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Functional 2D material-based devices are likely subjected to high ambient temperatures when integrated into miniaturized circuits for practical applications, which may induce irreversible structural changes
in materials and impact the device performance. However, majority of 2D devices’ studies focus on room temperature or low-temperature operation conditions. Here, the high-temperature (up to 673 K)
electro-thermal response of molybdenum ditelluride (MoTe2)-based field-effect transistors is investigated. The optimal annealing temperature of around 500–525 K for the multilayer MoTe2 devices with twofold enhancement in maximum current level, field-effect mobility, and current on-off ratio is identified. Furthermore, MoTe2 devices show the transition of electrical response from gate modulation to the
degenerately p-doped (hole dominant) characteristics when the operation temperature increases to ≈600 K. The gate-dependent electro-thermal measurements complemented by surface chemistry analysis
confirm the near range hopping transport in the MoTe2 channel at high temperature induced by thermally triggered oxidation of MoTe2.
Mixed-dimensional heterostructures combine the merits of materials of diﬀerent dimensions; therefore, they represent an advantageous scenario for numerous technological advances. Such an approach
can be exploited to tune the physical properties of two-dimensional (2D) layered materials to create unprecedented possibilities for anisotropic and high-performance photonic and optoelectronic devices.
Here, we report a new strategy to engineer the light−matter interaction and symmetry of monolayer MoS2 by integrating it with one-dimensional (1D) AlGaAs nanowire (NW). Our results show that the photoluminescence (PL) intensity of MoS2 increases strongly in the mixed-dimensional structure because of electromagnetic ﬁeld conﬁnement in the 1D high refractive index semiconducting NW. Interestingly, the
1D NW breaks the 3-fold rotational symmetry of MoS2, which leads to a strong optical anisotropy of up to ∼60%。

Multilayer MoTe2 Field-Effect Transistor at High Temperatures [1]

Figure 1. MoTe2 device structure and electrical characterization: a) The
schematic and b) the optical microscopy image of back gate MoTe2 field
effect transistor. The scale bar is 10 µm. c) Transfer curve of the MoTe2
device at VD = 1 V. Inset shows the energy band position of Ni and MoTe2
before contact.

Figure 2. High-temperature results: a) The trend of gradual increase of
temperature during high temperature measurements. Note that at each step, the
temperature was stabilized for 3 min and then measurements were performed. b)
The obtained ID-VG plots at VD = 1 V with increasing temperature values. c) The
extracted field effect mobility and on-off ratio of device as a function of device
temperature.

Figure 3. Temperature-dependent Raman spectra of MoTe2: the Raman
spectra collected from a multilayer MoTe2 flake with increasing
temperature from 303 to 663 K. The dashed lines are visual guide of
characteristics Raman peaks of 2H- MoTe2.

Inducing Strong Light−Matter Coupling and Optical Anisotropy in Monolayer MoS2 with High Refractive Index Nanowire [2]

Figure 4. Our 2D MoS2/1D AlGaAs NW mixed-dimensional heterostructure.
(a) Schematic of the crystal structure of monolayer 2H-MoS2. The blue color
lines and red circle at the center of the triangle represent mirror reﬂection
planes and the 3-fold rotational symmetry axis of the crystal, respectively. (b)
Illustration of monolayer MoS2 transferred over a NW. (c) Optical image of
typical MoS2/NW sample. Scale bar: 5 μm. Inset shows an atomic force
microscope (AFM) image of the heterostructure measured at the blue dashed
rectangular area of the image. (d) Raman spectra of bare MoS2, a AlGaAs
NW, and a MoS2/NW heterostructure.

Figure 5. Enhanced and broken-symmetry-induced anisotropic optical response of
mixed-dimensional heterostructures. (a) Raman spectra of a bare MoS2 ﬂake and a
MoS2/NW heterostructure at room temperature. Inset shows the schematic of the crystal
structure with in-plane and out-of-plane Raman modes adjacent to the corresponding
peaks. (b) Comparison of room temperature PL spectra of a bare MoS2 ﬂake and a
MoS2/NW heterostructure. (c) Variation of the E12g and A1g mode normalized intensities
in a MoS2/NW heterostructure at diﬀerent polarization angles of the incident light. The
polarization angle θ denotes the angle between the NW long axis and the polarization
detection angle. (d) Anisotropy of PL in the MoS2/NW heterostructure and bare MoS2.
Solid lines in (b) and (d) are ﬁtted curves using a cos2θ function.

Figure 6. Improved performance of a mixed-dimensional
MoS2/NW photodetector. (a,b) Id−Vd characteristics of MoS2
and MoS2/NW FETs in the dark and 532 nm laser illumination.
An optical image of the devices is presented in the inset of (a).
Scale bar: 2 μm. (c) Incident laser power-dependent
photocurrent in the devices. (d) Comparison of responsivity
and speciﬁc detectivity of the photodetectors as a function of
incident laser power.

Conclusions
We systematically investigated the electrical response of multilayer MoTe2 devices under large ambient temperatures in a controllable fashion. We identified the optimal post-fabrication annealing
temperature for MoTe2. Furthermore, MoTe2 devices showed thermal endurance over 598 K even with repeated electrical and thermal stress. Lastly, the charge transport at high temperature in MoTe2 device
is governed by thermally triggered ambient oxidation. Our results will help provide useful information to design practical and durable devices and open up new avenues for future device applications.
We demonstrate enhancement and excitation polarization-sensitive optical and optoelectronic properties of monolayer MoS2 by integrating it with high refractive index AlGaAs NW. The Raman and PL
intensity of MoS2 increases by ∼3 and ∼9 times in the MoS2 /NW heterostructures compared with the bare MoS2 samples. Further, we observe a strong anisotropic response in the PL with an ∼60% degree
of anisotropy because of the breaking of rotational symmetry induced by the NW. Numerical simulations reveal that excitation polarization-dependent EM ﬁeld conﬁnement of NWs is the basis of such optical
responses. The mixed-dimensional photodetectors oﬀer improved device performance with polarization sensitivity. In comparison with bare MoS2 phototransistors, the responsivity and speciﬁc detectivity in
MoS2 /NW devices increase by ∼3 and ∼5 times, respectively. Our results of engineering light−matter interaction and symmetry breaking provide a simple route to induce enhanced and anisotropic
functionalities in 2D materials.

References
[1] Faisal Ahmed, et al. Adv. Mater. Interfaces, 2021, 8, 2100950.
[2] Abde Mayeen Shaﬁ, et al. ACS Appl. Mater. Interfaces, 2022, 14, 31140−31147.

