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Abstract— In this article, we explore the nature of photocur-
rent generation mechanisms in MoTe; based field effect transistors
(FETs) by using gate and bias-dependent photocurrent measure-
ments. Our results reveal that the photocurrent signals at MoTe;-
electrode junctions are mainly attributed to the gain photoconductor
effect in the off-state and on-state. The photocurrent peak is distin-
guished from conventional MoTe, FETSs, which show a continuous
increase in photocurrent with back-gate voltage. These results of-
fer significant insight and further enhance the understanding of the
directional-dependent absorption of MoTe; crystals.
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I INTRODUCTION

While fossil fuels have been integral in the development of
most industrial nations, there are a few realities of using them
that society needs to come to terms with. There are many ar-
guments in favor of society’s need for renewable energy. The
isolation of graphene in 2004, rapidly followed by the dis-
covery of its amazing properties, has generated an intense re-
search effort on layered 2D (two-dimensional) materials[1].
Low dimensional materials have exhibited exotic physical
properties. Among them, TMDs (transition-metal dichalco-
genides) layered semiconducting materials such as MoS2,
MoSe2, WS2, WSe2 and MoTe2 have attracted a great atten-
tion due to the possibility for a candidate material for post-Si
era. Even in their single layer form, semiconducting TMDs
materials have demonstrated efficient light absorption, en-
abling large responsivity in photodetectors. Therefore, semi-
conducting layered TMDs materials are strong candidates
for optoelectronic applications, especially for photodetec-
tion. The rectification nature of the source-drain current
with the back gate voltage reveals the presence of a stronger
Schottky barrier at the MoTe2-metal contact[2].

For electronic applications, semiconducting 2D TMDs
materials benefit from sizable mobilities and large on/off
ratios, due to the large modulation achievable via the gate
field-effect. However, the absence of an intrinsic bandgap in
graphene has hindered its development for use in logic cir-
cuits in the modern semiconductor industry, stimulating sci-
entific and engineering progress on its derivatives and other
TMDs layered nanomaterials. TMDs with the common for-
mula MX,, where M stands for a transition metal from group
IV-VII (M = Mo, W, Nb, Re, and so on) and X is a chalcogen
element (X = S, Se, Te), form a well-known class of layered
composite materials. In these layered materials, a hexago-
nally packed layer of M atoms is sandwiched between two
layers of X atoms, and the triple layers stack together via
weak van der Waals forces, which facilitate cleavage of the
bulk crystals to form individual 2D flakes along each triplet
of layered structures. The lack of covalent bonds between
adjacent triple layers renders these 2D TMD flakes free of
dangling bonds, thus creating chemical stability and low car-
rier scattering on their surfaces. These layered TMD struc-
tures lead to high anisotropy in their electrical properties[3-
4]. Photodetectors are a key component of many devices
we use in our daily life. From imaging to optical commu-
nications, we have photodetectors to convert the information
stored in light into electrical signals that can be processed by
standard electronics. Silicon photodetectors are readily in-
tegrated in semiconducting 2D materials technology. Bulk
Silicon photodetectors suffer from the limitations of silicon
as a light-absorbing material. Its indirect bandgap of about
1.07 eV limits absorption to the visible and near-infrared part
of the electromagnetic spectrum and reduces its efficiency.
To achieve sizable responsivities, photodetectors based on
bulk silicon rely on a thick channel, making the photode-
tector fully opaque. In the photoconductive effect, photon
absorption generates extra free carriers, reducing the elec-
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Fig. 1: Schematic of the photoconductive effect. a) Ids—V, traces in the dark (solid black line) and under illumination (solid red line).
Illumination results in an increase in the conductivity (vertical shift) and a positive photocurrent across the entire gate voltage range, b) a
schematic representation of a phototransistor consisting of by the gate doping and without. ¢) Band alignment for a semiconductor
channel contacted with two metals (M) under an external bias without illumination. A small current flows through the device (1;,,1). d)
Band alignment under illumination with photons of energy (Eph) higher than the bandgap (Ebg). The absorption of photons generates
electron-hole pairs that are separated by the external applied bias, generating a photocurrent (/,4;,) Which adds to Iy

trical resistance of the semiconductor. Without illumination
and under an applied bias (Vj,), a small source—drain cur-
rent can flow (I;44). Under illumination, the absorption of
photons with energy higher than the bandgap (E,, Ejg) gen-
erates e—h pairs which are separated by the applied V ;. The
photogenerated free electrons and holes drift in opposite di-
rections towards the metal leads, resulting in a net increase
in the current (/pj010)-

This photogenerated current adds to the dark current, re-
ducing the resistance of the device, as depicted in Figure 1.
It is instructive to consider the case of a large difference be-
tween the electron and hole mobilities, resulting in a large
difference in the electron/hole transit time (T;,4si)

L2
.uvds
where L is the length of the transistor channel, u the charge
carrier mobility and Vg the source—drain bias[5]. If the

hole mobility is much lower than the electron mobility, the
photogenerated electrons can cross the channel much faster

Ttransit =

than the photogenerated holes. Until recombination or hole
extraction, many electrons can participate in the photocur-
rent, leading to the photoconductive gain (G). Effectively,
this means that more electrons can be extracted from a sin-
gle photon. The photoconductive gain is the ratio of the
photogenerated carrier lifetime (Tpjorocarriers) and the transit
time[6].

G— Tphotocarriers o Tphotocarriers l-LV
Ttransit L?

This effect is of particular importance for nanostructured
materials, like two dimensional semiconductors, where the
large surface and reduced screening play a major role in the
electrical properties. Hence, large (Tpnorocarriers) and a large
mismatch in the electron/hole mobility yield large G.

I RESULTS AND DISCUSSION

We are proposed a new structure of memory devices for
n/p type field-effect transistors (FETs) based on few and
mono layer of TMD materials. Figure 2 shows the schematic
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Transition
Chalcogens -X2
metals-M
Group | Metals -S2 -Se2 -Te2
v Zr Semiconductor; bulk: 1.75 eV Semiconductor Semiconductor
Hf Semi-insulator Semiconductor; bulk 1.15 eV Semiconductor
Vv Metal Metal Metal
A" Nb 1T phase; Metal; superconducting Metal; Superconducting Metal
Ta Metal; Superconducting Metal; Superconducting Metal
Semiconductor; Semiconductor; Semiconductor;
Mo
1L: 1.8 eV; bulk: 1.3 eV 1L: 1.5eV; bulk: 1.1 eV 1L: 1.1 eV; bulk: 0.6 eV
Semiconductor; Semiconductor; Semiconductor;
VI W
1L: 2.1 eV; bulk: 1.4 eV 1L: 1.7 eV; bulk: 1.2 eV 1L: 1.1 eV
X Pd Semiconductor Semiconductor Metal; superconducting
Pt Semiconductor; bulk: 0.7 eV Semiconductor; bulk: 0.1 eV Metal

TABLE 1: ELECTRONIC PROPERTIES OF DIFFERENT LAYERED TMDs
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Fig. 2: a) schematic structure of the fabrication of MoTe; onto a 300 nm SiO; substrate (optical image of the device after the
electron-beam lithography processes), b) optical image of the MoTe; junction with few-layers (after the electron beam-metal deposition)
and c) the current vs. gate voltage and under illumination characteristics at various Vbias.

structure of the fabrication of MoTe, and optical image of the
MoTe; junction with few-layer film deposited onto a 300 nm
Si/SiO; substrate. We have focused on the p- type on SiO;
MoTe, FET device measurements.

P - and n-type on SiO, MoTe; FET devices will be de-
termined from current-voltage (I V) measurements of FET.
I V characteristics are measured using one of Model 4200-
SCS’s Source Measure Units (SMUs), which can source and
measure both current and voltage. It indicates that the lower

gate voltage can lead to a higher Schottky barrier[7] height
between metal (Au/Ti) and MoTe,. Figure 2¢ shows the cur-
rent vs. gate voltage characteristics of various Vj;,s. The
MoTe; is the core of FET devices[8]. In order to fundamen-
tally understand the physics of the metal junction, a theoret-
ical model is established[9]. The electrical performance of
our device is mainly dependent on the metal junction. In this
case, the lateral transport is the dominant factor, suggesting
that the resistance of this uniform junction. Therefore, the
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Fig. 3: a) optical image of MoTe2 FET. b) Photo current map of the transistor at Vsd = 500mV and Vbg = 30V with laser power 150
mW/cm?2. Black dashed line outlines the region of MoTe2.

junction could also be regarded as an artificial thin film FET.
These two resistors are included to consider the resistances
of MoTe; between the junction and source/drain electrodes.
Here MoTe; is considered as a thin bulk material, and the
drop of electric potential in electrode is ignored since it has
only several layers[10]. We now discuss the optical response
of the transistor. Fig. 3(b) shows the scanning photocurrent
mapping of an area (Fig. 3(b)) (8 x 5 um) around the MoTe,
structures at V,, = 30V. Here, MoTe; was biased with Vy,
= 500mV and the photo current was measured through the
channel.

We observe a higher photocurrent at MoTe; (blue region in
Fig. 3(b)) as compared to only the MoTe, part. The values of
photo induced currents are 60 nA, 10 nA, and 1 nA at MoTe,
and SiO; substrate interface, respectively. With laser on, the
current increases by 15-20 times (at Vy; = 500mV). When
the MoTe; is illuminated, the photo-generated electrons and
holes in photo-active MoTe, are easily separated by highly
conductive interface due to the applied electric field (Vy,) re-
sulting in enhanced current[11]. When the laser is turned on,
the photo carriers are generated and the built-in electric field
at the MoTe,-Si0O; interface due to the Schottky barrier sep-
arates the carriers apart, resulting in the short circuit current.
In order to modulate the Schottky barrier height significantly,
we change the laser power and more number of photo carri-
ers are generated which are separated by the applied source
drain bias and the photocurrent increases sub-linearly with
the laser power. The Seebeck coefficient, making it a promis-
ing material for thermal energy harvesting[12-14].

In this article, we can achieve the current state in pho-
todetection with layered semiconducting materials photode-
tectors should be based on TMDCs, especially MoTe; show
large responsivity coupled to slow response times, indicating
that these materials can be suitable for sensitive applications
in the visible and when time response is not important. We
also remind that the photocurrent due to the photovoltaic ef-
fect in these MoTe; diodes is approximately larger currents
observed at the contacts of a monolayer MoTe, field-effect
transistor[15].

III METHODS

The bulk MoTe; was purchased from 2D semiconductors.
A few layers of the material were deposited onto a substrate
by using the mechanical exfoliation method. An optical mi-
croscope (OM) image of the multipurpose MoTe; device fab-
ricated. Since our MoTe, is also prepared with mechanical
exfoliation, for the above reason, we choose a flake with the
thickness of 17 nm (21 atomic layers), to minimize the ef-
fect by the interface traps on the photoresponse of MoTe;,
and to maximize the effect of the midgap states in the exper-
iment[12]. Electrodes were patterned using electron-beam
lithography, and Cr/Au (5/30 nm), Au (30 nm) were de-
posited for MoTe, contacts, respectively, by electron beam
evaporator system.
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IV  CONCLUSIONS

In summary, the van der Waals forces between the two
different TMDs result in a band offset that gives rise to
the directional electrical conductance that is governed by
thermionic emission. The effective bandgap of the MoTe2 is
narrow enough (approximately 0.8 eV) to facilitate interband
tunneling of carriers under reverse bias. However, tunneling
characteristics were not observed. Therefore, the device pa-
rameters were controlled to realize tunneling current. In this
study, the contact resistance was lowered and the depletion
region width was reduced by changing the metal electrode.
In our study, a peak-to-valley ratio of 4.8 was determined.
This value is comparable to that of well-established Si tun-
neling diodes. By adopting atomically thin s-TMDs, the ap-
plication of inorganic solid state electronic devices has been
expanded to the flexible regime.
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