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We present the scalable synthesis of large scale (up to 30 pm in
lateral size), single-crystalline, atomically thin hexagonal ZrS, nano-
flakes via an optimized chemical vapor deposition (CVD) method on
traditional substrates (silica, sapphire). The Vienna ab initio simulation
package (VASP) was employed to calculate the adhesion energy and
provided an exact theoretical account for the substrate and tempera-
ture dependent growth process of ZrS, nanoflakes. Photodetectors
based on ZrS; nanoflakes were fabricated and displayed a remarkable
photoconductivity under visible light. Field-effect transistors based
on ZrS, monolayers exhibited obvious n-type transport character-
istics with relatively high mobility.

The rise of controlled processing and versatile properties in
graphene in the past decade has led to broad interest in other
two-dimensional (2D) systems. In the family of 2D materials,
transition-metal dichalcogenide (TMD) materials attracted tremen-
dous attention due to their distinctive geometries, peculiar physical
properties and various applications in nanodevices."”” 2D TMDs of
different types (such as insulating h-BN, semiconducting MoS,,
WS,, WSe,, etc.) have been synthesized on multifarious substrates,
via various growth methods and using a variety of reactants as
precursors.® *® Among those methods, use of chloride and sulfur as
precursors has advantages such as requiring low-melting evapor-
able reactants, difform disulphide and achieving few additional
products. For example, MoS, and WS, fullerene-like nanostructures
and nanoflowers have been obtained by the reaction of chlorides
(MoCls/WClg) with sulfur under controlled conditions.”® 1-3 pum
hexagonal NbS, nanosheets have been reported using the NbCls
powder as a precursor, instead of the high-melting nickel or
niobium oxide powder.*

As a typical semiconducting group among TMDs, ZrX, (X =S,
Se and Te) compounds belong to the space group P3m1, which
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has a hexagonal close-packed sulfide lattice with metal atoms
in alternate layers of the octahedral holes.>'?* ZrS, materials
combined with the small effective mass display a large upper
limit of acoustic limited mobility (1200 cm® V~' s™'), even three
times larger than that of widely studied MoS, (340 cm®> V' s™1).>*
Due to a bandgap of 1.4 eV, the absorption peaks of ZrS, materials
should be located within the range from 400 to 760 nm, the
visible-light region and the origin of most solar energy.>**°
Various nanostructured ZrS, materials such as nanoflakes, nano-
belts and nanotubes have been prepared based on the hexagonal
structure.”®?”>° But large scale ZrS, structures on the order of
micrometers were rarely employed. Such a size limitation restricts
their exploration in 2D nanodevices.

It seems that the substrate can be one decisive factor for the
nucleation rate during the growth of ZrS, nanostructures.’®>"
Recently, Liming Xie and co-workers made a great effort to
achieve a 2D hexagonal ZrS, monolayer and few layers with a
domain size of about 1-3 pm, where hexagonal boron nitride
(hBN) was used as the deposition template for the growth.>®
Hexagon-shaped ZrS, has revealed a restricted crystallographic
orientation that is strictly related to the underlying hBN. The
preparation of large scale ZrS, sheets on traditional substrates
which are suitable for the general optoelectronic device fabrica-
tion remains a challenge. Herein, we report the growth of thin
hexagonal ZrS, nanoflakes by direct CVD on traditional insu-
lators (silica, sapphire) including bare Si/SiO, substrates, with
large size from 7 to 30 pm. The results here showed that
the substrates exert a great influence on factors for the growth
such as growth conditions, size and shape. The Vienna ab initio
simulation package (VASP) was employed to calculate the adhesion
energy and provided an exact theoretical account for large-size
and semi-hexagonal ZrS, nanoflakes as-grown on silica or
BN. Photodetectors based on ZrS, nanosheets were fabricated
on Si/SiO, wafers and displayed a remarkable photoconductivity
under the visible light source.>®

The method used here was an optimized CVD process with
controlled gas flow. Two traditional insulators (including silica
and sapphire) functioned as substrates for the growth of ZrS,.
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Fig. 1 (a) Configuration used in our experiments for the growth of ZrS;
nanosheets; (b) monitored temperatures and nitrogen gas flow of the
central alumina boat with time.

High quality and large scale 2D ZrS, nanoflakes were achieved
on both substrates. Atomically thin monolayers and multilayers
were observed. Fig. 1a shows a schematic diagram of the single-
furnace CVD apparatus for the synthesis of ZrS, nanosheets on
silica or sapphire. The central growth temperature and the
nitrogen (N,) gas flow were in accordance with those in Fig. 1b.
A burst of N, flow at 500-540 °C occurred to drive away premature
excess ZrCl, vapor and prevent the over- or undersupply of
chloride and sulfur. Apart from the reported 2D BN crystalline
substrate, the valid records of such amorphous insulators here
efficiently extend the range of substrates and also further indi-
cated substrate-dependent growth of ZrS, nanoflakes.

ZrS, has a similar layered structure to the commonly
reported TMD of MoS,. Differently, the most stable crystal
structure of ZrS, crystallizes in the tetragonal (T) phase (as
displayed in Fig. 2a) in comparison with the hexagonal (H)
phase in MoS,.*> And its S-Zr-S sandwich layers are stacked
with a periodicity of one layer and a global D;q space-group
symmetry. The structural simplicity of ZrS,—the unit cell only
spans one layer—is reflected in the Raman spectra, which
theoretically consists of just two modes, E, and A;,.*° Its Ay,
resonant modes can also be observed. As shown in spectra A, B
and C of Fig. 2¢, the E; mode, the A;; mode and the A,, mode of
ZrS, samples grown on Si/SiO, and sapphire substrates are
located at 247 em ™, 333 em™*, and 313 cm ™, respectively. But
it is apparent to observe that the three-layer sample (spectrum
D; dotted line) has almost no Raman signal, only the SiO,
signal is detected, which may probably be ascribed to the weak
Raman peak intensity of samples with 3L or fewer layers in
itself. After all, the Raman peak of six-layer ZrS, is rather
weakened in comparison with that of bulk ZrS, in Fig. 2c.
Meanwhile, the mapping image of the A;, mode for about
15 nm-ZrS, nanoflakes was acquired (Fig. 2b), clearly indicating
a hexagonal shape, and confirming the uniformity and integrity
of ZrS, growth on silica.
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Fig. 2 (a) In-plane atomic arrangement structure of ZrS,, with violet and
metallic grey microspheres representing Zr and S; (b) the Raman mapping
at the Raman mode of 333 cm ™ and microscope image (inset) of ZrSy;
(c) the Raman scattering spectra A, C and D of bulk, six-layer, three-layer
hexagonal nanoflakes on silica and spectra B of bulk nanoflakes on
sapphire. All of the scale bars are 10 um.

The synthetic nanosheets also exhibit excellent crystalline
quality. Fig. 3b and ¢ shows the high resolution TEM (HRTEM)
image of the obtained ZrS, nanosheets and the corresponding
selected-area electron diffraction (SAED) pattern. An interpla-
nar spacing of 3.65 A (along the red line revealed in Fig. 3b)
corresponds to the (100) (Point A) or (010) (Point B) plane along
the [001] crystal zone axis (Point O as the center diffraction
spot). The reflections have been indexed to the hexagonal
structure of ZrS, with lattice constants: a = 3.65 A, ¢ = 5.81 A.
The HRTEM and SAED results indicate a single-crystal hexagon-
ally symmetrical structure of the ZrS, nanosheets. The analysis of
the corresponding energy-dispersive X-ray spectrum (TEM-EDX)

Fig. 3 (a) Low-magnification TEM image of hexagonal ZrS, nanosheets
supported on a holey carbon grid; (b) HRTEM image of ZrS, and the
corresponding atomic arrangement structure of ZrS, (inset); (c) corres-
ponding SAED pattern of the nanosheet in (a); (d) corresponding TEM-EDX
profile of the sample.
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(Fig. 3d) demonstrates that the nanosheet consists of Zr and S
elements (the exhibited C, Cu and O peaks arise from the
carbon film, copper net and adhesive from the sample desk,
respectively). And it can be determined from the EDX spectrum
that the atomic composition was ZrS;.; 7, in approximate agree-
ment with the ratio of ZrS,. SEM-EDX is further employed to
confirm the composition of the nanosheets and the result is
close to TEM-EDX (see the ESI,T Fig. S1).

In addition to the substrates, the reaction temperature is
another critical factor in the process of synthesizing ZrS,
ultrathin films. When the reaction temperature was set at 730 °C
for 6 minutes, the entire SiO, substrate was covered with only
white ZrCl, particles. As the temperature was increased to
760 °C, hexagonal ZrS, slices with a small defect point were
found. Large-size monolayer, bilayer, trilayer and multilayer
hexagonal ZrS, emerged at around 770 °C (SEM images in
Fig. 4a, the corresponding local optical images in Fig. 4b, and
the atomic force microscopy (AFM) images presented in Fig. 4e),
the optimized deposition temperature, whereas only little hollow
thick hexagonal ZrS, were grown on the substrate at 830 °C. Thus
it can be inferred that ZrCl, vapor ought to break into Cl, in the
transport process and intermediate products of ZrCl,S, could not
exist at a temperature of 760 °C or greater, as observed in the
reaction between sulfur and molybdenum chlorides (MoCl;).
Thus, pure ZrS, products can be achieved at a temperature
higher than 760 °C. The reaction between the chlorides and S
in our experiment was formulated as given in eqn (1):

ZrCly(g) + 6S(g) — ZrSy(s) + 2C1,S,(2) (1)

Fig. 4 (a) SEM images of high-density thin-layer hexagonal ZrS, crystals;
(b) corresponding local optical microscope images of ZrS, samples in (a).
(c) SEM images of high-density semi-hexagonal ZrS, crystals; (d) corres-
ponding local optical microscope images of ZrS, samples in (c); (e) typical
AFM images of monolayer, bilayer, trilayer and few layer hexagonal ZrS,
crystals; all of the scale bars are 20 pm.
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With the substrate temperature set at 770 °C and the
reaction time at 6 minutes, a series of controlled experiments
were conducted next at the sulfur vapor concentration, which
largely depends upon the flux of the carrier gas. For small
amounts of sulfur, the six vertices of the hexagon were con-
nected with ribbon-shaped strips, and some unreacted particles
were observed on the substrate due to the inadequate sulfur-
ization. Moderate amounts of sulfur contributed to the forward
reaction (eqn (1)) and smooth, 30 um large hexagonal ZrS,
atomically thin flakes were obtained. Upon further increasing
the N, flow rate, the as-grown ZrS, nanoflakes displayed a high
density, flat surface and semi-hexagonal shape (SEM images in
Fig. 4c and the corresponding local optical images in Fig. 4d).
Specific images are presented in the ESI,{ Fig. S2.

By adjusting the substrate temperature and the flux of the
carrier gas, ZrS, nanosheets of various micro-patterns and sizes
could be acquired. The growth mechanism for the abovemen-
tioned nanosheets is discussed by means of the dynamics
behavior. ZrCl, and sulfur powders were sublimated to vapor
and were transported onto the receiving substrates by a driven
quantitative flow of carrier gas, a critical factor for the diffusion
of precursors and deposition of ZrS, molecules. Afterwards,
reaction in eqn (1) was carried out between absorbed molecules
at the substrate temperature. ZrS, molecules as the resultant got
across the surface potential barrier to the growth sites and were
incorporated into the crystalline lattices, which was primarily
impacted by the surface migration, or substrate temperature.**

Based on the in-plane lattice parameters of ZrS, materials
(a¢ = 3.65 A) and the SiO, substrate (as = 4.914 A), the misfit of
71S,/Si0, structures is estimated to be around 34%.%° The
lattice mismatch at the interfaces induces the strain energy
for ZrS, thin nanoflakes, which forces the layer-by-layer growth
(Fig. 5a) (the Frank-Van der Merwe mode) to change into
cluster growth (Fig. 5b) due to the lattice relaxation.*®*” Thus,
the optimum temperature for the growth of ZrS, nanoflakes

Fig. 5 (a) The layer-by-layer growth model at 770 °C on silica; (b) the cluster
growth model of the ZrS, nanosheet at 830 °C on silica; the theoretical
calculation model (c) for ZrS,/BN, (d) for ZrS,/SiO,, with the top layer
representing ZrS, and the below four layers representing the substrates.
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should meet the following demands: enough high to epitaxial
growth (greater than 760 °C), and not over-high to prevent
molecules with high frequency vibration from cluster growth
(less than 830 °C). Of course, in the case of high gas flow,
excessive reactant sources have difficulty in migrating from the
surface to the hexagonal edge within the limited time, which is
probably the main reason for the semi-hexagon shape.

Analyzing the surface properties of substrates and the
sample/substrate interfacial compatibility is essential to under-
stand the initial nucleation and growth of nanostructures. In
order to further investigate the substrate dependent process of
ZrS,, the adsorption energies of ZrS,/SiO,, and ZrS,/BN in contrast,
were theoretically calculated via VASP. Basic units used for calcula-
tion are, respectively, composed of 2 x 3 ZrS,/BN primitive cells
and 3 x 2 ZrS, x SiO, primitive cells. Their theoretical models are
displayed in Fig. 5c and d. The computational results reveal 0.421
and 0.696 eV on the SiO, and BN substrates separately for each
ZrS, primitive cell, using the formula AE = Eiytal — Ezss, — Esubstrate
(AE is the adsorption energy between the surface of ZrS, and the
substrate).*®*° As a result, ZrS, as-grown on silica exhibited weaker
adhesion and greater free degree than that on BN with a hexagonal
crystal structure. The low absorbed energy of silica enhances the
surface diffusion of Zr and S adatoms on the substrate, weakening
the confined growth of the substrate and allowing the lateral
growth of ZrS, nanosheet nuclei. Thus hexagon-shaped ZrS, on
the BN presented restricted growth with a size of 1-3 um, the same
as other 2D materials grown on the BN such as WS, and Mn-doped
MoS,.%* In contrast, 7-30 um hexagon-shaped ZrS, has grown on
silica, but too high temperature or excessive sulfur leads to the
growth of hollow and semi-hexagonal ZrS, nanosheets due to less
dependence on the substrate. The VASP provided a fundamental
theoretical account for large-size and semi-hexagonal ZrS, nano-
flakes as-grown on silica.

Photodetectors based on the obtained ZrS, nanosheets were
fabricated and a series of monochromatic lights were directed
vertically onto devices to measure their photoresponse behavior,
the schematic diagram and the optical image are presented in
Fig. 6a and b. Monolayer ZrS, with a thickness of 0.725 nm was
used, as shown in the inset of Fig. 6b. The electronic band
structures of 2D ZrS, nanoflakes were calculated using the
VASP.** The generalized gradient approximation (GGA) of the
Perdew, Burke and Ernzerhof (PBE) functional is employed for
electron exchange and correlation.*” The theoretical calculation
displays (Fig. 6¢c) bandgaps of ZrS, with monolayer, three-layer
and bulk ZrS, samples, around 1.4 eV (885 nm), which are
consistent with those of 1D ZrS, nanobelts.>>** Thus light
with excitation energy higher than the band gap will produce
electron-hole pairs and increase the photocurrent gradually.
Fig. 6d depicts the typical I-V curves of ZrS, both in the dark
and under 1.2 mW c¢m™? laser illumination. It can be observed
that the device showed wavelength selectivity and was most
sensitive to violet light (450 nm), moderately sensitive to green
light (540 nm), and worst sensitive to red light (630 nm). Besides,
the photocurrent indicates a distinctly absolute increment by
nearly 2 times (Fig. 6e) under a violet laser. As the optical wave-
length decreases, the photon energy increases and can induce
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Fig. 6 (a) Illustration of a 2D ZrS,-based device illuminated with various
lights; (b) optical image of the ZrS, device with patterned electrodes. The
inset shows the AFM image of the ZrS, device; (c) energy band plots of
monolayer, three-layer and bulk ZrS, samples; (d) /4s—Vys curves of the
ZrS,-based device in the dark (black curve) and with visible light illumination
(450 nm, 540 nm, 630 nm; power density: 1.2 mW cm™2); (e) lqs—T curve
with the violet light switched on/off at V45 = 5 V; (f) transfer characteristics
of the devices in the dark at various drain-source voltages in the log
coordinate.

more electrons to jump from the valence band to the conduction
band. By irradiating light of 450 nm at 1.2 mW cm ™2, the photo
responsivity value of the present ZrS, becomes 2.86 A W', The
performance parameters are better or in parallel to those of other
extant photodetectors such as three-layer MoS, or four-layer GaSe,
0.57 and 2.8 A W' separately.””*> The devices showed excellent
stability and fast response. As the irradiation source is manually
turned on/off, the output current I4s can regularly alter in high
or low states rapidly. Field-effect transistors (FETs) based on
ZrS, monolayers exhibited obvious n-type transport character-
istics with an estimated mobility of 0.1-0.8 cm V™" s~ (Fig. 6f),
consistent with those of ZrS, as-grown on BN.*®

In conclusion, we have successfully synthesized thin hexagonal
ZrS, nanoflakes on a bare Si/SiO, substrate using ZrCl, and S
sources, with the size from 7 to 30 micrometers via an optimized
CVD process. It is found that the morphology and size of the
nanosheets vary with the nitrogen gas flow and temperature. The
multiple structural characterizations display that the substrate
dependent synthesized ZrS, monolayers and few layers have high
crystallinity and a distinct crystal orientation. The growth mecha-
nism of the abovementioned nanosheets is discussed by means of
the dynamics behavior to illustrate the phenomenon. The VASP
was employed to calculate the adhesion energy and provided an
exact theoretical account for large-size and semi-hexagonal ZrS,
nanoflakes as-grown on silica in contrast to the BN substrate.

This journal is © The Royal Society of Chemistry 2016
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Phototransistors based on ZrS, nanosheets on the SiO,/Si
substrate displayed a remarkable photoconductivity under the
visible light source. This work provides a controllable method
for synthesizing large-scale atomically thin 2D systems directly
on the traditional substrates, which can open up new vistas of
research for the 2D material based functional (opto)electronics.

Experimental section
Growth of ZrS, nanoflakes

ZrS, nanoflakes were synthesized using a CVD reactor composed
of a horizontal quartz tube and a single-zone tube furnace. As
illustrated in Fig. 1a, clean Si/SiO, (or sapphire) substrates in a
ceramic boat were placed face-up at the center of a tube furnace.
And the other two ceramic boats loaded with 0.03 g ZrCl, and
sulfur (0.5-1 g) precursors were placed at the first and the middle
upstream zones, respectively. Too much S powder was employed
to create an atmosphere in which the chlorides could be reacted
completely with ZrS,. Prior to growth, the quartz tube was
flushed with high-purity nitrogen (99.9999%) for 20 min to
remove the air residue. Then the temperature in the center of the
furnace was increased up to 770/830 °C at a rate of 26 °C min~". The
growth of ZrS, was maintained for 6 min, followed by the rapid
extraction of the substrate from the heating zone. During the
reaction, the temperature of the sulfur zone was slightly above
113 °C (melting point of S), and that of the ZrCl, zone was adjusted
around 400 °C, above the melting point of the ZrCl, source. The N,
gas flow was in accordance with that in Fig. 6b. A burst of N, flow at
500-540 °C occurred to drive away premature excess ZrCl, vapor.
Afterwards, the furnace was cooled to room temperature under N,
gas flow.

Characterization of ZrS, nanoflakes and devices

The Raman measurements were performed on a confocal laser
Raman spectrometer (Renishaw Model inVia-Reflex) at a He-Ne
laser (532 nm) excitation. The sizes and morphologies of samples
were further characterized using a Hitachi S4500 field-emission
scanning electron microscope. The thickness values were measured
by AFM (Benyuan Nano-Instruments Ldt. Model CSPM 5500A) using
the tapping mode. The phase composition and crystallographic
structure were acquired using a JEM-2100F high-resolution trans-
mission electron microscope equipped with an energy dispersive
X-ray spectroscope. FET characterization was carried out using
Agilent B2902 at room temperature. The optoelectronic properties
were obtained using the same electrical measurement system
combined with several laser sources (450 nm, 540 nm, 630 nm).

Computational method

The calculations were conducted using the projector augmented
wave (PAW) method with the generalized gradient approximation
of the Perdew-Burke-Ernzerhof (GGA-PBE) exchange-correlation
functional in the VASP. The energy cut off for plane-wave expan-
sion was set at 450 eV. A vacuum layer thickness of 15 A was
employed to prevent the correlation between adjacent layers.
Brillouin zone (BZ) sampling was processed with Monkhorst Pack

This journal is © The Royal Society of Chemistry 2016
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(MP) special k point meshes and a k-point grid of 5 x 5 x 1 was
chosen for the calculations. All the structures were fully relaxed
using the conjugated gradient method until the Hellmann-
Feynman force on each atom was less than 0.1 eV A™".
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