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Abstract: The 2H molybdenum telluride (MoTe;) photodetector structures were made with inserting
1T-MoTe; interlayer contacts. The optical response properties such as photoconductivity (PC) spec-
troscopy, illumination intensity dependent photoresponsivity, frequency dependent photocurrent,
and time-resolved photoresponse were carried out in this study. In PC spectra, a much higher pho-
toresponsivity of 2H-MoTe, were observed by inserting 1T-MoTe, interlayer contact. The frequency
dependent photocurrent and time-resolved photoresponse investigations explore the carrier kinetic
decay process of MoTe, with different electrode contact. The Schottky barrier heights (SBH) extracted
by thermionic emission theory were also investigated by inserting 1T-MoTe; interlayer contacts. The
results show the potential applicability for photodetection devices based MoTe; layered transition
metal dichalcogenides semiconductors.
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1. Introduction

The discovery of single layered graphene opened up new possibilities and research
for the characteristics of two-dimensional (2D) materials [1,2]. The 2D transition metal
dichalcogenides (TMDCs) are usually in MX, type where M stands for the transition metal
from group IV-VII and X is the chalcogen elements S, Se, and Te [3-5]. Compare to graphene,
TMDCs can be semiconductors, semi-metals, metals, or even superconductors. Such
properties make them highly attractive for lots of studies of novel physical phenomena [6].
TMDCs layered 2D materials with atomic thickness are promising due to their potential use
in nanoelectronics and optoelectronics for next generation devices [7,8], such as fin-shaped
field effect transistors (FET) [9], FET with sub-10 nm channel length [10], inverter [11],
on-chip light emitting diode [12], and Van der Walls heterostructure devices [13]. The
most common used TMDCs such as MoS; and MoSe; have a band gap of 1.85 [14] and
1.55 [15] eV, respectively. The optical gap can be continuously tuned between the limits of
the stoichiometric crystals using alloys with different chalcogen concentration. However,
the design of band structure tailoring is an important issue for heterostructure devices.
Hence, a material with a band gap close to 1 eV would be valuable in the building block for
complex 2D structure system. Two hexagonal (2H) type molybdenum ditelluride (MoTey)
is one of the typical 2D TMDCs, which has an indirect bandgap of about 0.9 eV [16] in
bulk form and a direct bandgap of 1.1 eV by varying its thickness to monolayer [17]. To
date, MoTe; has received much attention due to its rich crystalline phases and its unusual
semiconducting, metallic and superconducting properties behaviors [18-20]. MoTe, also
has been demonstrated as a promising material for the applications of nanoelectronic
devices [21-23]. The preparation and device applications of home/hetero- junction MoTe;
were also investigated [24-26].
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The contact engineering for 2D materials is a key technology for the applications
of electronic devices [27,28]. Electrical contacts with excellent performance are another
critical issue for nanoelectronics and optoelectronics to achieve low power consumption,
fast photoresponse and effective spin injection [29,30]. The 2D TMDCs are metallic with
octahedral (1T) crystal structure and semiconductive with hexagonal (2H) crystal structure.
Phase engineering is a promising method to form 1T/2H phase interface in TMDCs
material systems [31,32]. Among the many known TMDCs, MoTe; has shown potential in
achieving the 1T/2H hetero interface. Theoretical simulations of the interface geometries
have also been studied [33]. The 1T-MoTe; is a Weyl semimetal with extreme high carrier
mobility and 2H phase MoTe; is semiconductor with direct bandgap [34,35]. Hence, the
further exploration of electrical contacts properties in MoTe; layered materials via phase
transformation engineering for device fabrication is not only interesting but also important.

In this work, the photoresponse properties by inserting 1T-MoTe, interlayer contact
of 2H-MoTe; are investigated. The PC spectra, frequency dependent photocurrent and
time-resolved photoresponse investigations explore the carrier kinetic decay process. The
Schottky barrier heights (SBH) were extracted by thermionic emission theory and were
also investigated by inserting 1T MoTe; interlayer contacts [36]. The results of electrical
and optical characterizations for photodetection devices are determined and possible
mechanisms are discussed.

2. Materials and Methods

The MoTe; single crystals were grown from the composite elements (M0:99.99% and
Te:99.99%) by the chemical-vapor transport method. The chemical transport was achieved
with ICl; as transport agent. Total charge used in growth experiment was about 5 g. Prior to
the crystal growth the powdered compounds of the series were prepared from the elements
by reaction at 1000 °C for 10 days in evacuated quartz ampoules. The growth temperature
was about 900 °C at the high temperature end and 800 °C for the low temperature end
with a temperature gradient of about 3 °C/cm, and the growth time was about 20 days.
Single layered crystals were formed in silver-colored platelets with a thickness of ~20 um
and lateral size of 2 mm X 3 mm. For the preparation of 1T phase MoTe; interlayer as
electrode contact material, the phase transformation from 2H to 1T phase is achieved by
annealing process (at 700 °C, 120 min). After the phase transformation process, the 1T-
MoTe; interlayer is connected on 2H-MoTe;.

In PC measurements, the spectra were measured in the range from 0.7 to 1.55 eV by
the probe beam with several mW with chopping frequency at ~10 Hz. A data acquisition
(DAQ) device with time resolution of 1 ms was used for the time-resolved photoresponse
measurement. For frequency-dependent photocurrent measurement, a 2 mW 980 nm laser
was used as the excitation illumination. The steady state photocurrent at 0 Hz represented
the dc photocurrent. The AC part represents the photocurrent induced in the frequency
range of 0.5 to 10 kHz.

3. Results and Discussion

The phase properties of 2H-and 1T-MoTe, were first characterized by Raman spectra.
In Figure 1a, the Raman peaks which are Ey; mode for 2H-MoTe; and Bg mode for 1T-
MoTe;, respectively [24]. In order to study the photoresponse properties of 2H-MoTe, with
different electrode contact, we fabricate the MoTe; photodetector structure by inserting
1T-MoTe; as interlayer contact. For comparison purposes, a contact using Ag contact on
2H-MoTe, was also prepared. The schematic diagram of Ag and 1T-MoTe, interlayer
electrode contacts of 2H-MoTe; structures are shown in Figure 1b.
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Figure 1. (a) Raman spectra of 2H- and 1T-MoTe,. (b) The schematic diagram of Ag and 1T-MoTe,
interlayer electrode contacts of 2H-MoTe; structures.

Figure 2 shows the photocurrent (PC) spectra of 2H-MoTe; with Ag and 1T-MoTe;
interlayer electrode contacts. We can observe the peak arise from ~0.9 eV which was
attributed to the energy gap of 2H-MoTe,. It is also noticed here that the photoresponse of
2H-MoTe; was enhanced a lot by inserting 1T-MoTe; interlayer electrode contact.
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Figure 2. The PC spectra of Ag and 1T-MoTe; interlayer electrode contacts of 2H-MoTe; structures at
300 K.

Figure 3 shows the illumination intensity dependent photoresponsivity of using
Ag and 1T-MoTe; interlayer electrode contacts of 2H-MoTe,. The responsivity (R) is
defined as the photocurrent generated per unit power of the incident illumination. It
shows the responsivity decrease gradually with the increase of illumination intensity.
The responsivity can be extracted from the experimental results by using the power law
function R = P™ [37,38]. The power equation fits to the experimental data with an exponent
(n); the exponent implies the mechanism of carrier recombination and trapping states
during the photoresponse process. The obtained n is 0.57 for 1T-MoTe, interlayer electrode
contacts of MoTe, which is correlated with the mechanism including recombination states
and carrier—carrier interactions. However, we observe two slopes with Ag contact sample
which means two different recombination mechanisms are involved.
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Figure 3. The photoresponsivity plotted with respect to illumination intensity for 2H-MoTe; using
Ag and 1T-MoTe; interlayer electrode contacts.

The time-resolved photoresponse dynamics of Ag and 1T-MoTe; interlayer electrode
contacts of 2H-MoTe; were measured by applying ON/OFF light modulation. Figure 4a,b
shows the time-resolved photoresponse of Ag and 1T-MoTe; interlayer electrode contacts
of 2H-MoTe; with the incident light frequencies of 1000 Hz. In time domain, the speed
of photoresponse is characterized by the rise time (t;) and the fall time (t¢). The rise time
and fall time are defined as the time interval for the response rise from 10% to 90%, and
decay from 90% to 10% of its maximum photocurrent value, respectively [39]. A single
response cycle at 1000 Hz is shown in Figure 4c,d. The rise and fall times for Ag contact on
2H-MoTe; are 180 and 185 ps, respectively. Using 1T-MoTe, interlayer electrode contact
reveals a faster rise time of 98 us, as well as a shorter fall time of 99 us, which indicate
the photoresponse speed can be improved by using 1T-MoTe, as interlayer contact. The
slower photoresponse in Ag contact on 2H-MoTe; might be due to the influence of trap
state which deteriorates the carriers’ transfer efficiency.
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Figure 4. Time-resolved photoresponse of (a) Ag and (b) 1T-MoTe; interlayer electrode contacts of
2H-MoTe; structures at 1 kHz. The enlarged plots of (c) Ag and (d) 1T-MoTe; interlayer electrode
contacts of 2H-MoTe; structures of one response cycle for calculating the rise and fall times.
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In the applications of optoelectronic device, the photoconductivity was also investi-
gated for the 2H-MoTe, using Ag and 1T-MoTe; interlayer electrode contacts. In order to
understand the kinetics of the photoconductivity, the frequency dependence of the photo-
conductivity I,./I4. was studied, where I, is the ac component of the photocurrent, and
I4c represents the steady state photocurrent. A laser diode with 980 nm wavelength is used
as the illumination source. Figure 5 illustrates the frequency dependent photoconductivity
of of Ag and 1T-MoTe; interlayer electrode contacts of 2H-MoTe,. It is observed that L. /14¢
of Ag contact on 2H-MoTe, decreases faster than that of 1T-MoTe; interlayer electrode
contact as frequency increase. The behaviour of frequency dependence PC can be described
by the relation [40]:

1 1
IaC/IdC — kl X tanh<%> + k2 X tanh<4f’r2> (1)

where k; and k; are the amplitude coefficients. t; and t, are the carrier time constants
of two decay processes. The obtained coefficients were listed in Table 1. These results
indicate that the ratio of long-time constant decay process in Ag contact on MoTe; is larger
than short time constant decay process, whereas in using 1T-MoTe; interlayer electrode
contact, the 52% time constant is composed of short time constant decay process. This
might attribute to the additional trap state in Ag contact on 2H-MoTe,, which causes a
longer time constant decay process.
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Figure 5. Normalized photoconductivity as a function of the frequency of Ag and 1T-MoTe; interlayer
electrode contacts of 2H-MoTe;.

Table 1. The obtained values of coefficients from the least-square fits to Equation (1) for the 2H-MoTe,
using Ag and 1T-MoTe; interlayer electrode contacts.

Contact Type Ag Electrode 1T-MoTe; Interlayer
kq 0.61 0.48
ko 0.39 0.52
T 7.5 ms 3.8 ms
T 105 us 35 us

The electrical resistivity as a function of temperature in the range from 20 to 300 K for
both Ag and 1T-MoTe; interlayer electrode contacts of 2H-MoTe; are plotted in Figure 6.
The results show the resistivity for both Ag and 1T-MoTe; interlayer electrode contacts of
2H-MoTe; decrease with increasing temperature. It is noticed here that the resistivity can
be reduced by using 1T-MoTe; interlayer as electrode contact. This might be attributed to
the better junction characteristic between the 1T metal and 2H semiconductor MoTe,. We
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further investigate the I-V characteristics of 2H-MoTe, with Ag and 1T-MoT; electrodes
contact.
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Figure 6. The resistance as a function of temperature in the range from 20 to 300 K for Ag and 1T-
MoTe;, interlayer electrode contacts of 2H-MoTe;.

The forward I-V characteristics of an ideal Schottky junction can be expressed as [41]

_ qVL;
It = Isexp (kBT ) )
where o
_ 2 9%
Is = ASTexp( —kBT) ©)]

I is the diode saturation current, A is the Richardson constant, S is the contact area of
junction, q is the electron charge, ®p is the Schottky barrier height, and kg is the Boltzmann
constant. As the carrier transport behavior in device is treated as the 2D material, the
current Ip can be defined by 2D thermionic emission model [42], which employs the
reduced power law T/2 for a 2D transport channel:

q A%

Ip = A;pST* %exp|— or (@) 4)

where A",p is the 2D equivalent Richardson constant, n is the ideality factor, and V
is the voltage. To determine the Schottky barrier height, temperature dependent I-V
measurements of 2H-MoTe, with Ag and 1T-MoTe, interlayer electrode contacts were
carried out. To investigate the barrier, it is common to use Arrhenius plot. The In(Ip /T%/3)
against 1000/ T for various V in Figure 7a,c. By fitting the data to each V, we obtained the
slope with ®. Then by plotting the slope as a function of V. The Schottky barrier height can
be extracted from the y intercept in Figure 7b,d. The Schottky barrier heights of Ag and 1T
electrodes are 108.3 and 60.6 meV, respectively, which are shown in Table 2. The results
demonstrate that the Schottky barrier height can be reduced by using 1T-MoTe; interlayer
as electrode contact. The 2H-MoTe; by inserting 1T-MoTe; interlayer contact show an
improvement in device performance compared to the one with Ag/2H contact, which
might be due to the reduced contact resistance and smaller barrier height at interface [26].
Moreover, the reduced interface traps also lead to improve the carrier transport process
across the interface which further produce better photoresponsivity properties.
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Figure 7. The Arrhenius plot. The In(Iop/ T2/3) against 1000/T for various V for (a) Ag and (c)
1T-MoTe; interlayer electrode contacts of 2H-MoTe,. Extracted of via ®p the y intercept value of (b)
Ag and (d) 1T-MoTe; interlayer electrode contacts of 2H-MoTe;.

Table 2. The Schottky barrier heights of Ag and 1T-MoTe; interlayer electrode contacts determined
from 2D thermionic emission model.

Contact Type Work Function (®y) Schottky Barrier Height (®p)
Ag 426eV 108.3 meV
1T-MoTe, 410eV 60.6 meV

4. Conclusions

In this report we have demonstrated that the photoresponse properties of 2H-MoTe,
can be improved by inserting 1T-MoTe; interlayer contact. From PC spectra, we found
that the light sensitive range did not change but the responsivity has been enhanced
about 10 times. Furthermore, the illumination intensity dependent photoresponsivity
study also confirmed that the responsivity has been enhanced more than one order in the
whole intensity range from 1 x 107> to 3 x 1072 W. About the response speed, the time-
resolved photoresponse analysis shows that the rise time and fall time decrease from 180
to 98 us and from 185 to 99 us, respectively, after inserting 1T-MoTe; interlayer as contact.
The frequency dependence photoconductivity investigation also revealed that short time
constant response increases. The ratio was increased from about 40% for Ag electrode
(ko = 0.39, in Table 1) to over 50% (k; = 0.52, in Table 1) after inserting 1T-MoTe; interlayer.
We also demonstrated that the Schottky barrier heights can be reduced from about 108 to
60 meV. Our result showed that the interesting 1T-MoTe; interlayer as electrode contact is
an easy and effective method to improve the photoresponse properties.
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