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Two dimensional wurtzite ZnS nanosheets with thickness of 0.6 nm are grown within the interlayer
spaces of sodium fluorophlogopite mica (Na-4 mica) using ion-exchange-cum-solution treatment
method followed by sulfidation treatment at 873 K. The presence of wurtzite ZnS is confirmed by
x-ray diffraction, electron microscopy, and Raman scattering studies. The two dimensional form of
ZnS gives rise to a strong quantum confinement with the band gap blue shifted by 1.7 eV.
Thickness of the nanosheet is confirmed using atomic force microscopy. Raman scattering studies
show higher order transverse optical modes due to increased deformation potential in reduced
dimension. In contrast to red shift of optical phonon modes in phonon confinement model, a blue
shift observed is ascribed to a compressive stress on ZnS nanosheets grown within Na-4 mica
interlayer spaces. An additional band at 315 cm1 is assigned to surface optical phonon. Unusual
broadening in room temperature photoluminescence spectrum may be due to strong coupling of
C 2012 American Institute of
excitons with overtones of longitudinal optical phonon modes. V
Physics. [http://dx.doi.org/10.1063/1.4757930]

I. INTRODUCTION

ZnS is an important material within the family of wide
band gap semiconductors owing to its novel properties and
varieties of applications. This material is widely used in electroluminescent devices, light-emitting diodes, sensors, lasers,
display systems, and solar cells.1–5 ZnS is also an attractive
candidate for its use in bio-imaging applications, due to its
nonlinear multiphoton absorption characteristics in the visible
to infrared range.6,7 Nanocrystals of ZnS play more important
role than their bulk counterparts because of improved physical
properties owing to the electronic quantum confinement
effect.8,9 Enhanced thermoluminescence,10 high quantum efficiency of the emission line, and very short luminescence
decay times have been observed in ZnS nanocrystals.11–13
Blue shift of the absorption spectra, i.e., increase in
band gap is one of the most interesting results of quantum
confinement effect.12 There are several reports on blue shift
of band gap for ZnS with decreasing particle size. Li et al.
showed blue shift of 0.83 eV in case of ZnS quantum
dots.14 A blue shift of 0.86 eV was observed in case of hexagonal ZnS nanocrystals.15 Sapra et al. have reported a large
increase (1.1 eV) in band gap, with decreasing cluster size,
than that in the bulk.16 Large band gap makes the semiconductors attractive for applications in the UV range. ZnS crystallizes in two basic structures of cubic zinc blende and
hexagonal wurtzite.17 Zinc blende is the most stable form at
a)
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low temperatures. In the bulk form, ZnS transforms to wurtzite phase at temperatures higher than 1296 K.18–20 This transition temperature is reduced to 673 K for nanoparticles.20
High temperature vapor based synthesis has been used effectively to prepare a similar phase.21 Solvothermal technique
has been found to be also suitable to grow the hexagonal
phase around 673 K temperature.18 In the present report, we
have achieved formation of a stable and pure wurtzite ZnS at
873 K by using a simple ion exchange-cum-solution treatment technique. Various nanostructures of ZnS have been
reported so far. Most of them are essentially one dimensional
(1D) and their hierarchical nanostructures.22–30 However,
only a few reports are available on two dimensional (2D)
nanostructures.19,31–33 Vapor based techniques such as thermal evaporation and chemical vapor deposition are well
established to form anisotropic nanostructures such as nanobelts and nanosheets in a large scale.21,32 But the thickness
of nanostructures achieved by these methods is not less than
5 nm. In our experiment, we have been able to achieve
0.6 nm thickness, however, not in a large scale but with
uniform thickness for all nanosheets.
Although the synthesis procedure has already been established by our group,34–36 but our objective is to explore this
method to synthesize different materials and investigate the significant changes in their physical properties. In the present
study, ultrathin nanosheets of ZnS with thickness 0.6 nm
have been synthesized within the interlayer spaces of Na-4
mica. The thickness was confirmed by atomic force microscopic (AFM) measurements. Pure hexagonal phase of ZnS
was confirmed by x-ray diffraction studies (XRD), transmission
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FIG. 1. Schematic representation of synthesis
procedure.

electron microscopy (TEM), and Raman analysis. The nanosheets have exhibited a large increase in band gap which has
not been reported so far. Also, the Raman spectra have showed
some unusual features which could be ascribed to the 2D morphology of ZnS sheets. Our primary objective is to delineate
the effect of two-dimensionality on the optical properties of
wurtzite phase of ZnS.

of 514.5 and 785 nm of Arþ laser and InGaAs laser, respectively, was also studied using dispersion with 1800 gr/mm gratings. A thermoelectric cooled “back-thinned” CCD detector
was used for the detection of scattered intensity. The UV-VIS
absorption spectrum was recorded in a Varian Cary 5000
UV-Vis-NIR spectrometer.
III. RESULTS AND DISCUSSION

II. EXPERIMENTAL

In the present work Na-4 mica (Na4Mg6Al4Si4O20F4xH2O)
was prepared first by sol-gel method, the details of which
were reported earlier.36,37 The Na-4 mica (powder) was
immersed in a solution of Zn(NO3)2 in water for the ion
exchange reaction which involved replacement of Naþ ions
in the mica structure by Zn2þ ions from Zn(NO3)2 solution.
In this process Naþ ions moved out of Na-4 mica and got
into the initiate solution. The solution was kept inside an
autoclave at 373 K for one week. Also the interlayer spaces
got filled up by Zn(NO3)2 solution which provided both
Zn2þ and (NO3) ions. Two Naþ ions are replaced by one
zinc ion Zn2þ. The treated powder was filtered and washed
thoroughly with deionized water to remove excess nitrate
salt. The powder was subjected to a sulfidation treatment in
H2S gas flow at 873 K for 1 h. ZnS was formed within the
interlayer spaces of Na-4 mica. Formation of ZnS was
effected from both Zn2þ ions exchanged with Naþ ions as
well as Zn2þ ions derived from the Zn(NO3)2 solution filling
up the interlayer spaces. Synthesis procedure is represented
schematically by Fig. 1.
XRD pattern of ZnS grown within Na-4 mica was
recorded in BRUKER D8 XRD SWAX diffractometer using
CuKa radiation. For studying the microstructure, ZnS
nanosheets were extracted from Na-4 mica by etching the
composite sample with 10% HF aqueous solution and then
centrifuging in SORVALL RC 90 ultracentrifuge at 30
000 rpm for 30 min. The etched sample was investigated by a
JEOL Model JEM 2010 TEM. For AFM study the etching
process was performed for a longer time to remove Na-4 mica
phase completely. In this case, the nanocomposite powder
was immersed in 10% HF aqueous solution for 4 days. A very
little amount of this solution was added to acetone to make a
dilute solution. The latter containing ZnS nanosheets were deposited on freshly cleaved atomically flat mica surface (SPI,
USA), and the sample was investigated by Veeco model CP II
AFM. The other measurements were carried out on unetched
samples. Both Raman scattering and photoluminescence (PL)
studies were performed with 325 nm (3.81 eV) excitation of
continuous wave He-Cd laser and dispersion with 2400 gr/mm
grating in the backscattering configuration using Raman spectrometer (inVia Renishaw). Raman scattering for excitations

As discussed previously, we have used Na-4 mica as a
template to form 2D nanocrystals. It belongs to clay mineral
group which has a layered structure consisting of blocks
(made up of Al, Mg, Si, F, and O atoms) separated by an
interlayer space of 0.6 nm thickness. There are four Naþ
ions per unit cell within this interlayer space which are very
weakly bound to oxygen ions of the upper and lower blocks.
During ion exchange reaction, due to concentration gradient
Zn2þ ions diffused inside the interlayer space and replaced
Naþ ions. To balance the charge two Naþ ions were
exchanged with one Zn2þ ion. Zn(NO3)2 solution also filled
up the interlayer spaces of Na-4 mica structures, thus providing Zn2þ and (NO3) ions. The sulfidation treatment at
proper temperature ultimately created two dimensional ZnS
nanosheets confined within the interlayer spaces of Na-4
mica. The thickness of the interlayer spaces was estimated
from interplanar spacing (dhkl) values of (001) and (002)
planes of Na-4 mica, where (001) is the basal plane of mica.
The dhkl values of (001) and (002) planes were reported to be
1.21 and 0.61 nm, respectively.38 The thickness of the interlayer spaces (0.6 nm) was obtained by subtracting the dhkl
value of (002) plane from that of (001) plane. Figure 2 shows
the XRD patterns of ZnS nanosheets grown within Na-4

FIG. 2. X-ray diffactrogram of ZnS-mica nanocomposite.
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FIG. 3. (a) Transmission electron micrograph of ZnS nanosheets. Modulation on the
surface is indicated by arrows. (b) High resolution lattice image of ZnS nanosheets
from Fig. 2(a). (c) Selected area electron diffraction pattern of nanosheets.

mica template. The planes corresponding to both ZnS and
Na-4 mica are indexed in this figure. The nanocomposite
consists of wurtzite ZnS (JCPDS file: 75-1534) and monoclinic Na-4 mica phases,39 respectively. The formation of
ZnS nanosheet is also confirmed from the transmission
electron micrographs of the etched samples. The images are
shown in Figures 3(a)–3(c). Figure 3(a) shows triangular
nanosheet like structures of ZnS. The arrows indicate surface roughness modulation which is discussed later. Highresolution lattice image [Fig. 3(b)] reveals the (1011) and
(0002) planes of ZnS with interplanar spacings (dhkl) of
0.29 and 0.31 nm, respectively. These values are in good
agreement with those given in JCPDS file for hexagonal
ZnS. The symmetry in the selected area electron diffraction
pattern [Fig. 3(c)] recorded along [1120] zone axis indicates that nanosheets grow along its c-plane (perpendicular
to c-axis). These planes should be parallel to the basal
planes of Na-4 mica because the other dimension along
c-axis of Na-4 mica is confined by the blocks as mentioned
earlier. The XRD pattern also supports this view. In the diffraction pattern, the presence of (0002) plane of ZnS with
maximum intensity along with (003) and (004) planes [family members of (001) basal plane] of Na-4 mica with comparable intensities indicate that the planes are parallel to
each other.
The thickness of the nanosheets is confirmed by AFM
study. Figure 4 shows a typical height profile obtained in the
case of ZnS nanosheets deposited on atomically flat mica
surface (as mentioned earlier) using an AFM. The measured
height of a single nanosheet is 0.6 nm which confirms that
the ZnS nanosheets indeed grew within the interlayer spaces
(thickness  0.6 nm) of Na-4 mica structures. The lateral
width of the single nanosheets is 50 nm which is quite less
compared to the width of nanosheets shown in TEM image
[Fig. 3(a)]. During the sample preparation for AFM study,
the nanocomposites were etched for a longer time than that
for TEM study. Therefore, some nanosheets may have been

broken during this sample preparation process, and we have
not been able to get the profile of a large sheet.
Electronic properties of low dimensional semiconductors depend on their dimensionality because their density of
states varies with dimension. The density of state changes its
nature from a continuous function to step-like nature from
3D to 2D system.40 Therefore, optical properties are also
influenced by the dimensions of the material and vary significantly from 0D to 1D and 2D materials. Recently, Schliehe’s
group has reported the effect of confinement in case of ultrathin PbS sheets, which are confined only in vertical direction.41 They showed that the emission for nanosheets was
blue shifted by 70 nm compared to that of PbS quantum
dots. Figure 5 shows the UV-Vis absorption spectrum of
ZnS-Na-4 mica system at room temperature. We found two
broad peaks at 227 and 336 nm, respectively. The optical
absorption spectrum of an ideal 2D system is step-like in nature.40 In our experiment, we have dispersed powdered sample in ethanol for optical studies, where the 2D nanosheets
are randomly oriented. Therefore it has not been possible to
get an ideal 2D system; however, the UV-Vis spectrum
shows a slight step-like trend (as indicated by the arrows).
The two broad peaks are believed to arise due to the two
dimensional nature of ZnS nanosheets. The nanosheets are
strongly confined in one direction, whereas there are no confinements in other two directions. Because of the random
alignments and natural agglomeration of the nanosheets
there will be a pseudo three-dimensional configuration of the
material which will prevail during the absorption measurements. This explains the observation of the peak at 336 nm
corresponding to the band gap value of bulk ZnS (3.7 eV).42
The quantum confinement effect will be observed, however,
for some of the nanosheets having an alignment perpendicular to the incident radiation. This will explain the appearance
of the absorption peak at 227 nm (5.4 eV). The optical band
gap was determined using the following formula42 for direct
interband transitions:

FIG. 4. AFM image and the height profile of
ZnS nanosheet.
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FIG. 5. UV-vis absorption spectrum of ZnS-mica nanocomposite. (inset)
Plot of ðahÞ2 vs h.

ðahÞ2 ¼ Aðh  Eg Þ;

(1)

where A is a constant, h is the incident photon energy, Eg is
optical band gap, and a is absorption coefficient. Hence, the
optical band gap can be obtained by extrapolating the linear
portion of the plot ðahÞ2 vs h to a ¼ 0 in the inset of Figure
5. Eg was found to be 5.4 eV, corresponding to the peak at
227 nm and thus was blue shifted by 1.7 eV from that of bulk
ZnS (3.7 eV) due to the effect of quantum confinement.42 Such
a large blue shift was previously reported for cubic ZnS nanoparticles,43,44 whereas for wurtzite ZnS nanocrystals the maximum band gap reported earlier was 4.77 eV.16 Considering
this band gap shift, the thickness of the nanosheet was estimated using the following relation:45
DEg ¼

p2 h2
;
2lL2z

(2)

where DEg is band gap shift, Lz is the film thickness, and l is
the reduced electron-hole effective mass of ZnS
1
1
1
¼
þ
;
l me mh

FIG. 6. (a) Multiphonon resonance Raman modes showing higher order LO
and TO modes of wurtite ZnS using 3.81 eV excitation. Inset shows the first
order modes. (b) PL spectrum of ZnS-mica nanocomposite at room
temperature.

(3)

and me and mh are the electron and hole effective masses,
respectively. Considering me ¼ 0.42m0 and mh ¼ 0.61m0,19
with m0 being the electron rest mass, the thickness of nanosheet was found to be 0.9 nm for 1.7 eV band gap shift. Considering the approximation used in calculating the values of
the effective masses and the rather wide variation being
reported in the literature,46 the estimated thickness value is
reasonable, as estimated from the crystallographic consideration for the growth of ZnS after sulfidation. The stacking
layers of mica provide a confined space of 0.6 nm for the
growth of 2-D ZnS films, which is barely wide enough to
create just a few layers of ZnS (c ¼ 0.6527 nm).47 Another
peak at 336 nm (Fig. 5) corresponds to a ¼ 0 at 3.7 eV (inset
of Fig. 5) which indicates the band gap value of bulk ZnS
(3.7 eV). Therefore, the absorption spectrum covers a wide
range of wavelength with two absorption peaks within UV-C
(200–290 nm) and UV-A (320–400 nm) regions. Thus,

the nanocomposite can be used as a detector for both UV-C
as well as UV-A band. A rather long tail in the absorption
spectra is noteworthy. Though a satisfactory explanation is
not available at present, it is probable that there is a smearing
out of a number of steps due to a 2D structure (as mentioned
above) which leads to this result. This effect has been
observed, as pointed out earlier, within the wavelength range
227 and 336 nm.
Figure 6(a) shows the multiphonon resonance Raman
scattering studies using 3.81 eV excitation for longitudinal and
transverse optical (LO and TO) modes along with first order
modes in the inset for clear identification of LO and TO mode
peak positions. Mode frequency values of 300 cm1 and
350 cm1 correspond to TO and LO modes, respectively, of
wurzite ZnS.48 LO modes up to sixth order were observed
along with clear identification of TO modes up to fifth order.
Higher order LO modes are observed owing to Fr€ohlich interaction originating from strong electron phonon interaction in
resonance scattering process.49 We have estimated electronLO phonon coupling strength by calculating Huang-Rhys parameter S using the following equation:50
I2LO
S ðEex þ hxLO  hx0 Þ2 þ C2
:
¼ 
I1LO
2 ðEex þ 2hxLO  hx0 Þ2 þ C2

(4)
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The S value is estimated to be 0.98, which is close to 1
with free exciton binding energy 40 meV,51 band gap energy
3.7 eV, and the excitonic energy (Eex) in the present study as
3.66 eV [Fig. 6(b)]. The incident photon (hxo) and LO phonon (
hxLO) energies are considered to be 3.81 and
0.0434 eV, respectively, along with the exciton linewidth (C)
of 25 meV,52 and I2LO/I1LO ¼ 1.277. Unusual observation of
higher order TO modes including the high intensity in first
order mode may be due to strong deformation potential in
reduced dimension (few monolayer) of the sample.53 Figure
6(b) shows the PL spectrum of the nanocomposite using
325 nm excitation at room temperature. The unusual broadening of the PL peak [Fig. 6(b)] around 3.66 eV at room temperature may be due to strong coupling of A, B excitons51,54
at 3.68 and 3.75 eV with overtones of LO phonon modes.
Similar broadening of the PL peak has also been observed
for ZnO nanorods where free exciton is reported to couple
with overtones of LO phonon.55 The peak corresponding to
the blue shifted band gap value at 5.4 eV caused by confinement did not appear here, as the excitation energy was
limited below it.
Figure 7(a) shows multiphonon Raman scattering for
514.5 nm excitation. The peaks at 175 and 233 cm1 are second order modes belonging to 2TA (transverse acoustic) and
2LA (longitudinal acoustic) phonon modes of wurtzite ZnS
at zone boundaries, respectively. Peaks at 290.5 and
368.7 cm1 are blue shifted TO and LO modes belonging to
A1 symmetry of wurtzite ZnS. Excitation dependent shift in
the Raman peak positions is well known owing to its sensitivity to electron-phonon coupling as it is observed for
3.81 eV excitation [Fig. 6(a)]. The peak at 315 cm1 may
correspond to surface optical (SO) mode. The mode at
441 cm1 can be assigned to a combinational mode frequency of LAþLO of wurtzite ZnS.56
Contribution from the non-zone center phonons in nanostructures, with finite crystallite size, corresponding to the
discrete allowed wavevectors contribute to the Raman intensity. It leads to Raman lineshape analysis by adding the contribution of each of these modes with their own natural
linewidth along with suitable q-dependent weight or intensity
factors. A scheme was discussed,57–59 using a phenomenological approach based on spatial correlation model for the Raman
lineshape analysis. The first-order Raman spectrum is calculated by integrating contributions over the complete Brillouin
zone, for x(q) derived from the phonon dispersion curve and
C0 being the natural line width of zone center optical phonon

J. Appl. Phys. 112, 074321 (2012)

in bulk ZnS.56 However, in contrast to the phonon confinement model, which predicts a red shift of optical phonon as a
function of size of nanoparticle, a blue shift of optical phonon
is observed for the optical TO and LO modes at 290.5 and
368.7 cm1, respectively. The peak positions expected from
phonon confinement model for TO and LO mode are 267 and
342 cm1 considering bulk values of 275 and 350 cm1,
respectively.56,57 The C0 value for the TO and LO modes are
taken approximately as 10 and 7.8 cm1, respectively, along
with shift of phonon frequencies at the adjacent zone boundary as 17 cm1 for both the modes from the reported calculated phonon dispersion data for wurtzite ZnS.56 The blue
shift of optical phonon frequencies can arise if the embedded
ZnS nanosheets experience compressive stress. During synthesis when the specimen was cooled from 873 K to 303 K, a
compressive stress was induced on ZnS phase due to thermal
expansion coefficient mismatch between Na-4 mica and ZnS
phases. Considering thermal expansion coefficients of Na-4
mica as 80  106/K60 and of ZnS as 4.6  106/K61 and bulk
modulus of ZnS as 74 GPa,62 the estimated value of compressive stress was found to be 3.2 GPa. The pressure exerted by
the Na-4 mica on ZnS can be obtained from the blue shift of
optical phonon frequency also. The pressure induced shift of
phonon frequency in ZnS is given as63
xTO ¼ 267 þ 0:62P;

xLO ¼ 342 þ 0:43P;

where x is in cm1 and P in kbar (0.1 GPa). For xTO and
xLO the pressures are calculated to be approximately 3.8 and
6.2 GPa, respectively. The pressure for xTO is in good agreement with the stress generated during synthesis, which occurs
along the perpendicular direction of the nanosheets. The pressure values are distinctly different while calculating for TO
and LO modes. The compressive stress along the perpendicular direction will bring about a lateral deformation along the
basal plane of the ZnS nanosheets due to Poisson’s ratio of the
material. Such deformation will be contributed by the neighboring Na-4 mica grains containing ZnS nanosheets. Thus the
total effective stress related to xLO mode will be enhanced
many-fold. Although it is difficult to quantify the value, such
stress rationalizes the calculated value of 6.2 GPa.
Regarding the peak at 315 cm1, SO mode in polar crystals with large intensities is reported in between TO and the
corresponding LO mode. The SO mode can be invoked in
the presence of surface modulation of nanosheets.64 The dispersion relations for SO phonons (xSO) for a ZnS nanoribbon

FIG. 7. Multiphonon modes combined of fundamental, surface optical, zone boundary and combination modes in ZnS using (a) Arþ laser of
514.5 nm and (b) InGaAs line laser of 785 nm.
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is already reported earlier,65 for the symmetric (S) SO mode
and antisymmetric (AS) SO modes for the qiLi for the slab,
Li(i ¼ x,y) whose growth direction is along z, and qi(i ¼ x,y)
is the phonon wavevector. Mode frequency value of 315
cm1 corresponds to qiLi/2 ¼ 0.22 as per S-SO mode dispersion relation (Fig. 4 of Ref. 65) of ZnS nanoribbons. We can
consider our ZnS nanosheet as arranged nanoribbons. If we
take the average nanoribbon cross section dimensions to be
100  0.6 (Lx  Ly) nm2 (considering a monolayer thickness (Ly)  0.6 nm), we can then calculate the wavelengths
for the surface potential perturbation that breaks the symmetry and activates the SO mode Raman scattering kSO ¼ 2p/qi
(i ¼ x,y), 8.6 nm (y  0.6 nm), and 1427 nm (x  100 nm).
Surface roughness with a modulation of 8.6 nm is observed
[indicated by arrows in Fig. 3(a)] and any integer multiple
equivalent to the k (fundamental mode 8.6 nm or
166  8.6 nm ¼ 1427.6 nm) will be sufficient to initiate
breakdown of translational symmetry for the contribution of
surface potential toward SO modes. One can also see that the
intensity of the observed SO phonons in the present study
are comparable to other phonons. The magnitude of surface
roughness determines the SO peak intensity owing to the
breakdown of the translational symmetry of the surface
potential.64
For the 785 nm excitation (Fig. 7(b)), overtone modes of
2LA and 2A1(LO) are observed at 230 and 725 cm1, respectively. Small discrepancies in the overtone modes as compared to integral multiple of the fundamental mode are due
to the reason that the former are not the zone center phonons
and thus the deviations are expected.
IV. SUMMARY AND CONCLUSIONS

In summary, ultrathin stable wurtzite ZnS nanosheets
are grown within the interlayer spaces of Na-4 mica with a
thickness of 0.6 nm by an ion-exchange-cum-solution treatment process followed by sulfidation treatment at relatively
low temperature of 873 K. The thickness is confirmed by
AFM study. The two-dimensional morphology of ZnS gives
a large blue shift of 1.7 eV of the band gap, and the calculated thickness is in reasonable agreement with that estimated from crystallographic consideration of material
growth within the interlayer spaces of thickness 0.6 nm.
Raman scattering studies show higher order TO modes
caused by deformation potential in reduced dimension. A
blue shift of TO and LO modes, rather than red shift in confined phonon, is ascribed to compressive stress on ZnS nanosheets. PL spectrum shows a broadening due to coupling
between excitons and LO overtones. This nanocomposite is
proposed to have application in UV detection of both bands,
viz., UV-A and UV-C.
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