absence of
crossover (device II, Figure 2(a)), and the second was the
presence of crossover at large positive values of Vg (device III,
Figure 2(b)). Similar weak metal-like behavior has also been
reported in trilayer MoS,.*® The last characteristic exhibited
crossover around V= 0 V, as for device I (device IV, Figure
2(c)). Interestingly, the thickness of device IV was similar to
that of device II (Table I), implying that the crossover might be
observable independently of the MoS, layer thickness. The I-V
curves measured at /=0 for various temperatures are shown in
Figures S1 (a), (b), and (c) for devices II, III, and IV,
respectively. @ was estimated to be 90.1, 45.6, and 0 meV for
devices II, III, and IV, respectively (Figures S1(d) - (h)). As for
the annealed device I, device IV yielded @ =0 meV,

Table I. Summary of Schottky barrier height (@), field-effect mobility (), and carrier concentration () estimated for various devices before

and after RTA. (* #and n were estimated at 7= 300 K, V=20 V)

before RTA after RTA
device thickness (nm) @, - ne @, r ne
(meV) (cm?V'S™) (10" cm?) (meV) (em’V's™) (10" cm?)
I 9.8 156 31.06 4.40 0 74.41 443
11 22 90.1 11.11 2.87 - - -
I 10 45.6 25.67 3.61 - - -
v 21 0 26.58 3.78 - - -
v 12 - - - 0 7.0 4.48
VI 2.7 46.1 11.21 3.50 33.67 19.88 2.96
Vil 12 46 55.69 4.53 32.77 73.18 441
VIII 16 39.3 7.88 4.40 20 6.96 4.53

This journal is © The Royal Society of Chemistry 2012
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Figure 3. (a) Temperature dependence of field-effect mobility (x) for
devices I, 111, and I'V. The inset shows the plot of log(x) versus log(7).
(b) Temperature dependence of carrier concentration (n) for devices II,
111, and TV.

suggesting that the low values of @z may be necessary to
observe the crossover.

To investigate the effect of @3 on -V transfer curves further,
we also measured the I-V; transfer curves at different
temperatures for the annealed device V, which had asymmetric
I-V curves (Figure S2(a)). Different behaviors were found for
positive and negative bias voltages: the presence of crossover
around V=10V for a positive bias voltage (Figures S2(b)), and
an absence of crossover for negative bias voltages (Figures
S2(c)). From the temperature dependence of the /-7 curves and
Eq. (1), @ was estimated to be approximately 0 and 31.85
meV for positive and negative voltages, respectively (Figures
S2(d) - (f)). These results supported that to observe the MIC,
the contact between MoS,; and the electrodes should be good, or
that Rc became negligible due to the metallic state above the
crossover temperature. The Schottky barrier @3 of devices I and
IV might not be negligible for Vs < 0 V, although it was nearly
zero for Vi > 0 V, as summarized in Table I. However, the
crossover was observed at V;~ 0 V for both devices, so the
influence of Schottky barrier on the crossover might be
negligible. In fact, we also measured the /-7 transfer curves of
the annealed device I using four electrodes, and found very
similar transfer curves, suggesting that the conductivity was not
affected much by the contact resistance for V<0 V.

In Figures S3(a) — (f), the I-V; transfer curves measured at
different temperatures for devices VI, VII, and VIII before and
after RTA are shown. The thickness of devices VI, VII, and
VIII was about 2.3, 12, and 16 nm, respectively. Before RTA,
the crossover was not found for these devices, which was
ascribed to the high values of @y (Table I). After RTA,
however, @3 was lowered (Table I) and the crossover appeared

4| J. Name., 2012, 00, 1-3

at positive values of V. Devices VI and VII with similar values
of @y exhibited the crossover at similar values of Vg while
device VIII with the smaller value of @3 showed it at the
smaller value of V. These observations indicated that the
crossover might be more closely related to @y rather than the
thickness of MoS,.

The field-effect mobility (x), estimated using the equation
1=(dl/dVG)<LI(WC,.V),* is plotted as a function of temperature
in Figure 3(a) for devices II, III, and IV, where L and W are the
channel length and width, respectively, and Coyx = &ox/dox =
1.21x10°® F (dox=300 nm is the thickness of the gate oxide and
gox=3x10""" is the dielectric constant for SiO,). For device II,
1 decreased with decreasing temperature. This was attributed to
scattering from extrinsic scattering sources, including Coulomb
impurity scattering and surface roughness scattering.***® The u
of device III or device IV was higher than that of device II.
Moreover, the u of device III was nearly constant at low
temperatures, and that of device IV decreased slowly with
decreasing temperature. The latter was attributed to suppressed
scattering from extrinsic scattering sources in these devices. At
high temperatures, the x of device III or device IV decreased
with increasing temperature, and it followed the relationship u
~ T7 at high temperatures due to phonon scattering. The
exponent y was estimated to be about 0.6 and 1.0 for devices III
and IV, respectively (inset of Figure 3(a)). These values were
comparable to or smaller than y = 0.6 ~ 1.7, as reported for
monolayer MoS,.2% %’

Figure 3(b) shows the carrier concentration calculated using
n=Cox(Vg - Vi)/q for devices 11, III, and IV, where V,, is the
threshold voltage estimated from the measured /I-Vg transfer
curves, Coy and ¢ are the gate dielectric capacitance and the
elementary charge, respectively.*’ For T > 160 K, n of devices
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Figure 4. (a) Raman spectra obtained from devices II and IV. The
inset shows the enlarged Raman spectra in the range from 100 to 360
cm™. (b) Raman mapping images of the £’ 2¢(380 cm™), 4 1¢ (406 cm™),
and J;(333 cm™) obtained from devices IT and IV.
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II, III, and IV decreased similarly with lowering temperature.
For T < 160 K, however, n of device IV decreased more slowly
than n of device II, suggesting that device IV was more doped
than device II or III.

MoS, is known to have two phases: semiconducting 2H and
metallic 1T.>® Mechanically exfoliated MoS, flakes usually
exhibit the 2H phase because this phase is thermodynamically
more stable than the 1T phase.'™ However, we conjecture that
the metallic 1T phase may also be present in multilayer MoS,,
even though the volume of the 1T phase may be small and may
vary from device to device. If there is no 1T phase, the MIC is
not expected, as it is for device II. However, if the volume of
the 1T phase is finite, the MIC may be observed, as with device
VI

To test our idea, we measured Raman spectra using 532 nm
laser line for devices II and IV (Figure 4(a)). The 1T and 2H
phases exhibit different Raman spectra, enabling discrimination
between these 1T and 2H phases.”*'** For devices II and IV,
two typical Raman active modes were observed: the in-plane
Elzg at ~380 cm™' and the out-of-plane Ay, at 405 cm.
However, the peak widths of device II were narrower than
those of device IV, implying that the crystal quality of device II
might be better than that of device IV. Also, device IV
exhibited additional features at ~180 and 333 cm™ that were not
found in device II. The 1T-MoS, was reported to show Raman
peaks at 156 (J)), 226 (J,), and 333 (J;) cm’' that are not
normally seen in the Raman spectrum of 2H-MoS,.*! Thus, the
peak at 333 cm™' might be attributed to the 1T phase in device
IV, although J; and J, were not clearly observed.

Figure 4(b) illustrates the Raman mapping images of the £ lzg,
Ay and J;5 (333 cm’™') modes obtained from devices 1I and 1V,
respectively. The intensities of the Elzg and 4,, modes were
spatially uniform across device II, whereas the intensity of the
J; mode (which probably comes from the 1T phase) was
negligible, indicating that there was almost no 1T phase in
device II. For device IV, however, the intensity of 4,, was
spatially uniform across the device, but that of Elzg was not
uniformly distributed. Moreover, finite signals of the J; mode
were detected, suggesting the co-existence of the 1T and 2H
phases in device IV. These results support our idea that the
metallic 1T phase may be present even in multilayer MoS,
although the 1T phase volume may vary from device to device,
and this 1T phase may cause the MIC in multilayer MoS,.

One of the characteristics that distinguish semiconductors
from metals is the photocurrent effect. The photocurrent of
semiconductors is enhanced when exposed to light, whereas
that of metals is unchanged. To investigate the photosensitivity

(a) 0 thg(S) 10%0 (b) 0 “";:S) 100

Alflg (%)

Aiflg (%)

50 100 150 200
time (s)

time(s)

Figure 5. Real-time photoresponse of device II (red line) and device
IV (black line) measured while a NIR laser diode (A =~ 808 nm) is
turned on and off repeatedly at (a) Vo =—-20V, (b) Vo=- 10V, (¢)
Ve=0V,(d) Ve=10V.

Nanoscale

of devices I and IV, we measured the real-time photocurrent at
room temperature and at different values of Vg During the
measurement, a near-infrared (NIR) laser diode (A~808 nm)
with a power of 5.3 mW/mm? was turned on and off repeatedly
(Figure 5). For both devices II and IV, the photosensitivity
decreased with increasing Vg as reported for typical
phototransistors.*'*  However, when light was off, the
photocurrent of device II (red line) recovered to the initial value
(1) immediately, while the photocurrent of device IV (black
line) returned to a value higher than /,at V;=-20 V or a value
lower than [jat Vg=-10, 0, and +10 V. Compared to device II,
device IV yielded a much lower photosensitivity at all values of
Vi. In particular, the photocurrent of device IV did not nearly
increase at Vs=+10 V upon NIR irradiation. This meant that
device IV might act as a metal at V5=+10 V, as observed in the
I-V; transfer curves (Figure 2(e)). These results confirmed that
the volume of the metallic 1T phase was larger in device IV
than in device II.

In summary, we investigated the temperature dependence of
the electrical transport properties for more than 20 multilayer
MoS, FET devices. These devices were classified as having one
of three representative characteristics. The first type showed
typical n-type semiconducting behaviors, whereas the second or
third type exhibited the MIC from metallic to insulating
conduction at high positive V; or Vg= 0 V. To observe the MIC,
good contact between the metal electrodes and MoS, was
required. To explore the origin of the MIC in multilayer MoS,,
we measured the Raman spectra. In addition to the two typical
active Raman modes, Elzg and A, we observed additional
Raman features for the devices with the MIC, which might be
ascribed to the metallic 1T phases. In contrast, additional
Raman peaks were not found for the devices without the MIC.
These results suggested that the 1T phase might also exist in
multilayer MoS,, although its volume varied from device to
device, and it might be related to inducing the MIC. In addition,
compared to devices without the MIC, devices with the MIC
yielded a much lower photosensitivity, supporting the presence
of the metallic 1T phase.
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