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ABSTRACT

Two-dimensional (2D) vertical oriented indium sesquitelluride (InpTe3) nanowalls, and ZnO/InyTes nano-
heterostructures were grown on Si substrate via simple chemical vapor deposition (CVD) technique. The
monitored InyTes nanowalls are single crystalline, 120-150 nm in size and approximately 50 nm thin. Indium
sesquitelluride (InyTes3) has a suitable band gap for optoelectronic and energy field applications but its field
emission properties have not been investigated yet. For the first time, InyTes structures have been subjected for
field emission analysis which pointed out reasonable properties of field emission. Owing to field emission
improvement, ZnO nanoparticles were garnished on In,Te3 nanowalls. This causes an impressive reduction in
turn on field which approaches to 2.1 me_1 as compared to pure InyTe; nanowalls 3.2 me_l. In addition,
excellent emission stability without significant current degradation is noted. These findings indicated that 2D
nanowalls of InpTes and ZnO/InyTes nanoheterostructures have great potentials for future applications in the
energy field.
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1. Introduction

In research, various field emission investigations of zero-dimensional
(quantum dot), one-dimensional (quantum wire) and two-dimensional
(quantum film) semiconductor nanostructures of carbon, GeAs, ZnO,
Iny03, SnOy, TiO9, CdSSe and SiC frameworks exhibited optimal opto-
electronics properties because of high surface area to volume ratio, high
density, small radius of curvature, and special morphology [1-6].
Lately, 2D nanostructures like nanosheets, nanowalls and their hetero-
structures have attained intense focus of scientific society because of
their unique physical properties, extraordinary geometry and high
aspect ratio for nanoscale devices in nanoelectronics and nanophotonics
[7]. Because of the consistent and high crystal quality of 2D nano-
structures, charge carriers can flow via interatomic sites without scat-
tering. These leads upgraded electrical conductivity and unrivaled field
emission characteristics [8]. In specific, the field emission properties of
2D nanostructures have appealed attention because of their greater field
emission phenomena. Field emission related with quantum tunneling
phenomenology has attained in broad consideration in vacuum electron
gadget such as high energy accelerators, panel displays, microwave
amplifiers and X-ray generators applications, due to its transient reac-
tion and low power cost characteristics [9]. Field emission depicts the
discharge of electrons from a conducting substrate into vacuum by
means of electron tunneling via the potential barrier surface [10,11]. As
tunneling is a delicate test of the electronic spectrum, field emission has
regularly been applied as a valuable spectroscopic instrument for
characterization of bulk material [12]. Experiments exploiting nano-
structured emitters disclosed deviations from regular theory connoting
that tunneling takes place in these frameworks through discrete energy
levels, shaped in the nano-edges because of spatial constrains [13]. In
this regard, nanowalls arrays of GaS, TiO9, and ZnO have been studied
[14-17]. Moreover, the doping, core shell, hierarchical and hetero-
structure fabrications of nanostructures are important aspects to explore
field emission as well as other electrical and optical properties of
semiconductors [18]. With interest as to potential and competitive
heterostructures analysis of ZnO/ZnS, ZnO/CdS and ZnO/Ag,S dis-
played significant lower turn on field compared to pure ZnO [19-22].

Indium telluride is a vital III-VI semiconductor compound with
direct band gap of about 1.19eV which depicts an efficient material with
enhanced photoelectric properties. However, past research on In,Tejs is
up to great extent considering thin film for gas sensors, thermoelectric
power generators and memory devices. Contrasted thin film materials,
the one of exceptional physical and chemical properties of nano-
structured semiconductors make them perfect in developing as well
outlining highly useful nanodevices like nanowires photo detectors
contributed by our group [23-25].

In this article, by streamlining the deposition parameters in the CVD,
we effectively express the preparation of high quality, single crystalline
InyTe3 nanowalls. For the first time, we synthesized and characterized
2D vertical nanowalls of InjTes along with fabricated InyTe3/ZnO
nanoheterostructures. Encouragingly, InyTeg nanowalls and InpyTes/ZnO
nanoheterostructures devices were fundamentally inspected for field
emission properties systematically. The device reveals much better
performance turnout voltage. We considered these outcomes as the CVD
developed InyTes nanowalls, and InyTe3/ZnO nanoheterostructures may
be potential candidate for field emission devices and are promising
possibility for telluride-based chalcogenides applications in high
affectability for the novel optoelectronic appliances.

2. Experimental
2.1. Syntbhesis of indium telluride (InzTes)
In,Tes nanowalls were synthesized on Si substrates using horizontal

vacuum tube furnace along the one temperature zone. The growth
substrates were cleaned by a standard cleaning process prior to load in

Materials Chemistry and Physics 290 (2022) 126510

furnace tube. InyTes nanowalls source material, InoTeg powder was fil-
led in middle of the quartz tube and Si substrates deposited at distance
15-20 cm in downstream area. Firstly, quartz tube stimulated as evac-
uated, sealed, and flushed several times with great purity Ar and H; gas
to provide oxygen free environment. During this process, Ar gas sus-
tained with a constant flow rate by keeping 150 Torr tube pressure.
Temperature of the furnace was modified to 600-700 °C for source and
300-400 °C for substrate. Overall reaction process was managed for 60
min. Then furnace was allowed to cool down naturally for attaining
room temperature.

2.2. Garnishing of ZnO particles on InyTe3 nanowalls

The ZnO nanoparticles deposition on InyTes nanowalls were also
performed in same single temperature zone at temperature 600 °C with
temperature rising rate of 30 °C/min in a horizontal vacuum tube
furnace. The evaporation source ZnO (99.99%, alfa aesar) was placed on
a boat, positioned in the center and In;Tes nanowalls substrate at
400 °C, 8-10 cm downstream of tube furnace. The source evaporation
and deposition time was 10 min.

2.3. Characterizations

The morphologies of InyTe3 grown structures were characterized by
field emission scanning electron microscopy (FESEM) S4800 (Tokyo,
Japan) at 10 KV. Selected area electron diffraction (SAED), Transmission
electron microscopy (TEM), and the high-resolution transmission elec-
tron microscope (HRTEM) were performed at an accelerating voltage of
about 200 kV on FEI Tecnai F20. The SEM attached; energy dispersive X-
ray spectroscopy (EDX) was used to identify composition of crystal
structure.

2.4. Measurement of field emission

Field emission measurements were operated at the room tempera-
ture under two parallel plates arranged in a vacuum chamber. Base
pressure for the chamber was executed by using vacuum pump at
107Pa and Keithley picoammeter of semiconductor characterization
system was used to measure emission current of devices. It is included
that nanostructured Si substrates hold 1 x 1 cm? area for emission,
produces 1 pAcm ™2 current density by applied field (turn on field) [26,
27].

3. Results and discussion

FESEM images presenting morphologies of the as fabricated InyTes3
and InyTes/ZnO nanostructures in Fig. 1. The dense and uniform growth
of InpTeg and InpTes/ZnO are displayed in FESEM images. The result in
Fig. 1(a) and (c) reveals that Inp,Tes nanostructures grown in the
standing, perpendicular to substrate, vertical 2D nanowall forms. The
high magnification FESEM image of nanowalls in Fig. 1(c) depicting that
these nanowalls are interconnected with each other forming a net sha-
ped film, and thickness of nanowalls is in the range of 50 nm. It is
apparent in FESEM images (b) and (d) that pristine In,Te3 nanowalls are
garnished with nanoparticles of ZnO, demonstrating hierarchical
InyTe3/ZnO nanoheterostructures. The high magnification FESEM
image of InyTe3/ZnO nanoheterostructures in Fig. 1(d), showing that
ZnO particles are covering top edges of nanowalls with high density and
diameter of ZnO nanoparticles is in the range of 50 nm. It is observed,
while assembling ZnO nanoparticles, morphology of nanowalls did not
change. The InyTe3/ZnO nanostructures were evaluated through XRD
(Fig. S1) and Raman analysis (Fig. St2) which provided phase infor-
mation and purity of these nanostructures. The segments c and d of Fig. 1
are energy dispersive X-ray (EDX) pattern of pristine In,Te3 nanowalls
and InyTe3/ZnO nanoheterostructures, respectively. The EDX spectrum
of pristine InyTes nanowalls signaled its pure composition of In and Te
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Fig. 1. (a & c¢) FESEM images of In,Te; nanowalls (b & d) FESEM images In;Te3/ZnO nanoheterostructures. (e & f) Energy Dispersive X-ray (EDX) pattern of pristine

In,Tez nanowalls and In,Te3/ZnO nanoheterostructures, respectively.

with 2:3 atomic ratio. In addition, new peaks emerge when EDX pattern
of InyTe3/Zn0O nanoheterostructures collected, which are attributed to
ZnO, and it was exactly as expected after nanoparticles garnished using
ZnO source in furnace. Moreover, no additional peaks are noticed which
mean absence of impurities in either of the samples.

For step up, investigation about morphology and crystal structure of
pristine InyTes nanowalls and ZnO garnished InyTes nano-
heterostructures, information was collected via TEM and HRTEM mea-
surements as results shown in Fig. 2. The TEM images of InjTes
nanowalls presented in Fig. 2(a), indicating that nanowalls are 2D
nanostructure with smooth periodic pattern, hence single crystalline

structure as shown in Fig. 2(b). The edge surface is cleaned and uni-
formed on atomic scale, as well there are no amorphous layers have been
detected on its surface.

Accordingly, the lattice fringes image representing lattice spacing
3.5 10%, which correspond to the (511) plane of InyTes [28]. The
appearance of bcc InyTeg crystal lattice fringes, (511) plane is also
confirming the formation of InyTes as it is high intensity peak appeared
in XRD pattern reported in our previous work [29]. Fig. 2(c), TEM im-
ages show more detailed information about InyTe3/ZnO nano-
heterostructures, i.e., ZnO nanoparticles are polygonal shape, 100 nm in
size and well adhered to In,Tes nanowalls. The HRTEM taken from an
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Fig. 2. (a) TEM image of 2D In,Te3 nanoplates, (b) HRTEM image of In,Te3 nanoplates, (¢) TEM image of In,Te3/ZnO nanoheterostructures and (d) HRTEM image

from interface area of InyTe3/ZnO heterojunctions.

interface position confirm the excellent heterojunctions of InyTes/ZnO
nanoheterostructures as shown in Fig. 2(d). The lattice spacing 3.5 A and
52 A correspond to (511) plane and (002) plane, which speak for the
presence of InyTes and ZnO respectively [29,30]. These results reveal
that InpTes structure stays intact even after the ZnO nanoparticles
attachment. The growth of nanowalls happened due to vapor solid (VS)
process growth mechanism as we have not used any catalyst as well as
droplet on the surface not observed in microscopic images. The presence
of In and Te in stochiometric ratio evidence for right In-Te flux ratio at
the growing substrate and proper growth temperature at substrate area
where perfect crystal aggregation led to formation of nanowalls. HRTEM
analysis indicating the growth happened along the [511] crystalline
orientation of the In,Teg crystal. For the second stage of heterostructures
growth, ZnO powder was evaporated in same horizontal tube furnace
which condensed on In,Te; nanowalls assisted Si substrate. The
epitaxially condensed and absorbed vapors of ZnO nucleate onto InyTes
nanowalls and grow to form polygonal structure. The In,Tes nanowalls
top surface kinetically favors the growth of polygonal structure. The
formation of ZnO confirmed by EDX as well as HRTEM information of
polygonal structures.

3.1. Field emission properties

Field emission is an electron escape process from the solid surface in
the presence of a significantly higher electric field because of tunneling
effect. Morphology, size (radius of edge and tip), optimum density, work
function, band gap are very fundamental factors for the FE intensity. A
cathode surface should have high surface to volume ratio, sharp edges as
electrons emit from them could easily transfer to anode in presence of an
applied electric field [31]. Two-dimensional semiconductor nano-
structure arrays i.e., nanowalls often own typical field emission prop-
erties which can be improved by heterostructures or heterojunctions
structures. In this context, we fabricated InyTes nanowalls and

InyTes/ZnO heterostructures semiconducting material for the first time.
Synthesized In,Tez nanowalls array and InyTe3/ZnO heterostructures
are homogenized with regular pattern and have nanoscale edges.

The field emission current characteristics are analyzed as emission
current density (J) plotted versus applied electric field (E), depicted in
Fig. 3. The (J-E) plot revealing that the current density exponentially
rises along electric field. The current density (J) is valuated as J = I/A,
where, I is the emission current and A is the total area of the emitter, and
electric field E is represented E = V/d, where V is the applied voltage,
and d is the distance between anode and cathode which are 5.01V and
0.2 mm (200 pm) respectively [26,32]. The turn-on field is 3.2 me_l of
the pristine InyTe3 nanowalls and the In,Te3/ZnO nanoheterostructures
having 2.1 Vym™! turn-on field. The InyTes nanowalls have a smaller
work function and the greater aspect ratio, thus it is acceptable that
electrons could be transmitted more conveniently through their thin
edges. Field emission properties of the InyTe3/ZnO nanoheterostructures
have been appreciably enhanced as compared to the InyTe3 nanowalls.

For InpTe3/ZnO nanoheterostructures junction, the notably
improved F.E properties are credible because of two reasons, the
increased emission sites on In,Tes3/ZnO nanoheterostructures surface
and decrease in the potential energy (P.E) barrier due to band bending
and inevitable interfacial defects at the junction within InyTe3 and ZnO.
Because of the small sizes, the garnished ZnO nanoparticles on the
In,Tes nanowalls function as additional emission sites and cause the
increase in number of emission dots.

Moreover, the band energy diagram for InyTes/ZnO nano-
heterostructures junction along an applied electric field has been shown
in Fig. 4. The band bending is useful for transfer of electrons from In;Teg
to ZnO and holes from the ZnO to InyTes, which successfully decreases
the recombining of hole-electron pairs. The defects and vacancies at
interface can persuade defect energy bands (Egefects) within original
energy bands. Electrons in InyTes conduction band could freely jump
into the Egefects and then transfer to the ZnO nanomaterials. Thus, the
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Fig. 3. (a) The field emission current as emission current density (J) plotted
versus applied electric field (E). Part (b) shows the corresponding Fowl-
er—Nordheim plot.

substantial numbers of electrons assemble on ZnO nanoparticles surface
and are more easily ejected into the vacuum over successive Fowler-
Nordheim tunneling below the high electric field. The free electrons
also proceed towards anode.

Fowler-Nordheim plots, according to the results are shown in Fig. 4.
This is exciting that F-N plots as for pristine InyTes and ZnO garnished
In,Tes3 nanowalls are straight lines, which depicts that emitting electron
are mostly resulting from barrier tunneling electrons extracted through
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electric field. Field emission property by F-N (Fowler-Nordheim)
equation, can be expressed as,

In (J/E%) = (1/B) (-B ¢/ B) + In (AB*/ ¢) (1

Here, J is emission current intensity, E is applied electric field, p is
field enhancement factor, A and B are the constants with values of 1.56
x1071°AV2eVand 6.83 x 10°eV~>2V mm™}, p is field enhancement
factor, and ¢ is work function of transmitter material. In keeping with
eq. (1), the slope of F-N plots possess an inverse ratio to the field
enhancement factor § and could be accounted as follows [27]:

kslope =-B (93/2 /P ©))

The field enhancement factor (p) of InpTes nanowalls and InyTes/
ZnO heterostructures has projected to be about 1805 and 3623,
respectively. Earlier studies reveal that ZnO in bulk form possesses
higher work function which may lower in its low scale dimensions (i.e.
5.3 eV) [33,34]. The InyTe; nanostructures have comparable work
function with ZnO (i.e., 4.97 eV) which is responsible for the suitable
junction between the two phases. Therefore, the InyTe3/ZnO nano-
heterostructures have improved field emission properties which can be
explained due to enhanced electron emissions from the sharp edges of
indium telluride facilitated by ZnO. This can be further described by
tunneling ability of the electrons through nanoheterojunction of
InyTes3/ZnO and high value for field enhancement factor of emitters.
Metal-semiconductor junction at the interface of both nanostructures is
formed which is due to difference in their work functions. When exciton
occurs the electrons from InyTez flow towards the interface and
assemble at surface of the ZnO to attain thermal equilibrium. The
junction at the interface provides a small resistance contact between
InyTes nanowalls and the ZnO nanostructures. This results in the fast
transfer of ejected electrons from the fermi level of InyTe3 to ZnO edges
under an external electric field [31]. The electrons saturated at ZnO tips
are channeled into the vacuum for field emission properties through the
subsequent Fowler-Nordheim tunneling by applied field. Furthermore,
the field emission stability of InyTe3/ZnO nanostructures was tested at
constant applied current of 3 V/pm? which showed no significant cur-
rent loss Fig. S{3.

4. Conclusions

The field emission properties of all samples have been calculated and
observed. It is apparent that InpyTes/ZnO nanoheterostructures have
significantly enhanced field emission properties. InyTe3/ZnO hetero-
structures have better F.E phenomenon with lower turn-on field as
compared to the pristine InyTes nanowalls. This is due to the chemical
stability and reduced size of ZnO as well as high electrical conductivity
and great mechanical strength of the InyTes. The improved field
enhancement factor () InyTe3/ZnO heterostructures has estimated to

Vacuum level

Fig. 4. Schematic Diagram of Fowler-Nordheim (F-N) of In;Tes/ZnO nanoheterostructures.
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come about 3623. Therefore, it would be expected that InyTe3/ZnO
based nanoheterostructures have enormous applications in field emis-
sion display devices, super capacitors, and solar cells.
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