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Synthesis and characterization of sol-gel derived ZnS: Mn**
nanocrystallites embedded in a silica matrix
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Abstract. Synthesis and characterization of undoped and Mn?" doped ZnS nanocrystallites (radius 2-3 nm)
embedded in a partially densified silica gel matrix are presented. Optical transmittance, photoluminescence
(PL), ellipsometric and electron spin resonance measurements revealed manifestation of quantum size effect.
PL spectra recorded at room temperature revealed broad blue emission signal centred at ~420 nm and Mn?*
related yellow—orange band centred at ~590 nm while ESR indicated that Mn in ZnS was present as disper sed

impurity rather than Mn cluster.
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1. Introduction

Zinc sulphide with low Mn doping level is an efficient
phosphor (Toyama et al 2000), used in the form of powder
and thin films. In nanoparticle form, ZnS: Mn** exhibits
additional interesting electro-optical and other properties
(Zeinert et al 1994). There are various techniques for the
preparation of ZnS:Mn®" nanoparticles, the two most
popular ones being synthesis in colloidal solutions or in
reverse micelles (Jin et al 1996; Smith and Zhang 2000).
The nanoparticles thus generated require capping by e.g.
suitable thiols in order to avoid quick degradation or
agglomeration. Another route may be synthesis in ‘con-
trolled pore’ solid materials like zeolites or rigid gels.
Gels are interesting because their precursors, i.e. sols,
can easily be amenable to the formation of thin films.
Confinement of the nanoparticles within the pores of
rigid solid materials also hinders their degradation or
agglomeration. Thin solid films with dispersed lumine-
scent nanoparticles (as against colloidal dispersions) also
have the advantage that they can be used readily as parts
of optical (e.g. luminescent) devices.

In spite of the advantage of the sol-gel method in
facile preparation of luminescent ZnS: Mn?*" nanoparti-
cles dispersed in a thin solid dielectric film, only limited
work has been done in this area (Saenger et al 1998;
Sohling et al 1998). In the present work, Mn?* doped ZnS
nanoparticles have been synthesized by the sol-gel method
in an amorphous silica thin film matrix. The composite
films thus obtained were studied for their optical absorp-
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tion, luminescence and electron spin resonance (ESR)
properties in an attempt to characterize the possible Mn?*
sitesin the ZnS structure.

2. Experimental
2.1 Preparation of sols and films

The sol required for deposition of the films was prepared
in two parts. In the first part, tetraethyl orthosilicate,
Si(OC,Hs), (TEOS, for synthesis, Merck. Schuchard)
was dissolved in a solution of 2-propanol (pro analysi,
Merck., India, dried over molecular sieve activated under
agitation) and distilled water. Hydrochloric acid (03 N,
Titrisol, Merck., India) was added in this solution as a
catalyst and it was stirred for ~ 1 h.

To prepare another part of the sol, Zn(NOjz),%6H,0O
(Purified, Merck., India) was dissolved in a solution of 2-
propanol and distilled water to obtain the zinc precursor.
Thiourea, NH,CSNH, (Pure, Merck., India) was dissol-
ved in this solution as the source of sulphur. Five at.%
Zn*" was substituted by Mn®* in the solution through Mn
(CH3CO0),2H,0 (Pure, Merck., India) and this solution
was stirred for ~ 2 h.

The two parts of the sol were mixed under stirring to
obtain a clear and transparent sol. This final sol was then
again stirred for 2 h before the films were prepared. In
this sol, the eguivalent molar ratio of SiO,: (metal sul-
phide) was fixed at 70 : 30. For comparison, sols were
also prepared for synthesis of undoped ZnS films.

The final sol was used to prepare films by spin coating
(~ 3000 rpm) on quartz glass substrates (25 x 25 mm?)

175



176 B Bhattacharjee et al

for optical and ESR studies and on carbon coated Cu grid
for microstructural (TEM) study. The films were then (in
less than ~10s) transferred to an oven preset at the
required annealing temperature (flash heating at 573 K
for 30 min).

2.2 Characterization of the films

Optical studies were performed by measuring transmi-
ttance in the wavelength region | =200-800 nm using a
spectrophotometer (Hitachi-U3410) at room temperature.
The spectra were recorded with aresolution of | ~ 007 nm
along with a photometric accuracy of = 08% for trans-
mittance measurements. Microstructure of the films was
studied with TEM (Hitachi H-600). ESR measurements
were performed at 300 K in a commercial Bruker Q band
spectrometer (~ 34 GHz), under conditions of slow adia-
batic passage. The g values and absolute intensities
of ESR signals were determined using a thoroughly
calibrated LiF:Li standard (Stesmans and Van Gorp

Figure 1. Transmission electron micrograph (a) and electron
diffraction pattern (b) of a representative nanocrystalline Mn?*
doped (5 at.%) ZnS film.
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Figure 2. Variation of optical absorption coefficient (a) with
photon energy (hn) (a) for undoped and (b) Mn®*" doped
(5 at.%) nanocrystalline ZnS film.
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Figure 3. d{In(ahn)}/d(hn) vs hn plots for (a) undoped and
(b) Mn?* doped nanocrystalline ZnS film (a incm™, hn in V).
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1989a,b) co-mounted with the sample. Photolumine-
scence (PL) spectra were recorded at 300 K using a
Perkin Elmer LS55 spectrometer with excitation wave-
lengths of 250 nm and 400 nm to detect the blue and
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Figure 4. In(ahn) vs In(E;—hn) plots for (a) undoped and

(b) Mn?" doped nanocrystalline ZnS film (a in cm™, hn in eV
and EgineV).
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Figure5. Plot of (ahn)¥™ vs hn for (a) undoped and (b) Mn?*
doped nanocrystalline ZnSfilm (a incm™, hnin V).
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yellow—orange emissions, respectively. Ellipsometric data
for the films were recorded in a Spectroscopic Phase
Modulated Ellipsometer (UVISEL™ 460, ISA JOBIN-
YVON SPEX) intherangel =300-1200 nm.

3. Resultsand discussion

3.1 Microstructural studies

Micrograph (TEM) of a representative ZnS: Mn film (5
at.% doped) and the corresponding diffraction pattern are
shown in figures 1a and b, respectively. Presence of fine
ZnS nanoparticles in silica matrix is clearly visible in the
TEM picture (figure 1a), while the corresponding diff-
raction pattern of the film consists of a central halo with
concentric broad rings, the broadness possibly originating
from the confinement of the nanocrystallites embedded in
the silica matrix. The rings correspond to reflections
from the (111) and (200) planes, thus confirming
the cubic crystallographic structure of the ZnS nano-
particles. The average radii (r) of the nanocrystallites
determined from TEM are 2’6 nm (+ 066 nm) and 3 nm
(£ 06 nm) for doped and undoped films, respectively.
The ratio of particle diameters to the interparticle sepa-
rations (h = d/s), which is a measure of dispersibility of
the particles in a dielectric matrix, has an average value
of ~08 and ~0%5 for doped and undoped films,
respectively. This moderately high value of h (close to
unity) suggests that the particles were neither agglome-
rated nor situated at large distances apart from each
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Figure 6. Variations of refractive index (n) and extinction
coefficient (k) with wavelength (1) for 5 at.% Mn?* doped
nanocrystalline ZnS film.
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other, but well dispersed in the silica matrix, which
prevented the particles from fast degradation or agglo-
meration in spite of the relatively high loading of sul-
phide nanoparticles in the silica matrix (Minti et al 1991,
Guglielmi et al 1997).

3.2 Optical absorption and optical bandgap

The absorption coefficient (a) was determined from the
transmittance vs wavelength (1) traces recorded in the
region | =200-800 nm for undoped (figure 2a) and
doped (figure 2b) films. The absorption coefficient (a)
may be written as (Bhattacharyya et al 1992)

a = A(hn — Eg)"/hn, (1)

where Eg is the band gap corresponding to a particular
transition occurring in the film and m characterizes the
nature of transition. The value of m may be 1/2, 2, 3/2
and 3 corresponding to the allowed direct, allowed indirect,
forbidden direct and forbidden indirect transitions,
respectively (Pankove 1971). When allowed direct transi-
tion is pre-assumed, as usually done by the workers, band
gap may be obtained from extrapolation of the straight
line portion of the (ahn)? vs hn plot to a = 0. But, in the
nanocrystalline film there may be deviation from bulk

5 at.% Mn doped
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Figure 7. Variation of the first derivative of ESR signal
intensity with magnetic field for Mn?* doped (5 at.%) nano-
crystalline ZnS film.

like transition. So, m value should be determined without
any pre-assumption of the nature of transition. Now,
from (1) we obtain

&{In (ahn)}/d(hn) = m/(hn — Eg), )

which suggests that a plot of d{In(ahn)}/d(hn) vs hn
(derivative spectra) will indicate a divergence at an energy
value, E;, where a transition takes place. Plots of the
derivative spectra for undoped and doped films are shown
in figures 3a and b, respectively. The discontinuities in
the plots were observed at 3»05 and 42 eV for the un-
doped and doped films, respectively. With a view to
determining the nature of transition (or m value) In (ahn)
vs In(hn — Eg) was plotted (figure 4) which was a straight
line with slope m. Thus, m values of 049 and 046 were
deduced for undoped and doped films, respectively.
The m values thus obtained were close to 0% (as expec-
ted for allowed direct transition in bulk ZnS). The exact
values of band gaps corresponding to them values
mentioned above were obtained from the (ahn)¥™ vs hn
plots (figure 5).

It may be noticed that the band gap values are higher
than the bulk value for ZnS (3*%6 eV) due to quantum
confinement in the ZnS nanocrystallites. It may be
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Figure 8. PL spectra for (a) undoped and (b) Mn?* doped
nanocrystalline ZnS film recorded at 300 K under 250 nm exci-
tation. Inset shows PL emission from bare substrate under
200 nm excitation.
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noticed that the band gap in the Mn doped ZnS film was
higher than that of undoped film because the grain size in
the doped film was lower (~ 26 nm) than that in undoped
film (~ 3 nm) depending on the preparative conditions of
the films.

The properties of nanocrystalline materials show devi-
ation from the corresponding bulk properties when the
sizes of the crystallites become comparable to the Bohr
excitonic radius (ag) given by

ag = 4pe h [ U/m# +1/m#, /€2, (3)

where e is the dielectric constant, and m* and m?*, are the
effective masses of electrons and holes, respectively.
From (3) the excitonic Bohr radius of ZnS can be
determined as 2X6 nm using the values of e=8%6, m*
=084 my and m} =023 m, (Landolt-Bornstein 1987).
The values of grain sizes in the nanocrystaline ZnS
films, as determined from TEM studies, are comparable
to ag supporting the quantum-size effect. Further, the
blue shift of the band gap (DEg) could also be utilized to
determine the crystallite radius (r) using the relation
(Brus 1984; Yuang et al 1994)

DEg = Eg(f”m) - Eg(bulk) = [h2 p2/2 l.lrz] - [1>8 ezle r], (4)

where U is the reduced el ectron-hole effective mass.
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Figure 9. Photoluminescence spectra for 5 at.% Mn?* doped
nanocrystalline ZnS film recorded at 300 K under 400 nm
excitation.

Using (4), the particle sizes were determined as r =
28 nm and 2X42 nm in case of undoped and doped ZnS
nanocrystalline films, respectively. These r values were
comparable to those obtained from TEM studies.

3.3 Ellipsometric study

The film thickness (t) and refractive index (n) were
obtained from the ellipsometric analysis. The film thick-
nesses were in the range 120-135 nm for both undoped
and doped films. At 550 nm, doped ZnS film exhibited n
~ 2>83 whereas it was 286 for undoped ZnS film. The
dispersion curves of refractive index (n) and extinction
coefficient (k) for the doped film are shown in figure 6.
The high-frequency dielectric constant (e) was deter-
mined from these n and k data in the region of the film
transparency (> 500 nm). The value of e thus obtained
(~ 547 at 550 nm) was lower than that of the bulk ZnS
(n=2%5) (Nicolau and Menard 1988). This reduction in
e may be attributed to the quantum confinement effect in
nanocrystalline film which led to the reduction of n with
decreasing particle size as was discussed by Yoffe
(2001).

3.4 ESRstudy

ESR measurements were reported by different workers
(Kennedy et al 1995; Yeom et al 1996; Igarashi et al
2001) to study the symmetry, electronic structure and
coordination state of Mn impurity in ZnS: Mn powders
and thin films. Several Mn-related signals might be expec-
ted from the results of previous studies of ZnS compo-
sites (Igarashi et al 1997). However, in the present work
only one has been detected. Figure 6 shows the ESR
spectra for a Mn doped film (containing 5 at.% Mn)
recorded using microwave power of 10 mW and a modu-
lation amplitude of 06 mT. The central sharp line was
due to a LiF ESR marker {g = 2X%02293 (Stesmans and
Van Gorp 1989ab)}. A sextet of relatively broad lines,
observed in figure 7, was fitted with isotropic g factor of
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Figure10. A schematic band diagram for Mn?* doped ZnS.
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20008 and hyperfine constant |A|=88%9 mT. Similar
parameters were deduced by Kennedy et al (1995) for
nano ZnS (g=2%01 and |A|=89 mT). The observed
characteristic sextet structure of ESR spectra suggested
that Mn in ZnS was present as dispersed Mn?" impurities
rather than Mn clusters. Yeom et al (1996) observed that
Mn formed clusters for doping > 1 at.% in their ZnS: Mn
powder and thin films as indicated by the broad reso-
nance band in the ESR signals despite the hyperfine sextet.
In the present case, up to 5 at.% Mn could be incorpo-
rated without clustering possibly due to the presence of
nanocrystallites embedded in the SIO, matrix producing
an effective capping. Thus, SIO, played an important role
to make the nanoparticles well dispersed. Unfortunately,
the Mn sites, corresponding to the detected ESR signals,
have not been reliably identified yet.

3.5 Photoluminescence study

Room-temperature photoluminescence (PL) spectra of
the samples (on quartz substrate) along with PL from
bare substrate are presented in figures 8 and 9. When the
films were excited at 200 nm, strong luminescence at
390 nm appeared from bare quartz glass substrate (inset,
figure 8). This luminescence did not occur when the films
were excited with 250 nm. All the samples were excited
at 250 nm to detect the emission signal (eliminating sub-
strate effect). The break in the spectra at ~500 nm was
due to subtraction of the second order of the excitation
peak.

When the samples were excited at 250 nm, broad blue
emission was observed at ~420 nm. Slight red shift in
this blue band with increasing particle size was noticed
for the undoped films. On the other hand, when the sam-
ples were excited at ~400 nm and the emission spectra
were recorded in the region 550-650 nm, yellow—orange
emission centred at ~ 590 nm was observed. In the pre-
sent case, the luminescence was the characteristic for the
“T,® °A; transition in Mn®* ions (figure 10) in a ZnS
matrix (Sooklal et al 1996; Suyver et al 2001).

4. Conclusions

The films of undoped and Mn? doped (5 at.%) ZnS
nanoparticles embedded in SiO, matrix consisted of well
dispersed nearly monosized nanoparticles with the value
of the index of dispersibility ~ 08. Microstructural, opti-
cal and ellipsometric studies revealed that quantum size
effect occurred in the films. ESR study indicated dis-
persed Mn®" impurity rather than Mn cluster in the Mn
doped ZnS films. Mn could be incorporated up to 5 at.%
without clustering possibly due to the presence of
nanocrystallites embedded in the SIO, matrix producing
an effective capping. The films exhibited surface state
related blue emission (excited at ~250 nm) of ZnS

nanoparticle in addition to characteristic yellow—orange
emission (excited at ~ 400 nm) centred at ~ 590 nm for
Mn doped films due to the “T, ® °A,; transition in Mn*
ions.
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