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Structural modification and band-gap crossover in
indium selenide nanosheetsT
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Herein, we report on the synthesis of InSe nanosheets. We further report on the interdependency of

concentration and time on the evolution of the nanosheets as well as the role of the capping agents on
the crystal phase and morphology of the resultant particles. Our results show that hexagonal-like InSe
nanosheets were synthesized at different optimum times depending on the amount of indium precursor.
Regardless of the amount of indium precursor used, the product remained unchanged, i.e. InSe. This was

attributed to the nature of the oleylamine capping agent. Oleylamine is known to be a reducing agent

and in this case resulted in the reduction of In®" to In?~ and elemental selenium to Se®~, thus always
resulting in the formation of rhombohedral InSe nanosheets. A non-reducing 1-dodecanthiol co-
surfactant was thus used. Dodecanthiol was thought to stabilize the In®* ions by coordinating and

Received 5th January 2016
Accepted 27th March 2016

forming a complex, thus preserving the 3+ oxidation state of indium, resulting in the formation of the

final product of In,Ses nanocrystals. The morphology of In,Ses changed depending on the amount of
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1. Introduction

Systematic adjustments during colloidal synthesis of reaction
conditions such as time, temperature, concentration, chemistry
of reagents and surfactants have been used by several
researchers to manipulate the structure and morphology of
nanostructures in order to attain desired chemical, optical and
electronic properties based on their applications.' In general,
the nanocrystal (NC) size increases with increasing reaction
time, as more material is added to the NC surfaces.’® For
instance, in our previous studies,” duration of synthesis was
reported as an important parameter that played a role in
determining the morphology and type of the colloidal InSe
nanoparticles obtained, and a growth mechanism was proposed
based on products obtained at different time of syntheses. Also
size increases with increasing temperature, as the rate of
addition of material to the existing nuclei increases." Tailoring
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oleylamine used. The optical properties of the InSe were further evidence that nanosheets had been
synthesized due to the band gap crossover.

the ratio of the concentration of reagents to that of surfactants
provides another control over NC size, since high stabilizer-to-
reagent concentrations favour the formation of more small
nuclei initially and thus a smaller NC size."®

With some of the above adjustments, colloidal method of
synthesis have been reported to produce 2D nanosheets directly
in solution, normally for compounds that assume layered
crystal structures such as SnSe®'® and in our case InSe. This is
achieved by using surface stabilizing ligands that promote
lateral growth while shortening vertical growth along the
stacking axis of the crystals.>'® This route of synthesis also
permits the fundamental studies on dimension-dependent
physical properties in exotic 2D systems like the colloidal
nanosheets.” Therefore, it is important for precise control of
the characteristic features of the colloidal nanosheets such as
their faceted edge dimensions, lateral uniformity and layer
thickness which allow one not only to observe striking and
unique nanocrystal properties but also to tune their chemical
and physical properties as desired during fabrication. For
instance, the band gap of these nanosheets can be tuned by
changing the layer thickness thus offering opportunities for
innovative device architectures in nanoelectronics and
optoelectronics.*?

InSe is a group III-VI compound semiconductor that adopts
a basic layered structure conforming to that of the y-poly-type
GaSe (rthombohedral modification) with a primitive unit cell
that extends in two dimensions over three layers.”” It has
direct band gap in bulk, anisotropic electronic properties and
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has potential application on photovoltaics."”>* In addition,
mechanically exfoliated InSe flakes have been effectively used as
photodetectors with good response and quantum efficiency.**
Herein we report the successful colloidal synthesis of rhombo-
hedral indium monoselenide (InSe) nanostructures more
specifically the 2D nanosheets. During the synthesis, we inves-
tigated the effect of the indium concentration on the formation
of perfect InSe nanosheets by monitoring the evolution of
shapes with time. The peculiarity of this method was that we
were able to produce via wet chemical synthesis, InSe nano-
sheets with properties that were comparable to those of the
exfoliated InSe flakes in some of the previously reported studies
as shall be discussed in the Results section. Also the function of
oleylamine (OLA) in the formation of the InSe nanosheets was
established during the reaction by introducing different
dosages of 1-dodecanthiol (1-DDT) as a co-surfactant.

2. Experimental procedures
2.1 Chemicals

Indium(m) chloride, 99% selenium powder, 70% oleylamine
(OLA), 98% 1-dodecanthiol (1-DDT), chloroform and 96%
ethanol were obtained from Sigma Aldrich.

2.2 Synthesis of InSe nanostructures

One pot containing a mixture of 1.1059 g (5 mmol) of InCl;,
0.3948 g (5 mmol) of selenium in {the case of mole ratio 1 : 1}
and 10 ml of OLA was quickly heated to a temperature of 200 °C
under strong magnetic stirring and constant flow of nitrogen
gas. At this temperature, aliquots were obtained after 8 min, 10
min, 30 min and 60 min. The aliquots were left to cool to 80 °C
after which ethanol was added to crush out and also to wash the
nanoparticles. The nanoparticles were then collected by
centrifugation at 3000 rpm. The washing with ethanol was done
several times in order to remove any excess reactants and
surfactants. We then considered three other different mole ratio
of InCl; : Se following the same procedure. For 1:1, 2:1 and
3 : 1, the concentration of the In-precursor was varied and that
of selenium was kept constant while vice versa was used in the
case of the mole ratio 1 : 2. The synthesis of In,Se; nanocrystals
is described in the ESL.}

2.3 Instrumentation

Optical characterization. A Varian Cary Eclipse (Cary 50) UV-
Vis spectrophotometer was used to carry out the absorption
measurements. A Varian Cary Eclipse EL04103870 fluorescence
spectrophotometer with a medium PMT voltage at an excitation
wavelength of 200 nm was used to measure the photo-
luminescence of the particles. For both spectral analysis, the
powders were dissolved in chloroform and placed in quartz
cuvettes (1 cm path length).

X-ray diffraction. XRD patterns on powdered samples were
measured on a Bruker MeasSrv (D2-205530)/D2-205530 diffrac-
tometer using secondary graphite monochromated CoKa radi-
ation (1 1.78897 A) at 30 kV/30 mA. Measurements were taken
using a glancing angle of incidence detector at an angle of 2°,
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for 26 values over 10-90° in steps of 0.026° with a step time of 37
s and at a temperature of 25 °C.

Electron microscopy. The transmission electron microscopy
(TEM) was carried out on a FEI Tecnai T12 TEM microscopy
operated at an acceleration voltage of 200 kV with a beam spot
size of 20-100 nm in TEM mode. The HRTEM images were
obtained from a JEOL JEM-2100 microscopy with a LAB6 fila-
ment and an EDS detector, operated at 200 kV. The samples
were prepared by placing a drop of the suspended nanoparticles
in chloroform, on a carbon-copper grid. The grid with the
sample was then allowed to dry at room temperature.

3. Results and discussion
3.1 Morphological properties

In order to study the formation process of the InSe nanosheets,
concentration and time experiments were carried out and their
formation mechanism was studied. From the TEM analyses, it
was realized that perfect nanosheets were generated at
a particular optimum reaction time, and that these durations
varied for each of the three concentrations used, i.e., 8 min for
1:1,and 60 min for 2 : 1 and 30 min for 3 : 1 In : Se mole ratios
as depicted in Fig. 1*a, *f and *h, respectively. However, these
perfect nanosheets were seen to possess a lot of similarities
despite the difference in the reaction conditions (change in the
concentration of the In-precursor and time of synthesis). For
instance, they all showed regular faceted edges with six sides
close to being hexagonal, though the sides were established to
be slightly different by a few nanometres. In addition, the
nanosheets portrayed different shapes within the same sample
as illustrated on the insets in Fig. 1*a, *f and *h,, though all
were seen to have lateral dimension of approximately 130 nm.
The nanosheet was slightly folded in Fig. 1*h, and transparent
as seen in the inset, indicating that they are thin. To confirm
this, the thicknesses of the nanosheets were established by the
digital micrograph technique described in the ESI in Fig. S17
and the results are summarized in Table S1.} The approximated
thicknesses were 18.3 nm for 1 : 1,28.9 nm for 3 : 1 and 61.7 nm
for 2 : 1. The difference in the thickness suggest that increasing
reaction time as seen in the case of 2 : 1 mole ratio resulted in
number of layers stacked on top of one another. It is worth
mentioning that after the optimum time of synthesis for each
concentration, the nanosheets begin to disintegrate into
smaller nanoparticles as depicted in Fig. 1b and is a phenom-
enon reported in our previous study.” Also, from Fig. 1a and
b for 2:1 and 1g for 3: 1, the nanosheets produced showed
indefinite shapes with irregular faceted edges, an indication
that nanosheets were not fully developed at reaction times lower
than the optimum. As a control study, an increase in the Se
concentration did not result in nanosheets formation as por-
trayed in Fig. 1c regardless of the reaction time.

There are competing arguments in literature as to how the
nanosheets form however evident from all the studies including
ours, it is difficult to pin point the exact mechanism of forma-
tion of the nanosheets.?*** Nevertheless, the formation of two
dimensional InSe nanosheets may be explained by the mecha-
nism reported by Lu et al”*® The mechanism suggests that

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 TEM images of nanostructures obtained by varying the mole ratio (InCls : Se); (a and b) were synthesized at 1: 1 for 8 min and 10 min
respectively, (c) was synthesized at 60 min mole ratio 1: 2. For (d—f) synthesis was done at mole ratio 2 : 1 at 8, 30 and 60 min respectively.
Images (g) 8 min and (h; and hy) 30 min are of samples obtained at a mole ratio 3 : 1. The * shows the optimum time when perfect nanosheets can
be obtained at different mole ratio, i.e. for 1 : 1 — optimum time is 8 min, 2 : 1is 60 minand 3 : 1is 30 min. 1 : 2 does not produce nanosheets at

any time.

nanosheet formation can be elucidated by the anisotropic
nature of the crystal structure of the layered materials coupled
with the type of coordinating solvent used during synthesis.
Thus as shown in Scheme 1a, the y-InSe polytype crystalline
structure of InSe contains layers of covalently bonded In-Se and
In-In bonds. The orientation of the atoms in each layer is such
that the orbitals of the valent electrons involved in bond
formation are located inside the layer. Therefore there is no
chance of an overlap with orbitals of the valent electrons from
the neighbouring layer.®® As a result, these layers are held
together through van der Waals bonds and stack vertically along
the c-axis of the crystal structure. This then allows for interca-
lation of the layered crystal by foreign atoms or molecules as
shown in Scheme 1b. When InSe begins to form in solution, the

This journal is © The Royal Society of Chemistry 2016

coordinating solvent (in this case OLA) infiltrates into the van
der Waal space as it tries to binds to the nanocrystal, thereby
preventing growth along the c-axis and supporting growth
within the a-b plane to form two-dimensional nanosheets.

HRTEM was done on the perfect nanosheets prepared after 8
min for mole ratio 1 : 1,60 min for 2 : 1 and 30 min for 3 : 1 and
the images are represented in Fig. 2a-c.

They all showed high crystalline structure with lattice
spacing of 3.3 A which is consistent with the d-spacing obtained
from the XRD. The intensity peaks from the selected area
electron diffraction formed six sided patterns that have been
observed in GaSe*' and InSe flakes.”” The lattice fringes as
shown in the high magnification inset in Fig. 2d formed
a hexagonal patterned structure that resembled a fourfold

RSC Adv., 2016, 6, 40777-40784 | 40779
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Scheme 1 (a) Three dimension bulk crystal structure of InSe con-
taining layers that are held together by van der Waal's forces stack
vertically along the c-axis and (b) the proposed mechanism for the
formation of nanosheets.

Fig.2 HRTEM of perfect nanosheets produced at (a) 8 min 1 : 1, (b) 30
min 3:1 (c) 60 min 2 : 1 respectively. The inset on each shows the
selected area diffraction patterns that are indication of the crystallinity
nature of the nanosheets. Fig. 3d shows a part of the HRTEM image at
higher magnification for the 60 min 2 : 1. It depicts the hexagonal
pattern formed on the crystal structure of the nanosheet.

stacking of Se-In-In-Se monoatomic sheets. This is in agree-
ment with the basic layered structure of bulk InSe which has
a primitive unit cell that extends over three layers and within
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each layer, a fourfold stacking of Se-In-In-Se monoatomic
sheets with a hexagonal structure as represented in Scheme 1a.*

The HRTEM images also had similar features, an indication
that the end product (nanosheets) obtained when the concen-
tration of In-precursor was varied yielded a 1 : 1 stoichiometry
of In : Se regardless of the variation and time. This therefore
depicted an independency of the stoichiometry with concen-
tration or time but the morphology did reveal interdependency
between concentration and time on the formation of the
nanosheets albeit with slightly different facets. This is illus-
trated in Scheme 2.

XRD analysis (Fig. 3a) was used to verify the phase structure
and composition of the nanosheets obtained at the optima time
of syntheses for the three mole ratio; 8 min for 1 : 1, 60 min for
2 :1and 30 min for 3 : 1 and they are represented by spectra x, y
and z respectively. The relative similarity in the spectra was an
indicator that the change in the concentration of the indium
precursor yielded nanosheets with the same chemical compo-
sition. The crystalline structures of these nanosheets were
predominantly rhombohedral InSe phase (JCPDS card 03-065-
3660) as all the peaks were indexed to this phase. The lattice
parameters were @ = 4 A and ¢ = 24.32 A with a d-spacing of 3.33
A along 101 planes. The values for the lattice parameters are
comparable to the ones obtained by Mudd et al.*> as well as
those reported by Rigoult et al.** The difference in the intensity
of the diffraction peak is relatively small and this may be an
indication that some nanosheets were more crystalline. For

X X No definite
morphology

~ 0 5%

i ! i l l i

Time (min)

Mole ratio (InCl;:Se)

Scheme 2 Representation of different nanostructures obtained at
different reaction times with a variation of concentration of the metal
precursors. The X indicates the absence of nanostructures at those
conditions.
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Fig. 3 (a) XRD patterns for the nanosheets obtained at each optimum
time of synthesis for the three mole ratios, InCls : Se; (x) 8 minfor1:1,
(y) 30 min for the ratio 3:1 and (z) 60 min for the mole ratio 2: 1
respectively, (b) energy dispersive spectrum of the sheets obtained
after 60 min with a mole ratio of 2 : 1.

instance the intensity of the 3 : 1 mole ratio {z} appeared less
intense compared to spectra {x} and {y}. The composition of the
nanosheets obtained after 60 min using a mole ratio of 2: 1
were further examined by energy dispersive spectroscopy (EDS)
(Fig. 3b). The Lo peaks of indium and the selenium confirmed
that the nanosheets were composed of indium and selenium.
The copper and carbon peaks were from the copper grid that
was used during the analysis.

From the above investigations on the formation of InSe
nanosheets, it is apparent that despite the increase in concen-
tration of the indium precursor, nanosheets with comparable
properties are produced at different reaction times. This has
been attributed to the use of OLA as both a coordinating solvent
and a reducing agent. Therefore, in order to understand the role
of OLA in the shape evolution and properties of the final In,Se,
nanocrystals, we decided to follow the work done by Ramasamy
et al.*® Typically, different amounts of 1-DDT were added as a co-
surfactant to the reaction mixture containing 5 mmol of InCl;
and 5 mmol of Se maintaining the procedure used before
(method and figures in the ESIf).

Based on the above results and that in Fig. S1, a possible
mechanism explaining the function of OLA in the formation of
In,Se, nanocrystals is proposed. OLA has been reported to not
only act as a solvent in many organic and inorganic syntheses,

This journal is © The Royal Society of Chemistry 2016
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but also it can be a surfactant and even a mild reducing agent,
depending on the reaction conditions and the nature of the
target nanocrystals.* For example, Park et al.** and Chen et al.*®
used OLA as a stabilizer and a solvent during their synthesis of
B-In,S; at 215 °C. In other studies, the concentration of OLA as
a co-ligand affected the composition and the size of the nano-
crystals obtained.*” In addition, in the presence of a stronger
reducing agent, the role of OLA is limited to act as a surfactant
and/or solvent.®® In our case, when OLA is used as the sole
coordinating solvent and a mild reducing agent, In*" ions are
reduced to In>" ions and the elemental selenium reduced to
Se®” ions thus resulting in the formation of InSe. This is illus-
trated in Scheme 3a and it was experienced in all the three
concentration used in the formation of InSe nanosheets
regardless of the amount of the In-precursor added, thus
explaining the existence of one particular morphology of the
obtained nanocrystals with comparable characteristics. On the
other hand, the presence of 1-DDT in the reaction mixture
resulted in the stabilization of the In®" ions through the
formation of an In-DDT complex while the selenium was
reduced by the OLA to Se’>~. Scheme 3b elaborates the interac-
tion of In*" and Se®> ions to form In,Se; nanostructures.
Another suggestion from the reaction environment containing
1-DDT was that 50% OLA (5 ml OLA + 5 ml 1-DDT) produced
agglomerated products. This was due to the insufficient
reducing agent to reduce the elemental selenium thus intro-
ducing impurities during the reaction hence the poor
morphology unlike when 80% of oleylamine was used which
resulted in the nanowires.

100% of Oleylamine (OLA)

I3 + OLA ~_&e la)
dllc
4
In2t
. —> InSe
/ Se*
Se + OLA gedowd

80 % OLA +20 % 1-DDT and 50 % OLA +50 % 1-DDT

l—i)DT |£
In®* +DDT Stabilization s+ . I
/ \
1-DDT  1-DDT
Se + OLA —Reduced | g
In’* + Se* ——> In,Se,

Scheme 3 Schematic representation of (a) reduction process In** to
In?* and Se to Se?~ when 100% oleylamine was used and (b) the
stabilization process of In** ions by both 2 ml and 5 ml of 1-DDT
introduced in the reaction mixture.

RSC Adv., 2016, 6, 40777-40784 | 40781
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3.2 Optical studies of the nanosheets

To further understand the properties of the nanosheets, optical
studies were done by analysing their optical absorption and
emission spectra. Examination of the absorption spectra dis-
played in Fig. 4a revealed that the nanosheets exhibited
quantum confinement effects, that is, their absorption band
edges were blue shifted compared to that of bulk InSe which is
about 1000 nm.** The nanosheets obtained at 8 min 1:1
(Fig. 4a spectrum x) presented a tailing end demonstrating that
the sample had nanosheets of different sizes as confirmed by
TEM image in Fig. 1a. However, there was a slight bend around
724 nm giving an approximate value of the band edge. The
nanosheets produced at 60 min 2 : 1 (Fig. 4a spectrum y) and 30
min 3 : 1 (Fig. 4a spectrum z) also had their band edges at about
725 nm. These values are seen to be similar, indicating that the
absorption onset was not affected by the change in the mole
ratio when developing InSe nanosheets and that nanosheet with
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relatively same properties were obtained as suggested by XRD
results.

The corresponding band scheme of bulk InSe is represented
in Fig. 4b'* and it is used herein to make emphasis on the
observation made from the PL emission spectra of the nano-
sheets. The electronic transition from p,, like orbitals to the
bottom of the conduction band are the E' transition (2.4 eV)
while the p, like orbitals to the bottom of the conduction band
is the band gap (1.27 V). Our measurements were performed at
an excitation wavelength of 240 nm to provide energy greater
than the band gap of InSe. This has been reported to allow the
occurrence of the transition between p,, and the bottom of the
conduction.* It was observed that all the nanosheets synthe-
sized at the three different optimum conditions gave two
emission peaks (Fig. 4c) centred at position (I) due to the E’
transition and (II) as a result of the band gap transition. In
addition, the peak positions were blue shifted compared to

a 1.0 T T T T T b Bottom of
= conduction band
0.6 — Y W
e —A
3
<
= Y
o 06 -
2.4eV
e , 127 eV
g £ % (£’ Band
o 044 T transition) (Band gap)
a
o
<
021 = : 4 p, orbital
— Valence band
400 5{|JO 660 7(|)0 8(I)0 960 ————————— hital
orbita
Wavelength (nm) Py Orbl
c 8- Fitted k;lblcdl y
g ] =
3. /
E * // ¢

Normalized intensity

Wavelength (nm)
Fitted peak labelled Il j

—Xx

T T
600 700

T
500

Wavelength (nm)

Fig. 4

Normalized intensity

Wavelength (nm)

(a) Absorption spectra of nanosheets synthesized at (x) 8 min1: 1, (y) 60 min 2 : 1 and (z) 30 min 3 : 1; all the mole ratios are InCls : Se (b)

the band structure of InSe with the bulk band gap and electronic transitions, and (c) the photoluminescence (PL) spectra of the nanosheets in the
same order of synthesis as of the absorption spectra. (c;) and (c;) are the Gaussian fitted peaks for the regions (l) and (ll) in the PL emission spectra

emphasizing on the reduction on the intensity of the peaks.
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Table 1 The centre positions of the emission peaks for the perfect
nanosheets from the PL emission spectra

Emission peak at Emission peak at

Spectrum I region (nm) II region (nm)
X 519 657
y 515 664
zZ 520 651

their absorption band edges; a phenomena reported in the
previous studies on InSe and GaSe nanosheets'*' and other
nanosheets obtained from transition metals dichalcogenides as
band gap crossover due to the modification of the band struc-
ture caused by the decrease in layer thickness.*

Table 1 summarizes the centre positions of the emission
peaks for the perfect nanosheets. According to Mudd et al., the
PL intensity signal of InSe flakes decreases with a decreasing
nanosheet thickness i.e. there is quenching of the PL intensity
as a result of band gap crossover.> However this trend is not
observed in our study as illustrated by the fitted Gaussian peaks
from the emission spectra represented in Fig. 4c, (I region) and
¢, (II region). Nevertheless the presence of two emission peaks
is still a strong indicator of the band crossover phenomenon.

4. Conclusions

In summary, our investigations confirmed that the formation of
In,Se, nanocrystals is conceivable via a direct colloidal route.
Hexagonal like InSe nanosheets were synthesized at different
optimum times depending on the amount of the indium
precursor. Also evident was the fact that regardless of the
amount of the indium precursor used, the product remained
unchanged ie. InSe. This was attributed to the nature of the
oleylamine capping agent.
a reducing agent and in this case resulted in the reduction of
In®" to In** and elemental selenium to Se*” thus always
resulting in the formation of rhombohedral InSe 2D nano-
sheets. To consolidate this observation, a non-reducing 1-

Oleylamine is known to be

dodecanthiol co-surfactant was used. DDT which is a much
softer and polarized ligand than OLA was thought to stabilize
the In** ion by coordinating and forming a complex thus
preserving the +3 oxidation state of indium hence resulting in
the formation of the final product of In,Se; nanocrystals. The
morphology of In,Se; changed depending on the amount of
OLA used. The optical properties of InSe were further evidence
that 2D nanosheets had been synthesized due to the band gap
crossover readily observed in 2D nanosheets.
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