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ABSTRACT: The field emission (FE) properties of TiS; nanosheets and 100 ‘

nanoribbons, synthesized by direct sulfuration of bulk titanium, are investigated. __800f : hanosheets

The nanosheets show an enhanced FE behavior with a low turn-on field of ~0.3 V/ % 600l

um, required for drawing an emission current density of ~10 uA/cm?. Interestingly, > o

the TiS; nanosheet emitter delivered a large emission current density of ~0.9 mA/ 2400 nanoribbons ..' 1
cm? at a relatively low applied electric field of ~0.4 V/um. We have estimated the ™ 200 : o
values of the field enhancement factor (f), which are found to be ~5 X 10* for the olaf .J

TiS; nanosheet emitter and ~4 X 10> for the nanoribbon emitter. We attribute the 0 05 1 ' > 5.5

1 15
superior FE performance to the presence of atomically sharp edges and the reduced E (V/um)
thickness of TiS;, as reflected in the high value of . In fact, the nanosheet sample (s 13 5
presents a higher density of ultrathin layers (~12 nm-thick), and thus, they have a  #, %7,
larger edge to volume ratio than the nanoribbon samples (which are ~19 nm-thick). —_ PRLPR
The superior FE behavior of TiS; nanosheets over nanoribbons makes them a =~
propitious field emitter and can be utilized for various FE-based applications,
demanding large emission currents and lower operational voltages. Moreover, the FE current stability recorded on these samples
confirms their promising performance. Thus, the present investigation brings out a great promise of TiS; nanosheets and
nanoribbons as field emitters for vacuum nanoelectronics devices.

KEYWORDS: TiS;, nanosheets, nanoribbon, field emission, current stability

B INTRODUCTION In anticipation, layered nanostructures have received immense

The synthesis, characterization, and technological applications research interest in the past few years owing to their

of one-dimensional (1D) nanostructures, namely, nanorods,
nanowires, nanoneedles, and nanobelts, have been a subject of

exceptional properties.”” Particularly, transition metal dichal-
cogenides (TMDCs), identified as semiconducting 2D layered

study over the past decade due to their high aspect ratios." One materials, possess exceptional physicochemical properties and
of the lesser explored 1D nanostructures is the nanoribbon have been realized for many technological applications
structure (partly 1D), which can be used for both fundamental including optoelectronic devices,’ gas sensing,7 and energy
research and technological applications.' > However, the large- storage devices.”

scale exercise of 1D nanoforms for device applications still Field emission (FE), emission of electrons from a condensed
faces challenges and opportunities, such as assembling them in matter phase into vacuum under the application of a strong
an ordered array form or manufacturing them with uniform electrostatic field, has facilitated performance improvement of
dimensions and narrow size dispersion. These limitations, to a various vacuum microelectronic devices, particularly the

certain extent, can be overcome by two-dimensional (2D)
nanostructures as their geometries are favorable for designing
and realization of novel devices facilitating integration with the
present solid-state electronic devices (metal—oxide—semi- —
conductor-based field effect transistors (FETs))" To exemplify, Received:  August 6, 2022 el
very recently, Jia et. al comprehensively reviewed the state-of- Acce_Pted‘ December 19, 2022
the-art fabrication techniques for the on-chip integration of 2D Published: January 4, 2023
materials, along with the current challenges and future

perspectives.” Furthermore, reproducibility and uniformity of

dimensions can be maintained for the 2D structured materials.

electron microscopes. With the advent of 1D nanostructures,
“planar” field emitters (an assembly of nanostructures

© 2023 American Chemical Society https://doi.org/10.1021/acsanm.2c03460
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deposited in thin film form on a suitable substrate) are found
to be advantageous over conventional single “micro-tip”
emitters. Owing to the high “aspect ratio” of the 1D/2D
nanostructures, the planar emitters exhibit competency to
deliver very high emission current densities at relatively lower
applied voltages. The 1D/2D nanostructure-based field
emitters have been realized for development of novel
nanoelectronics scheme for space applications based on
vacuum field emission transistors (VFETs)." Although, in
principle, every 1D/2D nanostructure possessing a high aspect
ratio shows potential as a field emitter and consequently has
been investigated, 2D nanostructure-based emitters like
graphene,” reduced graphene oxide, and their analogous 2D
materials (the TMDCs), are observed to possess promising FE
behavior.'” To exemplify, Bartolomeo et al. investigated the
transfer characteristics of a VFET made up of a single layer
WSe, on a SiO,/Si substrate, which exhibited excellent
emission stability (fluctuations <5%) during continuous
operation for more than 20 h.'' These interesting results
have motivated further work on alike layered structures,
predominantly TMDCs."'~"¢

The transition metal trichalcogenides (TMTCs) represent
an important class of materials possessing a unique set of
properties and potential for technological applications. Among
various TMTCs, titanium trisulfide (TiS;) is an n-type
semiconductor with an optical bandgap of ~1 eV.'® It forms
sheets held together by van der Waals forces by parallel chains
of triangular prisms. Due to these parallel chains, the material’s
conductivity is anisotropic between the in planes of the “a” and
“b” axes, resulting in a quasi-1D structure.'” The thin films of
TiS; can be obtained by direct reaction of titanium and sulfur
in a sealed ampoule.'® Despite possessing exotic properties and
potential for applications in field emission, characterization of
TiS; nanostructures has not hitherto been attempted.

Here, we report the field emission behavior of both the
partial 1D and 2D nanoforms of TiS;, nanoribbons and
nanosheets, respectively. The sharp tip apex as well as the
ultrathin/sharp edges of nanoribbons and nanosheets signifi-
cantly enhance the local electric field, thereby reducing the
operational voltages noticeably. The observed values of turn-on
field (~0.3 V/um, for an emission current density of ~10 yA/
cm?) and field required to extract a maximum emission current
density (~0.3 V/um, for emission current density of ~10 pA/
cm?) are found to be superior to the earlier reports on 2D
nanostructure emitters. Thus, the TiS; nanosheets and
nanoribbons may serve as propitious materials for practical
applications in field emission-based devices, demanding large
emission current densities and lower operational voltages.

B RESULTS AND DISCUSSION

The schematic illustration of a solid—gas reaction method used
for the synthesis of TiS; nanosheets and nanoribbons is
depicted in Figure la. The schematic of a crystal structure for
TiS; is shown in Figure 1b. As compared to the ag-axis, the
bond length between titanium and sulfur is shorter along the b-
axis. As a result, strong anisotropic optical and electrical
properties are obtained by creating highly conducting chains.
Figure lc represents the schematic illustration of generation of
FE images from the TiS; emitter. During field emission,
electrons emit from the surface of the cathode sample at a
negatively biased potential. The emergence of an image
potential at the boundary lowers the surface barrier height,
resulting in the electron emission occurring easily. The
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Figure 1. Schematic of the (a) vapor transport method involved in
the synthesis of TiS; nanoribbons. The inset shows an actual zoomed-
in view of a sulfureted titanium disk. (b) Crystal structure of TiS;.
The central Ti metal atoms (light blue color) are covalently bonded
to six S atoms (yellow color), forming a trigonal prism. These prisms
share triangular faces to form 1D chains (shown by dashed lines). (c)
Schematic illustration of generation of FE images from the TiS;
emitter.

crystalline nature of the synthesized nanoribbons and nano-
sheets was confirmed by Raman spectroscopic analysis. Figure
2a and 1b show the Raman spectra of TiS; nanosheets and
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Figure 2. Comparative Raman spectra of TiS; (a) nanosheets and (b)
nanoribbon measured with 532.5 nm laser line. The inset shows the
respective Raman map, which is generated from the A, Raman peak

centered at ~370 cm™..

nanoribbons, respectively, and the insets show the respective
Raman mapping images. We observed four intense A, Raman
phonon modes around 175, 300, 370, and 557 cm™!, and these
are in good agreement with earlier reports.'”*' The Raman
peak at ~520 cm™! is a signature of a silicon substrate. In the
Raman spectrum, Raman-active phonon modes oscillate along
the c-axis perpendicular to the quasi-1D chain, whereas B
phonon modes involving atomic displacement along the chain
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Figure 3. AFM images and AFM height profiles for typical (a, b) TiS; nanosheet and (c, d) TiS; nanoribbon samples.

(b-axis) are weak. The increase in lattice spacing of the
nanosheets can be attributed to the increased lattice strain;
hence, slight intensity and peak position changes are observed
in Raman spectra. The detailed lattice vibrational properties
and their physical significance were discussed earlier.'”*"**

Figure 3a—d shows the AFM images and AFM step height
profiles for TiS; nanosheet and nanoribbon samples. The AFM
images and height profiles show the typical thicknesses of the
nanosheet and nanoriboon, ~12 and ~19 nm. The thickness
measurements were done on several flakes for the nanoribbons,
varying from ~13 to ~60 nm, and for the nanosheets, varyin
from ~0.8 to ~30 nm in thickness.”” The X-ray diffraction,”
AFM”’, and transmission”' and scanning electron microscopy
analyses of the TiS; nanosheets and nanoribbons are detailed
in our previous work.""7*!

For the field emission study of TiS; specimens (see the
Methods and Experimental Section), which were pasted on a
copper stub in two different experiments runs: one for the
nanosheet specimen and another one for the nanoribbon
specimen, a modified Fowler—Nordheim (E-N) equation””**
was used for the analysis of field emission current density
versus applied electric field data from the F-N plot for TiS;
nanoribbon and nanosheet emitters. The modified F-N
equation is as follows:

b¢3/2
] = zMa¢‘1E2ﬂ2exp{— ]
PE (1)
where Ay is the macroscopic pre-exponential correction factor,
] is the emission current density, E is the applied average
electric field (surface field), a and b are constants (a = 1.54 X
107% AeV/V% b = 6.83 eV~>>Vnm™), ¢ is the work function
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of the emitter, f is the field enhancement factor, and vy
(correction factor) is a particular value of the principal
Schottky—Nordheim barrier function v. Figure 4a shows the
comparative J—E plot for the TiS; nanosheet and nanoribbon
samples. The values of turn-on and threshold field are defined
as the applied electric field required for drawing emission
current densities of 10 and 100 pA/cm?, respectively. The
turn-on field for the TiS; nanosheets and nanoribbons are
found to be ~0.3 V/um and ~1.4 V/um, respectively. The
remarkably low turn-on field of TiS; nanosheets can be
attributed to the thin nature and sharp edges of the nanosheets
as compared with that of the nanoribbon sample as evident
from the AFM images and height profiles (Figure 3).
Furthermore, the threshold fields for TiS; nanosheets and
nanoribbons are found to be ~0.4 V/um and ~1.8 V/um,
respectively. The nanostructured geometry of TiS; materials
supports (i) a reduced turn-on electric field for the onset of
field emission and (ii) a large field-enhancement factor that is
attributed to the presence of “sharp nanometric size
protrusions” on the edges of the nanostructures. The
maximum emission current densities of ~0.9 mA/cm? were
drawn from TiS; nanosheets at an applied electric field of ~0.4
V/um. For the TiS; nanoribbon sample, the current density
increases rapidly with the applied electric field and reaches a
maximum value of ~0.4 mA/cm? at an applied field of ~2.3 V/
pum. The corresponding F-N plot is shown in Figure 4b. The F-
N curve exhibits a non-linear behavior with saturation at a
higher applied electric field. The slope of the F-N curves gives
the value of the field enhancement ratio () by the equation

(=68 x 10%)p*?
h m )

p
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Figure 4. Field emission investigations of TiS; nanosheets and
nanoribbons. (a) J—E characteristics. (b) Comparative F-N plot
showing non-linear behavior indicating the emission current from the
semiconducting emitter. Field emission current stability (I—t) plots
for (c) nanoribbon and (d) nanosheet emitters. Field emission images
recorded at (e) ~0.3 mA/cm? for TiS; nanoribbons and (f) ~0.8
mA/cm? for TiS; nanosheets. The scale bar in (e and f) depicts 6 mm
length.

In the present case, f§ was calculated by taking the value of ¢
for TiS; as 4.6 eV.”*** The field enhancement factors f for
TiS; nanosheets and nanoribbons were calculated by using eq
2 and are found to be ~5 X 10* and ~4 X 10° respectively.
Such a high value of f for the nanosheets is due to the
presence of sharp nanometric size protrusions on their edges,
which are responsible for the enhanced field emission behavior.
The low value of turn-on and threshold field can be attributed

to the extremely high value of f, suggesting TiS; nanosheets
and nanoribbons as promising field emitters. The observed
high value of the field enhancement factor is attributed to the
presence of sharp protrusions/nanosized features of the
emitter surface; the local electric field at the apex of such
protrusions gets enhanced. In fact, the observed higher
emission current in the TiS; nanosheet sample with respect
to the nanoribbon ones aligns well with the higher edge to
volume ratio for the nanosheet sample, thereby explaining the
enhanced field emission for nanosheet. The enhanced field
emission behavior of nanosheets over nanoribbons can also be
explained with the help of phonon-assisted electron emission,
which is peculiar for materials with monatomic thickness. The
FE behaviors of both nanoforms are compared with the
existing 1D and 2D materials, and their heterostructures and
are given in Table 1. Table 2 shows the comparative values of
nanoribbons and nanosheets of TiS; studied in the present
case.

Table 2. Field Emission Properties of TiS; Nanosheets and
Nanoribbons

maximum
turn on turn on emission
field (V/ field (V/ current field
TiS, pum) at um) at density and  enhancement
morphology 1 yA/em?> 10 pA/cm? field factor (f3)
nanosheets ~0.2 ~0.3 ~0.9 mA/cm® ~5 x 10*
at ~0.4 V/
pum
nanoribbons ~1.3 ~1.4 ~04 mA/cm®>  ~4 x 10°
at
~2.3 V/um

Furthermore, the emission stability is a prior requirement for
a material to be the best field emitter. The current stabilities of
TiS; nanoribbons and nanosheets were recorded at preset
values of 1 and 10 pA for about 3 h, and the corresponding
current vs time (I—t) curves are shown in Figure 4cd,
respectively. At a lower preset value, the current stability is
fairly good, whereas at a higher emission current, small
fluctuations can be observed. They result from the adsorption/
desorption of residual gas molecules on/from the emitter
surface.””**Figure 4e,f shows the field emission micrographs of
the nanoribbon and nanosheet emitter samples, respectively.

Table 1. Comparison of Field Emission Properties of Reported 1D and 2D Nanomaterials

field emitter
material

dimensions of nanofield
emitters

synthesis route of
material

turn on field (V/ ium) at

field enhancement

stability and

1D

2D (nanosheets)

3D

CdS nanowires
ZnS nanowires
Si nanocone

graphene
nanoribbon

TiS; nanoribbons

MoS,
WS,
SnS,
VS,
CuS

TiS; nanosheets

GdB,

thermal evaporation
thermal evaporation
RF sputtering
unzipping MWCNT's

sulfuration of
titanium

solution method
hydrothermal
hydrothermal
hydrothermal
solvothermal

sulfuration of
titanium

PLD

nanoheteroarchitecture

10 pA/cm factor fluctuations reference

9 550 26

2.9 2700 <0.8% 27

13 28

5.8 818 3 h, <7% 29

~14 ~4 X 10° 3 h, <8% present
work

3.5 1138 12

4.4 2468 15

5.9 3200 16

5.01 2500 14

2.0 7261 30

~0.3 ~5 % 10* 3 h, <10% present
work

2.3 at 1 pA/cm? 2860 31
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The field emission micrograph reflects the symmetry and work
function variation of TiS;nanosheet and nanoribbon emitter
surfaces.

B CONCLUSIONS

In conclusion, the low turn-on fields of ~0.3 and ~ 1.4 V/um
were observed in the case of TiS; nanosheet and nanoribbon
samples, respectively, required to draw an emission current
density of ~1 uA/cm® Interestingly, the high field enhance-
ment factor of ~5 X 10* was observed for the TiS; nanosheet
sample, which indicates field emission current from nano-
meter-scaled features. The field emission current stability for
TiS; nanosheet and nanoribbon samples indicates the great
potential for field emission-based device applications. The low
turn-on fields and high field enhancement factors can make the
TiS; nanosheets and nanoribbons potential candidates for field
emission-based nanodevices.

B METHODS AND EXPERIMENTAL SECTION

TiS; nanoribbons and nanosheets were synthesized by heating sulfur
powder (99.99% purity) in a vacuum-sealed ampoule with Ti powder
at 550 and 400 °C to provide sulfur gas for the solid—gas
reaction.'” ™' The AFM tapping mode images were recorded using
a Bruker Dimension Icon instrument. Raman spectra and mapping on
TiS; nanostructures were recorded in backscattering geometry using
the WITec alpha 300 R system with 532.5 nm excitation and 0.5 mW
power. The field emission experiments of TiS; nanoribbons and
nanosheets were carried out in separate experimental batches in a
UHYV chamber evacuated to a base pressure of ~1 X 107® mbar in the
close proximity setup consists of a specimen (TiS; nanosheets or
nanoribbons that were sprinkled over carbon tape size ~5 mm X §
mm) as a cathode and copper rod as an anode. The detailed
description of the FE system is reported earlier.>"*>
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