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ABSTRACT A doping-free transistor made of ambipolar o.-phase molybdenum ditelluride (a.-MoTe;) is proposed in -0

which the transistor polarity (p-type and n-type) is electrostatically controlled by dual top gates. The voltage signal in TVD'G'F[J TV}ZEWE';E’DL

one of the gates determines the transistor polarity, while the other gate modulates the drain current. We demonstrate Ve < ; “‘ o /T\V' o
the transistor operation experimentally, with electrostatically controlled polarity of both p- and n-type in a single [n-FET Mode |

transistor.
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he emergence of graphene'™ has
Tstimulated the exploration of many
other atomically thin films of layered
materials, such as transition metal dichalco-
genides (TMDCs)’> '? and black phos-
phorus.”*'* Most of these thin films are
semiconductors with moderate band gap
energies, while graphene is a zero band gap
semiconductor; that is, it has no band gap.
Group VITMDCs have the composition MX,,
where M and X stand for transition metals
(Mo, W) and chalcogens (S, Se, Te), respec-
tively, and unit layers of their thin films are
held together by van der Waals forces.
Owing to this weak stacking of films, TMDCs
can be mechanically exfoliated by sticky
tape to obtain high-quality flakes, in a fash-
ion similar to that for graphene. This enables
us to examine a number of unique proper-
ties that these thin films have. TMDCs and
other metal dichalcogenides are particularly
well-suited for electronic device applica-
tions, where their two-dimensional structure
can be exploited to fabricate ultra-thin-body
field-effect transistors (FETs) to overcome the
scaling limit'>~?” and to stack films to develop
new applications of flexible electronics®®~3'
or optoelectronic devices 32~
In order to apply TMDCs to CMOS (com-
plementary metal—oxide semiconductor) cir-
cuits, the transistor polarity must be controlled

NAKAHARAI ET AL.

to be both positive (p) and negative (n)
types. However, the Fermi level pinning
effect makes it difficult to control the tran-
sistor polarity. Due to this effect, the shift of
the Fermi level of the metal against the
semiconductor band is limited even by
replacing the contact metal with a much
larger work function. For example, in the
case of MoS,, which has been explored
most actively among the TMDC family, the
transistor polarity is n-type for Ti contacts,
and it is still n-type with contact of Au, Pd, or
Pt that have a work function much larger
than that of Ti.”> In WSe,, the transistor
polarity could be ambipolar due to the
comparable barrier heights for electrons
and holes,'®*> while both of the barriers
are so high that the suppressed carrier
injection reduces the drive current of tran-
sistors for both p- and n-FETs. One possible
solution for these carrier injection issues in
TMDCs could be the formation of electric
double-layer gates by using ionic liquids.3*~*3
In this case, an extremely large gate capaci-
tance allows both p- and n-type conduction
by thinning the Schottky barrier to enhance
the tunneling of electrons and holes. How-
ever, the electric double-layer technique
still requires much effort in electronic appli-
cations based on atomically thin films, due
to issues such as integration, reliability, and
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the low operating speed. Another method to control
transistor polarity is to use contact materials with
extremely large work functions by mitigating the Fermi
level pinning effect** or TMDCs degenerately doped
with NO,* or K* for p- and n-type FETSs, respectively.
An inverter operation was reported in WSe, circuits by
using different contact metals for p- and n-FETs.? It
should be noted that, as in the case of conventional
transistors, the transistor polarity is fixed by the fabri-
cation process and can never be changed afterward.

Transistors that can function as ambipolar transis-
tors, rather than with a fixed polarity, form a category
of more advanced, polarity-controlled transistors in
which the transistor polarity can be reversed by an
electric signal.*’ ~>* In polarity-controllable transistors,
dynamic reconfiguration of the transistor polarity dur-
ing calculations enables a highly flexible design for
logic circuits, allowing, in particular, the XOR (exclusive
OR) logic gate to be compact. It has been reported>?
that XOR-based logic gates can be embedded into
general logic gates for more complex functions, using a
much smaller number of transistors than the conven-
tional technology. It has been predicted in ref 52 that
a 38% increase in the circuit integration density,
achieved by reducing the number of transistors, would
result in a lower delay or reduced power consumption,
with a 59% reduction in the energy-delay product. To
fabricate this new class of transistors, both electrons
and holes must be injected into the channel from the
same Schottky junction, as in ambipolar devices. Our
previous work> demonstrated ambipolar conduction
in an atomically thin film of a-phase molybdenum
ditelluride (0-MoTe,),>>° which is a TMDC, by apply-
ing a gate bias from a solid gate. The semiconductor
a-MoTe, has a band gap of 1.1 eV in monolayer form,
which is smaller than those of other TMDCs, such as
MoS, and WSe, (1.8 and 1.6 eV, respectively). The band
gap of a-MoTe; remains to the same degree irrespec-
tive of layer thickness, and it is 1.0 eV in a bulk crystal.
As has been suggested,'>'® carrier injection through
the Schottky barrier is dominated not only by thermal
emission but also by tunneling through the barrier, and
the tunneling current increases as the barrier becomes
thinner. Since the band gap energy corresponds
roughly to the sum of the Schottky barrier energies
for electrons and holes, the small band gap in thin films
of a-MoTe, can be conducive to enhancing the carrier
injection of both electrons and holes, and therefore,
o-MoTe, is potentially a good candidate for a polarity-
controllable transistor.

In this work, we present polarity-reversible transistor
operations of the dual-top-gated transistor using a
few-layer o-MoTe, ambipolar channel. To confirm the
current modulation by a top gate, a single-gate tran-
sistor operation is performed in which the tran-
sistor polarity is controlled by a back-gate bias. On
the basis of these confirmed top-gating properties, we
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Figure 1. (a) Raman spectrum of an a-MoTe, flake taken
with a 532 nm excitation laser. The film thickness was
estimated from the ratio of the intensities of the E',,
(235 cm™ ") and B',4 (291 cm ") peaks. This flake showed an
intensity ratio, B',4/E',,, of 0.19. An optical micrograph of
the investigated sample is shown in the inset. The scale bar
corresponds to 2 um. (b) Estimation of the thickness of the
flake shown in (a) by using data from ref 56. The Raman
intensity ratio of 0.19, which is indicated by an arrow,
corresponds to 4—6 layers. (c) Typical curve of the drain
current, Ip, versus back-gate bias, Vgg, in an a-MoTe; film
with source and drain contacts. The drain bias, Vp, was
100 mV, and the source was grounded.

demonstrate the presence of both p- and n-type FETs
in a single transistor by changing the transistor polarity
between p- and n-type using one of the two top gates.

RESULTS AND DISCUSSION

The ambipolar behavior of an a-MoTe, transistor is
presented in Figure 1c. Here, electric measurement of
the drain current, Ip, as a function of the back-gate bias,
Vg, was performed in an a-MoTe, film having source
and drain contacts with a width, W, of 1.8 um and a
length, L, of 1.2 um. A drain bias, Vp, of 100 mV
was applied, and the source electrode was grounded.
Most of the fabricated transistors exhibited a similar
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ambipolar behavior, while the V,;, value, which is the
Vg for the minimum /p, showed a distribution due to
surface contamination. In Figure 1¢, n-type conduction
(Vg > Vimin) had a larger current than p-type conduc-
tion (Vg < Vimin). Several factors could be supposed to
contribute to the difference in the current between
p-type and n-type, but, as has been discussed quanti-
tatively in our previous publication,®* it is most likely
that the Schottky barrier between the metal contact
and the channel layer dominates the carrier transport
property. In the present case, the Schottky barrier
height for electrons, ¢y, was smaller than that for holes,
¢p. Here, ¢y and ¢p are potential differences defined by
on = (Ec — Ep)/q and ¢p = (EF — E\)/q, where E, Ec, Ey,
and g are the Fermi energy of the metal, conduction
band edge of the semiconductor, valence band edge
of the semiconductor, and the elementary electric
charge, respectively. For further confirmation that the
Schottky barriers take the dominant role in the Ip—Vpg
characteristics, we have fabricated additional devices
with contact metals (Au, Pd) which have work functions
larger than that of Ti. As discussed in the Supporting
Information, the Ip—Vpg characteristics were strongly
dominated by the metal work functions, indicat-
ing that the carrier injection from Schottky barriers
mainly determines the carrier-type dependence of
conduction.
We estimated the field-effect mobility via

u = (L/W)(d/eoen(1/Vp)(dlp/dVp) m

where d is the gate oxide thickness, &g is the vacuum
permittivity, and ¢, (=3.9) is the dielectric constant of
SiO,. The maximum mobility values ranged from 1.2 to
3.7cm? V" s~ for n-type conduction and from 0.01 to
0.2 cm? V' s for p-type conduction. The obtained
values of mobility are smaller than that reported in a
multilayer MoS, up to 700 cm? V™' s, which was
covered with a high-k passivation layer and had nearly
ohmic contacts with Sc.'® However, in our case of few-
layer a-MoTe,, in addition to the large Schottky bar-
riers by Ti contact, the bare channel without any high-k
passivation layer and the smaller layer number (4—8
layers) than the optimal number for the highest mobi-
lity (~10 layers) resulted in degraded mobility due to
enhanced Coulomb impurity scattering.'® The max-
imum mobility was obtained at the maximum gate
overdrive in the both cases of p-type and n-type
conduction, implying underestimation of mobility.
When the above-mentioned factors of lower mobility
are taken into account, the mobility in a-MoTe, seems
smaller than that in the best MoS,, but the precise
conduction mechanism is not the main interest of the
present work and should be explored in further intense
research.

To characterize the gating effect, we attached a top
gate on each o-MoTe; flake. Figure 2a shows an
optical micrograph of one of the fabricated top-gated
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transistors, and Figure 2b illustrates the device struc-
ture and the measurement setup. Here, an a-MoTe,
flake was biased from the drain terminal while the
source terminal was grounded, and a top-gate bias,
Vig, and Vg were applied independently. The back-
gate bias determined the polarity of carriers injected
from the contacts, and the top-gate bias modulated
the drain current. Figure 2¢,d illustrates the band
configurations, in which the transistor polarity was
determined to be p- and n-type, respectively. For
Vs < 0, holes were injected and accumulated in the
a-MoTe, channel, and the top-gate bias pushed down
the band of the top-gated region to stop holes flowing
through the channel (Figure 2c). Thus, the transistor
behaved as a p-type FET. This configuration will here-
after be referred to as the “p-FET mode”. By contrast, for
Vs > 0, electrons were injected and accumulated in
the channel, and the top-gate bias modulated the flow
of electrons, resulting in n-type FET operation
(Figure 2d), which will be referred to as the “n-FET
mode”. The experimental results of transistor opera-
tions in both p- and n-FET modes are presented in
Figure 2ef, respectively. It was confirmed that the
operations were consistent with the models shown in
Figure 2¢,d. In both cases, the drain current increased
as the absolute value of the back-gate bias was in-
creased. The on current in the p-FET mode was 2 orders
of magnitude smaller than that in the n-FET mode. This
is also consistent with the difference in the currents of
the n-branch and p-branch in back-gated devices,
which reflects the difference in the Schottky barrier
height: ¢p > ¢n. The mobility in the n-FET mode was
estimated to be 0.14 cm? V™' s~ at Vg = +40 V. This
value was 1 order of magnitude lower than that
estimated before fabrication of the top gate (3.0
cm? V™' s7"). The degradation in mobility should be
attributable to the degraded quality of the top-gate
oxide interface, which was deposited by evaporation,
in particular, due to Coulomb scattering by charged
impurities which reduces mobility substantially in thin
films, as discussed above. In order to compare quanti-
tatively the interface quality between top- and back-
gate oxides, we evaluated the interface charge densi-
ties with a method similar to that in ref 31. The density
of interface charges is extracted via subthreshold slope
(S factor) as

(Sfactor) = (kgT/q) In(10)(1 + (Cs + Gip) /Cox)  (2)

where kg is the Boltzmann constant, T is the tempera-
ture, C,, G, and C,,, are the capacitances of the deple-
tion layer, the interface charge, and the gate oxide,
respectively. The interface charge density, Dy, is given
by D;; = Gi/qg. In the present case, C; can be omitted
because of the ultra-thin-body channel without a
depletion layer. From the Ip—Vpg curve in the device
before top-gate fabrication, the S factor was 1.5
V/decade, and accordingly, the interface charge density
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Figure 2. (a) Optical micrograph of one of the fabricated top-gated transistors. (b) Schematic of the transistor structure with
the measurement configuration. (c) Schematic band diagram in the p-FET mode with a positive back-gate bias. When the top-
gate bias, V.4, exceeds the threshold voltage, Vi, the local band is raised to hinder hole transport. Here, ¢p denotes the
Schottky barrier for holes, and q is the elementary electric charge. The conduction band edge energy, E, valence band edge
energy, Ey, and band gap energy, Eg, are also indicated. (d) Schematic band diagram in the n-FET mode for Vg > 0. When V4 <
Vin the local band is pushed down to induce the off state. Here, ¢ denotes the Schottky barrier for electrons. (e) Current on/off
operation in one of the fabricated devices in the p-FET mode. The Ip values increased as the Vg value was changed from
0to —5, —10, —20, —30, and —40 V. The source was grounded, and Vp = 100 mV. (f) Ip— V.4 characteristics of the device in the
n-FET mode. This is the same device as shown in (e). The I, values increased as Vgg increased from 0 to 5, 10, 20, 30, and 40 V.

was 1.8 x 10" cm 2. On the other hand, after the top
gate was placed on the a-MoTe, channel, the S factor
taken from the Ip—V,4 curve was 1.3 V/decade, result-
ing in an interface charge density of 1.5 x 10" cm ™2,
which is almost 1 order of magnitude larger than that
in the back-gate interface. This large density of inter-
face charge is supposed to be the reason for the low

electron mobility in the top-gated device, even though

NAKAHARAI ET AL.

the top gate covers only 30% of the channel, as seen in
Figure 2a. For more improvement in the carrier mobi-
lity, we should replace low-quality evaporated SiO,
with other materials, such as high-k dielectrics, by
atomic layer deposition or hexagonal boron nitrides,
and this is an issue to address in the next step
of developments. These results demonstrate that
a-MoTe, can function as both an n-FET and p-FET
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Figure 3. (a) Optical micrograph of a dual-top-gate transistor. The broken line shows the region of the a-MoTe, flake. (b)
Schematic of the transistor structure. The gap between the two top gates was 100 nm. (c) Band configurations of on and off
states in the p-FET mode at V45 < 0. The on state occurred at V,p < 0 and the off state at V;4p > 0. (d) Band configurations of
on and off states in the n-FET mode at V,45 > 0. The on and off states were given by Vigp > 0 and Vigp < O, respectively.
(e) Experimental results for on/off operation in the p-FET mode (V,4s = —5 V). The inset is a logarithmic plot. (f) Experimental
results of an on/off operation in the n-FET mode (Vi4s = 5 V), with a logarithmic plot provided in the inset.

through global control of the carrier type by back-gate
biasing. However, local control of the transistor polarity
for each individual device is required for constructing
CMOS-like circuits to meet the requirements of re-
duced power consumption.

Local electrostatic control of the transistor polarity
was achieved in transistors with two top gates in series
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on an a-MoTe, channel. An optical micrograph and a
schematic illustration of the transistor structure are
presented in Figure 3a,b, respectively. The two top
gates had a gap of 100 nm, and the gate stack structure
was SiO,/Al (30/30 nm), which is the same as that used
for the single-gated transistor in Figure 2. The top gates
were placed on the device with a 50% overlapping of
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the top gates with the source/drain contacts, as shown
in Figure 3b. This overlapping structure was aimed at
reducing the distance between the top-gate electrode
and the o-MoTe,/metal junction around the source/
drain contacts for better electrostatic control of the
Schottky barrier from the top gates. These two top
gates were biased independently, and the back gate
was grounded. The operation principle is schematized
in Figure 3¢,d. The polarity of the bias of one of the two
gates determines the polarity of the transistor in
response to the sweeping of the other top gate. When
one of the gates, the source-side gate, for example, is
negatively biased (Vigs < 0), the current turns on by a
negative bias of the drain-side gate (Vigp < 0) and
turns off by Vigp > 0, showing a p-FET operation
(Figure 3c). On the other hand, a positive Vi4s induces
an n-FET operation in response to the gating of Viyp
(Figure 3d). It should be noted that the roles of the
source-side gate and drain-side gate can be swapped;
in either case, Vigp X Vigs > 0 gives the on state and
Vigp X Vigs < O gives the off state.

Figure 3ef presents the transistor operations in
p- and n-FET modes, respectively. In both panels, the
insets show logarithmic plots. The channel was biased
from both source and drain at Vp = 100 mV and
Vs = —100 mV. The transistor behaved as a p-FET at
Vigs < O (Figure 3ce) and as an n-FET at Vigs > 0
(Figure 3d,f). The on current in the p-FET mode was
found to be 1 order of magnitude smaller than that in
the n-FET mode. Similar to the case of the back-gated
and single-gated devices as discussed above, this can
be explained by the difference in the Schottky barrier
height: ¢p > ¢n. The electron mobility in the n-FET
mode (Vigs = 5 V), as evaluated by eq 1, was 0.01
cm? V' s, which is 2 orders of magnitude lower
than the value before fabrication of the top gates
(12 cm? V7' s77). In this case, the reduced mobility

METHODS

Flakes of a-MoTe, were exfoliated by sticky tape from bulk
crystals of a-MoTe,, which were grown by the chemical vapor
transport method. The a-phase structure was confirmed by
using X-ray photoelectron spectroscopy and X-ray diffraction.>*
The exfoliated flakes of a-MoTe, were deposited on a heavily
doped silicon substrate with 285 nm thick surface thermal oxide
layers. The inset in Figure 1a shows an optical micrograph of a
typical o-MoTe, flake.

To estimate the thicknesses of the a-MoTe, films, we per-
formed Raman spectroscopy using a 532 nm excitation laser
after measuring the transport properties.>® It was found that an
a-MoTe, film with a thickness of 2—10 layers shows a Raman
peak of the B1zg vibration mode, with the relative intensity to
the prominent E1zg peak decreasing with increasing thickness.
Thus, the Raman intensity ratio of the B, to E',, peaks can be
used to estimate the number of layers in an a-MoTe; thin film.
Figure 1a is a typical Raman spectrum of an a-MoTe; flake that
was used for the transport measurement. The spectrum shows a
prominent E', peak at 235 cm™' and a small B',4 peak at
291 cm ' with a B1zg/E1zg peak intensity ratio of ~0.19. By
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can be explained presumably, in addition to the gate
oxide interface issue mentioned for the single-gated
device part, by the weak gate control over the a-
MoTe, band around the Schottky junction. In spite of
the overlapping structure of top-gate electrodes over
source/drain contacts, the distance between the top-
gate electrode and the a-MoTe, film in the contact
edge region became larger than that for the channel
region, which weakened the gate control over the a-
MoTe, of the Schottky junction vicinity. For this
reason, the Schottky barrier remained thick and re-
duced the injection of electrons and holes from the
junction. In this regard, the channel mobility itself was
not degraded compared with that in the single-gated
transistor shown in Figure 2; rather, the drive current
was presumably lowered by the additional parasitic
resistance in the junction. This problem should be
addressed by shortening the distance between the
top gate and the channel around the contact. One
possible method to address this issue could be gra-
phene contact which can lower the step height of the
contact.

CONCLUSION

We have demonstrated transistor operations with
electrostatically controlled transistor polarity in a dual-
top-gated device with an a-MoTe, channel. The tran-
sistor operations in both p- and n-FET modes were
performed in a single transistor by controlling the
polarity of the bias voltage applied to one of the two
equivalent top gates. The present transistors could
enable innovative circuit architectures for a greatly
improved performance with high-power efficiency.
Furthermore, our results are expected to contribute
to the development of technologies based on atom-
ically thin films for the fabrication of flexible and
transparent electronic or optical devices.

comparing this value with the previously reported ratio in ref 56,
we found that our flake thickness was about 5 layers, as shown
in Figure 1b. In the present experiment, we used some few-layer
flakes, typically from 4 to 8 layers.

Source and drain contacts of thermally evaporated Ti and Au
(5 and 15 nm, respectively) were fabricated by electron beam
lithography, using a poly(methyl methacrylate) resist and the
lift-off method. The same lithography method was adopted for
the fabrication of top-gate stack. Here, we deposited SiO, for a
gate insulator layer by the electron beam evaporation method,
and Al was successively deposited for the gate electrode by
thermal evaporation. The thickness of these layers was SiO,/
Al = 30/30 nm. We confirmed that the gate leakage currents to
the a-MoTe; layer or source/drain contacts were much lower
than 1 pA. a-MoTe, flakes of the fabricated devices were
exposed to air but were then carefully stored in vacuum in
order to avoid unintended oxidation of the a-MoTe, surface.
FET measurements were performed in vacuum at room tem-
perature using a probe station connected to a semiconductor
parameter analyzer (Agilent B1500).
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