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Abstract
Zinc sulfide nanoparticles doped with different concentrations of manganese ions (Mn2+) were
synthesized at various temperatures to investigate the effects of substitution and the associated
defect evolution. Positron lifetime and Doppler broadening measurements were used as probes.
The initial stage of defect recovery was dominated by the occupation of Zn2+ vacancies by
Mn2+ ions, bringing in characteristic changes in the positron lifetimes, intensities and Doppler
broadened lineshape parameters. Detailed analyses considering the presence of one and two
types of defects were carried out to identify the type of defects which trap positrons at the
different dopant concentrations. Electron paramagnetic resonance studies indicated increased
Mn–Mn interaction and the formation of Mn clusters with further doping. The results are in
striking contrast to those for nanorods, where vacancy recombination transformed their interior
into regions free of defects.

1. Introduction

Studies of nanocrystalline systems of semiconductor materials
are of interest for a wide range of applications, both physical
and technological, due to the remarkable improvement
in their properties as well as the interesting processes
related to their synthesis and characterization. Quantum
confinement effects and different structural transitions have
been reported in the case of several such nanomaterials
and deeper insights into these aspects have been called
for [1–3]. In our recent works [3–5] we have focused
on the structural defects associated with grains and rods of
semiconductor nanomaterials and some useful information
about their structure and properties has been highlighted. The
technological importance of ZnS is widely known. It is a
very popular material for applications in optoelectronic devices

3 Present address: NanoScience Technology Center, University of Central
Florida, Orlando, FL-32826, USA.
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and sensors, apart from its other uses in photoconductors,
phosphors and electroluminescent materials. Because of its
wide band gap (3.75 eV), it is also put to use for gathering
information on the changes in properties due to doping
by different elements. Manganese normally occupies the
substitutional sites in the Zn lattice as divalent ions and the
excitation and decay of this ion have been seen to produce
luminescence features at characteristic wavelengths [1, 2, 4].
The incorporation of Mn2+ ions has been shown to effect a
structural transition to the cubic phase in the case of ZnS
nanorods synthesized with an initial hexagonal structure [4, 6].
In a recent positron annihilation study of Mn-doped ZnS
nanorods [6] we argued that the interior of the nanorods
became free of vacancy-like defects due to the doping and
the positrons either annihilate in the bulk or at the surfaces
of the nanorods. In this work we report the results of studies
on zinc sulfide nanoparticles with a cubic zincblende structure
and doped with different concentrations of manganese ions at
different temperatures, and examine the positron annihilation
characteristics pertaining to the processes of defect evolution.

0953-8984/08/235226+10$30.00 © 2008 IOP Publishing Ltd Printed in the UK1
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Figure 1. X-ray diffraction patterns of the Mn-doped ZnS
nanoparticles (a) at different dopant concentrations and (b)
synthesized at different temperatures.

2. Experimental section

Mnx Zn1−x S nanoparticles were synthesized using a normal
solvothermal process. Appropriate amounts of zinc acetate
((CH3COO)2Zn·4H2O)), manganese acetate ((CH3COO)2Mn
·4H2O) and thiourea (NH2CSNH2) were taken in a Teflon-
lined cylindrical stainless steel chamber. The chamber was
filled with ethanol up to 80% of its volume. Thiourea was
used at three times the stoichiometric ratio. After stirring for
30 min, the closed chamber was placed inside a box furnace at
the desired temperature for 12 h and then slowly cooled down
to room temperature. The white precipitate was filtered off and
washed several times in water and ethanol. The final product
was dried in a vacuum at 353 K for 6 h to get a white powder.

Two sets of samples were prepared. In the first set,
there were eight samples synthesized at the same temperature
(433 K) but each with a different input Mn2+ concentration
varying from 0.05 to 30 at.%. In the second set, the input
Mn2+ concentration is fixed at 6 at.% but the five samples were
synthesized at five different temperatures, i.e. 408, 433, 448,
473 and 503 K. The purpose was to examine the consequent
effects of incorporation of Mn2+ ions in the ZnS lattice and

Figure 2. High-resolution transmission electron micrograph of ZnS
nanoparticles synthesized at two different temperatures: (a) 433 K
and (b) 473 K.

possible variations due to change of temperature (i.e. with the
change of particle size).

The products were analyzed using an x-ray diffractometer
(XRD; Seifert 3000P) with Cu Kα radiation and the
compositional verification was done by energy dispersive x-ray
analysis (EDAX; Kevex, Delta class I). A few representative
x-ray diffraction patterns are shown in figures 1(a) and (b).
The manifestation of the diffraction peaks with distinguishable
sharpness ensures that a certain crystalline order still prevails
within the grains despite the very small sizes. From the size
of the particles estimated from x-ray diffraction patterns of
samples synthesized at the same temperature, we have seen
that the grain sizes did not vary considerably due to Mn2+
doping and all the grains had a size of about 2.5 nm. The
microstructures and crystallinity of the samples were further
confirmed using transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM; JEOL 2010) studies
(figures 2(a) and (b)). Electron paramagnetic resonance (EPR)
studies of the powder samples were done with a Varian E-109C
X-band spectrometer.

Positron lifetime measurements were carried out with
a 22Na source (400 kBq) in thin nickel foil immersed in
the powdered samples and the spectra were recorded using
a slow–fast gamma–gamma coincidence set-up with prompt
time resolution (full width at half maximum) 200 ps under
experimental settings. The sample and source were kept in
dry vacuum conditions in order to ensure the removal of any
traces of air trapped within the powder and otherwise adsorbed
gases (see discussion later). About (1.5–2.0) × 106 counts
were collected under each spectrum with a peak to background
ratio better than 10 000:1, and the data were analyzed using
the programs RESOLUTION and POSITRONFIT [7]. For
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Doppler broadening measurements, a HPGe detector with
resolution 1.14 keV at 511 keV was used. For coincidence
Doppler broadening (CDBS) measurements, one more similar
detector with identical resolution was used in the anticollinear
direction and the two parameter spectra, each comprising about
7 × 106 counts, were recorded and analyzed using the standard
procedure [8].

3. Results and discussions

The actual values of positron lifetimes in pure undoped ZnS
nanocrystalline samples vary with the average particle or grain
size. In an earlier work [5] we obtained τ1 = 147 ps and
τ2 = 380 ps with respective relative intensities I1 = 43.6%
and I2 = 44.0% for a sample of grain size close to the
present size (∼2 nm). (All the values shown against x =
0.01 at.% in the figures shown hereafter represent the undoped
sample.) The presence of yet another and still longer lifetime
τ3 = 2.10 ns of intensity I3 = 12.4% was attributed to the
formation of orthopositronium atoms, the temporary bound
state of positrons with electrons before eventual annihilation,
in free volume cavities (or defects) [9]. The two shorter
lifetimes τ1 and τ2 indicate that positrons are also trapped
in defects other than these regions. A small contribution
to the measured values of τ1 in all the samples also comes
from parapositronium atoms with an intrinsic lifetime 125 ps
and intensity one-third of I3, but the qualitative variation of
τ1 either with the Mn2+ ion concentration or temperature of
synthesis of the samples was found to be unaffected and hence
is not explicitly shown or stated hereafter.

ZnS is known to contain large number of Zn2+ vacancies
and, owing to their negative charge, positrons should
experience additional attraction (with respect to neutral
vacancies) towards them. The value of τ2 = 380 ps is higher
than the positron lifetime of 233 ps in Zn2+ monovacancies
(VZn) of bulk coarse-grained ZnS, as reported by Plazaola
et al [10] and Brunner et al [11], although Adams et al [12]
had mentioned a relatively high value of 290 ps. The higher
value of τ2 in the present work is consistent with the fact that
the samples are composed of nanoparticles and a significant
fraction of the positrons annihilate in the vacancy-type defects
on the grain surfaces. This argument is based on the fact that
the grain size of 2.5 nm of the samples used here is significantly
less than the typical thermal diffusion lengths of positrons (50–
100 nm [13]) and hence the thermalized positrons can diffuse
out to the surface of grains prior to annihilation. Another
reason for the larger values of the obtained positron lifetimes
is that the grain size of 2.5 nm is smaller than the excitonic
Bohr diameter of ZnS (∼5 nm [14]). This means that quantum
confinement effects have already set in and given rise to the
average one electron energy level split and an effective increase
in the band gap in the atoms of these grains. The positron
lifetimes in such cases, for example the one reported by us
on CdS, have been shown to increase due to the reduced
annihilation probabilities [3].

Compositional analysis of the Mnx Zn1−x S nanostructures
was initially carried out by EDAX analysis. The results
for the sample with a Mn2+ concentration of 6 at.% are
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Figure 3. The actual concentration of Mn2+ ions being substituted
inside the 6 at.% Mn-doped sample synthesized at different
temperatures, as obtained from the EDAX analysis. The EDAX
spectrum of one of the samples is shown in the inset.

shown in figure 3. In pure ZnS, elemental Zn and S
were found in near-stoichiometric ratio. The EDAX spectra
of one representative Mn doped ZnS sample is shown in
the inset of figure 3. In the Mn-doped ZnS samples, the
amount of Mn2+ detected by the EDAX analysis was less
than that actually added during the synthesis. However, the
actual intake of Mn2+ increases with increasing synthesis
temperature, as shown in the figure. Since EDAX is not
suitable for detecting very low concentration of dopants, it is
very difficult to estimate the actual Mn2+ percentage for the
samples synthesized with a very low concentration of input
manganese (0.05–1 at.%), although the presence of Mn2+ ions
within the ZnS host lattice of these samples was confirmed by
EPR studies, as discussed later. Therefore, we subsequently
still use the input Mn2+ concentration as the experimental
variant for qualitative interpretation of the results. With the
inclusion of Mn2+ ions in the lattice, the shorter lifetime τ1

decreases while τ2 increases from 380 to 395 ps (figure 4).
The intensity I2 surprisingly reduces drastically, indicating
significant annulment of a certain species of defects present
in the samples. An increasing τ2 with a rapidly diminishing
I2 could be possible when a fraction of vacancy-type defects,
especially of relatively smaller sizes, are compensated by the
input Mn2+ ions. The τ2 then resulting from the remaining
defects and overwhelmingly from the grain surfaces would be
averaged to a higher value, as shown in figure 4. The values of
τ2 at further increasing concentrations of Mn2+ did not exhibit
any systematic variation and were scattered (within error bars)
around a mean value of 395 ps. In the final analysis, the results
of which are reported here, therefore, τ2 was fixed at 395 ps
(figure 4). As mentioned earlier, the main contribution to τ2

in the Mn-doped samples is the annihilation of positrons at the
grain surfaces, and it can be influenced only by the volume
or size of the defects present there. The fractional excess free
volume of a defect at the grain surface, in turn, depends only
on the size of the grains and hence that essentially remains the
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Figure 4. The variation of the positron lifetimes τ1 and τ2 and the
intensity I2 with Mn2+ concentration in the ZnS nanoparticles. The
data points corresponding to the undoped (x coordinate = 0) sample
are shown against 0.01 at.%.

same if the grain size does not change [15]. As already stated,
the latter aspect has been verified in this case through x-ray
diffraction and TEM studies and the grain sizes of samples
with different Mn2+ concentrations were all around 2.5 nm.
No changes in the case of τ2 are therefore expected.

Simultaneous measurements of the Doppler broadening of
the positron annihilation gamma ray spectrum offer another
complementary support for the interpretations presented above.
The changes are monitored in terms of the lineshape parameter
denoted by S, which is defined as the ratio of counts falling
under an energy window of ±0.8 keV around the peak
(511 keV) to the total counts under the whole spectrum,
after subtraction of the nuclear gamma ray background. The
S parameter, when shown as varying with the inclusion of
Mn2+ in at.% (figure 5) also reveals a distinct defect recovery
stage with the inclusion of Mn2+ ions. The initial decrease
of S supports the dominant process of recombination of the
vacancy-type defects with the doped Mn2+ ions, although
a major influence on the behavior of S can come from
the percentage of positronium atoms formed, as discussed
later. The recombination process continues until the dopant
concentration reaches 1 at.% and is indicated by rather
smooth changes in the annihilation parameters up to this
concentration.

For ZnS with an acceptor-type defect like VZn, the arrival
of a Mn2+ ion would immediately help to compensate the
missing holes. Since pure ZnS normally turns out to be sulfur
deficient, the formation of antisite defects (SZn) can be ruled
out. Also since the sulfur vacancies are positively charged,
they cannot trap positrons. The results of CDBS experiments
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Figure 5. The S parameter versus the Mn2+ concentration of the ZnS
nanoparticles. The data points corresponding to the undoped (x
coordinate = 0) sample are shown against 0.01 at.%.

illustrated in figures 6(a), (b) and (c) support this argument. In
order to generate the ratio curves, the area-normalized counts
of the corresponding spectra were divided by those of the
spectrum of a pure annealed aluminum sample [8]. The peak
of the curve representing the undoped ZnS coincides with that
of elemental sulfur, suggesting that positrons are essentially
annihilating from the vacancies of zinc. With the inclusion
of Mn2+ ions, there are characteristic changes and these are
discussed later.

The positron lifetime (τ f ) measured in the bulk coarse-
grained ZnS is 215 ps, which is close to the values widely
reported in the literature for cubic ZnS (∼217–227 ps) [10–12].
The nanocrystalline samples are expected to contain defects,
both inside the grain and on the outside surfaces. As in the
case of nanorods [6], the number of different types of defects
present in the nanoparticle samples under investigation can
be assessed by using the trapping model equations [16, 17]
and cross-checking the estimated positron lifetime τ1 with its
experimentally measured value. The trapping model assumes
a delocalized state of positrons diffusing in the bulk region of
the crystal besides the trapped states. In nanocrystalline grains
of sizes much smaller than the thermal diffusion lengths of
positrons, the ‘bulk’ state is attributed to those positrons, which
do not eventually reach the surface but continue diffusion
within the grains until annihilation takes place. The simplest
case of the trapping model assumes just one type of defect [16],
say if we assume that the interiors of the nanocrystalline
grains are free of crystal vacancies and only the grain surfaces
trap positrons. This, however, did not yield agreement
between the calculated and experimentally measured values
of τ1. Hence the values were also calculated using the
three-state trapping model [17], in which the longer lifetime
τ2 is considered as correctly resolved and the possibility of
positron trapping in other types of defects is explored by
comparing the experimental lifetime τ1 with that obtained from
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Figure 6. The quotient spectra obtained by dividing the coincidence Doppler broadened spectra of some of the samples—(a) of elements S,
Zn and Mn, (b) ZnS and Mn-doped ZnS with different Mn2+ ion concentrations and (c) ZnS and Mn-doped ZnS of different temperatures of
synthesis—by the spectra of a pure Al sample.

the equation [17]

τ cal
1 =

1 + κ1
λ1

(
1 + κ2

λ f −λ2+κ1

)

λ f + κ1 + κ2
. (1)

In this equation, the annihilation rates λ f and λ1 are just the
reciprocals of the respective lifetimes τ f and τ1 and κ1 and
κ2 (described afterward) are the rates of trapping of positrons
into the two types of defects under consideration. In all these
calculations, both in the two-state and three-state trapping
models, the weighted average of τ2 and the positronium
lifetime τ3 are used in place of τ2 in the appropriate

equations [16, 17]. This is justified since positronium is formed
by a fraction of the positrons which are trapped in the defects
on the grain surfaces. (Although positronium formation is
not generally reported for metallic or semiconductor systems
of the macroscopic grain size owing to the high electron
densities involved, there is a distinct possibility for the same
in the case of nanomaterial systems as the grain surfaces and
interfaces are sites of very low electron density and which can
probably act as favorable sites for a fraction of the positrons
to form positronium.) The agreement between the calculated
and measured values of τ1 was found satisfactory only in the
two extreme cases, i.e. the undoped sample and the sample
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Table 1. The experimentally measured and calculated values of τ1 in
samples with different input concentration of Mn2+ ions. τ cal−3a

1
refers to the values obtained from the three-state trapping model
(equation (1)) and τ cal−3b

1 to those from the three-state trapping
model (equation (2)). The typical error is ±2 ps.

Conc. of Mn2+ (%) τ
exper
1 (ps) τ cal−3a

1 (ps) τ cal−3b
1 (ps)

0 147 147 96
0.05 142 163 129
0.1 137 181 144
0.5 138 172 133
1 139 176 147
6 146 167 139
9 141 168 138

15 147 169 146
30 158 157 141

with a Mn2+ concentration of 30 at.%. The results thus
indicated that these samples basically contained two kinds of
positron trapping sites. Besides the diffused vacancies on the
nanocrystalline grain surfaces, the undoped ZnS nanoparticles
contained crystal vacancies, the majority of which get occupied
by the Mn2+ ions on doping. The shorter lifetime τ1 also
decreases at this stage. τ1 is a result of trapping of positrons
from the delocalized Bloch state into the defects and is always
admixed with the lifetime of the positrons annihilating in the
defect-free region. Consistent with equation (1), its values
should be always less than τ f , as shown in table 1. It may
be argued that, owing to the nanometer size of the grains and
the thermal diffusion of the positrons, nearly all the positrons
should reach the surfaces of the grains before annihilation.
Such a situation would have given a saturation lifetime of
230 ps or more for all the positrons. In the present case,
we tried to analyze the positron lifetime spectra in terms
of such a component with 100% intensity but such a fit
gave very poor variance of fit [7]. Owing to the presence
of vacancy-type defects within the grains, as proved by the
presently discussed trapping model analysis, it is clear that
positron trapping occurred within the grains also, giving the
characteristic and consistent values of τ1 as listed in table 1.
The question then arises as to where and how the lifetimes of
positrons trapped in the vacancies of the Mn-doped samples
are reflected. It may also be noted that at higher concentrations
of doping, especially above 1 at.%, the positron lifetime τ1

starts increasing (figure 4). I2 also increases while S sharply
decreases (figure 5). In order to explain this, the second
situation of three-state positron trapping is considered [16].
Here the shorter lifetime τ1 is considered well resolved and
the longer lifetime τ2 is assumed to consist of closely lying
lifetimes of positrons annihilating in two different kinds of
defect. The trapping model equation in this case takes the
form [17]

1

τ cal
1

= 1

τ f
+ κ12. (2)

The sensitivity to the individual types of defect is lost and a
cumulative trapping rate κ12 is calculated as

κ12 = τm − τ f

τ2 − τm

1

τ f
(3)

Figure 7. EPR spectra of the Mn-doped ZnS nanoparticles of two
different Mn2+ concentrations.

where τm = (τ1 I1 + τ2 I2 + τ3 I3)/(I1 + I2 + I3) is the mean
lifetime of positrons. For Mn2+ concentrations other than
0 and 30 at.% this model has satisfactorily reproduced the
experimentally measured positron lifetimes (table 1). Thus
it appears that the longer lifetime τ2 is an admixture of the
lifetimes of positrons annihilating in the grain surfaces as well
as that in the vacancies within the nanocrystals.

At the highest concentration of 30 at.%, the Mn–Mn in-
teraction becomes more effective, leading to the formation of
Mn clusters. This has been verified from EPR measurements,
as shown in figure 7. Typical six-line hyperfine structures ap-
peared at the lower concentration of Mn2+. At very low Mn2+
concentration, this spectral feature arose due to the |−1/2〉 to
|1/2〉 transition coupled to Mn nuclear spin (I = 5/2) as a
few Mn2+ ions isolated from each other were distributed in-
side the ZnS lattice. At the input concentration of 30 at.%, a
dominant Lorentzian shaped spectrum was obtained due to the
formation of Mn clusters. This could be the reason why the
three-state trapping model (equation (1)) with a well-resolved
τ2 once again proved to be successful in defining the measured
positron lifetimes (table 1). The fact that the Mn clusters could
trap positrons is also indicated by a significantly higher value
of I2 at a concentration of 30 at.%, as shown in figure 4.

The two positron trapping rates κ1 and κ2 used in
equation (1) are calculated as

κ1 = τ1
(
λ f − I2λ2

) − I1

τd − τ1
(4)

and

κ2 = I2

I1

(
λ f − λ2 + κ1

)
. (5)

The saturation lifetime (τd) for the defects contributing to the
trapping rate κ1 is taken as the positron lifetime corresponding
to monovacancies, i.e. 230 ps. The results of the calculations
made using equations (3), (4) and (5) in the appropriate
cases are summarized in figure 8. As explained above, there
exist two trapping rate κ1 and κ2 for the undoped and the
highest doped samples, whereas a cumulative trapping rate
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Figure 8. The positron trapping rates κ1 (open circles) and κ2 or κ12

(closed circles) in the ZnS nanoparticle samples at different
concentrations of Mn doping. The data points corresponding to the
undoped (x coordinate = 0) sample are shown against 0.01 at.%.

κ12 is plotted for the intermediate concentrations. The overall
trend, nevertheless, is a gradually decreasing trapping effect.
Notwithstanding the increase of I2 at higher concentrations
(figure 4), the defect concentration and hence the trapping
rate decrease. Moreover, the annihilation at the grain surfaces
might have decreased since more positrons are trapped by the
Mn clusters (causing, in turn, an increase in I2). It may also
be noted that for an extremely high concentration of Mn2+
ions the large strain within the ZnS lattice might introduce
additional lattice defects. These structural defect sites could
also take part in the trapping of positrons.

The results of coincidence Doppler broadening measure-
ments shown in figures 6(a), (b) and (c) help to illustrate these
aspects further. With the inclusion of just 0.1 at.% Mn2+ ions,
the peaks of the curves shift over to that of manganese, indicat-
ing that positrons are now able to directly annihilate with the
core electrons of manganese and it necessarily implies that the
sulfur vacancies are now able to trap positrons. This, however,
will be possible only when the positive charge of the sulfur
monovacancy is annulled by the opposite charge of a neigh-
boring monovacancy of Zn. The initial increase of τ2 may also
suggest the formation of larger vacancy clusters and it can im-
ply that neutral divacancies of neighboring zinc and sulfur ions
are formed. In such a situation, the trapped positron can sense
the substitution of the Zn2+ ion in the immediate neighborhood
of the sulfur vacancy by the Mn2+ ion. The intensities of the
area-normalized curves indicated that positrons in the sample
with a Mn2+ concentration of 1 at.% (not shown in the figure)
saw maximum Mn2+ ion concentrations and the intensity then
dropped down owing perhaps to more of vacancies being re-
combined with the doped Mn2+ ions. At 30 at.%, however, the
intensity increased once again due to the formation of Mn clus-
ters, as indicated earlier by the sharp rise of the intensity I2.

In another effort to look more closely at the role of
Mn2+ ions on the mechanism of positron trapping in the
ZnS nanocrystallites, we measured the positron lifetimes
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Figure 10. The variation of the S parameter with the synthesis
temperature of the Mn-doped ZnS nanoparticles.

and lineshape parameter S for samples with a fixed input
Mn2+ ion concentration (6 at.%) but with different synthesis
temperatures. The results are illustrated in figures 9 and 10.
The advantage of using higher synthesis temperatures is to
provide additional energy to the Mn2+ ions to recombine with
the Zn vacancy sites or substitute the Zn atoms in the ZnS
lattice. This is in fact verified from the results of EDAX
analysis, reported in figure 3. The actual intake of Mn2+
increases with increase in the synthesis temperature. The result
is that an increasing number of vacancies are being occupied by
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Figure 11. The positron trapping rates κ1 (open circles) and κ2 or κ12

(closed circles) in the ZnS nanoparticle samples as a function of the
temperature of synthesis.

Mn2+ ions and the positron lifetimes τ1 and τ2 and the intensity
I2 decrease (figure 9). This is also reflected in a drastic fall
of S, as shown in figure 10. The increasing temperature
has also helped the grains to grow slightly in size from 2 to
7 nm, as estimated from the widths of the x-ray diffraction
peaks. This will also reduce the positron lifetimes at the grain
interfaces, since the fractional free volumes associated with the
vacancies on the grain surfaces decrease with increasing grain
size [15]. A further reason is the fact already stated earlier that
7 nm is on the higher side of the excitonic Bohr diameter of
5 nm for ZnS and the quantum confinement effects disappear,
thereby reducing the positron lifetimes. At higher temperatures
(448 K and above), the actual intake of Mn2+ increases further
(figure 3) and increasing amounts of strain are being introduced
in the lattice. This would activate the existing defects to
agglomerate (feasibly with the increase in particle size) and
accordingly the lifetime will increase (figure 9). The positron
trapping rates, estimated by using equations (4) and (5) for the
sample synthesized at 408 K and equation (3) for the other
samples, fall drastically owing to the substantial occupation of
Zn2+ vacancies by the increasing number of Mn2+ ions being
incorporated into the lattice (figure 11). The CDBS results
of figure 6(b) indicate again the increased annihilation with
core electrons of manganese as more and more Mn2+ ions are
becoming incorporated in the ZnS lattice.

The behavior of the positronium lifetimes and the
intensities, τ3 and I3, in the two cases discussed is consistent
with the arguments presented. As shown in figures 12
and 13, the intensity component decreases owing to decreasing
open volume regions brought in by the increasing Mn2+
concentration. The variation of the lifetime can be explained
as follows. In nanocrystalline materials, positronium formation
is generally expected to take place in the intergranular region.
Within the grains, however, positronium may be formed if the
vacancy clusters are of sizes larger than the critical radius for
its formation (∼1 Å) [18]. The standard formula available
for the estimation of the cavity sizes from the measured

Figure 12. The orthopositronium lifetime τ3 and intensity I3 versus
Mn2+ concentration of the ZnS nanoparticle samples. (The errors in
the data points are less than their size.) The data points
corresponding to the undoped (x coordinate = 0) sample are shown
against 0.01 at.%.
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Figure 13. The orthopositronium lifetime τ3 and intensity I3 versus
the temperature of synthesis of the samples. (The errors in the data
points are less than their size.)

positronium lifetime [19] suggests a defect radius varying
from 2 to 2.5 Å for positronium atoms with lifetimes of
2.0–5.2 ns. Considering that the grain sizes here are about
2.5 nm, vacancy-type defects of such sizes are still physically
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Table 2. Positron lifetimes and intensities in the ZnS sample of nanoparticles with average size 2 nm when the measurements were carried
out in a vacuum and in air.

V.O.F.′ τ1 (ps) I1 (%) τ2 (ps) I2 (%) τ3 (ns) I3 (%) τ4 (ns) I4 (%)

In vacuum
1.15 153 ± 2 55.1 ± 1.3 412 ± 1.3 28.3 ± 1.1 1.75 ± 0.10 6.6 ± 0.3 7.29 ± 0.11 10.0 ± 0.2

In air
1.12 161 ± 2 54.4 ± 1.1 422 ± 7 34.9 ± 1.0 1.91 ± 0.10 10.7 ± 0.1 — —

′ Variance of fit in the positron lifetime data analysis.

feasible and may favor the formation of positronium. At higher
concentration of Mn2+, recombination takes place and the
favored sites of positronium formation shift to the intergranular
region. There the lifetimes of positronium atoms may be
influenced by traces of Mn2+ ions lying in excess of the exact
intake within the ZnS lattice. The decreasing intensity I3

supports this argument. It may also be mentioned here that the
decreasing trend of I3 with increasing Mn2+ ion concentration
or the temperature of synthesis in the respective cases has also
significantly affected the overall behavior of the S parameter.
This is to be expected, since the annihilation of positronium,
the bound state of the electron with positron, will populate the
peak region of the spectrum from which S is derived.

Finally, in discussing the formation and annihilation of
positronium in the case of samples in powder form and
composed of nanometer-sized particles, it is important to
address the question of whether the said open volume defects
are present inside or outside the nanoparticles. During all
the measurements, the results of which we have discussed so
far, the source–sample assembly was maintained in a good
vacuum (10−3 mbar) in order to eliminate the possibility
of positron trapping in air or other gases. To clarify this
point, we performed positron lifetime and Doppler broadening
measurements in one sample in both vacuum and air separately
and the peak-normalized positron lifetime spectra are shown in
figure 14. The resolved positron lifetimes and their intensities
in the two cases are summarized in table 2. The average
grain size of this sample was about 2 nm as estimated from
the x-ray diffraction peak widths and expectedly the positron
lifetimes, first measured with the sample in vacuum, were even
higher than those shown in figures 9 and 13. In fact, a second
positronium lifetime (τ4) as long as 7.29 ns could be obtained
with an appreciable intensity of 10.0% besides a lower ‘pick-
off’ lifetime component τ3 of 1.75 ns with 6.6% intensity. On
the other hand, when measurements were carried out in air,
the longest positronium component completely disappeared
and the ‘pick-off’ lifetime τ3 changed only marginally with
an intensity of 10.7%. The shorter lifetimes τ1 and τ2 and
their intensities (when normalized to I1 + I2 + I3 = 100%
in the case of measurements in vacuum) remained almost
unchanged. This shows that a significant fraction of positrons
indeed diffuse out to the surfaces of nanometer-sized grains
and form positronium in the intergranular region and the
positronium lifetime and intensity can be quenched by the
presence of external gases. Further, the observation that
the shorter lifetimes and their intensities are not significantly
affected implies effective positron trapping by vacancy clusters
within the grains. In other words, it offers proof of the presence
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Figure 14. Peak-normalized positron lifetime spectra of a ZnS
sample of nanoparticles with average size 2 nm when the
measurements were carried out in a vacuum and in air.

of open volume defects inside the nanoparticles. The sharpness
of the Doppler broadened lineshape of the spectrum recorded
with the source–sample assembly in air is found to be reduced
due to the quenching effect, as shown in figure 15, and the S
parameter dropped by about 2.2% (i.e., Sair/Svacuum = 0.98).

The results are strikingly different from our earlier
observations of Mn-doped ZnS nanorods where the vacancies
in the interior region of the nanorods became fully recombined
with the addition of a small concentration of the dopant
ions [6]. The two-state trapping model reproduced the
experimentally measured τ1 and the CDBS results gave
no evidence of annihilation with electrons of manganese,
suggesting that vacancy agglomeration did not occur. This
indicates that positron annihilation measurements can be used
to monitor even morphological changes in nanosystems up to
a certain satisfactory extent.

4. Conclusions

In conclusion, we point out that the incorporation of Mn2+
ions as dopants in nanocrystalline ZnS gives rise to some
interesting features which could be subjected to investigation
by positron annihilation. The doping by Mn2+ ions results
in the recombination of a fraction of the defects present
within the particles. The driving force for this process is
the strain being introduced due to the slightly higher ionic

9



J. Phys.: Condens. Matter 20 (2008) 235226 S Biswas et al

0 5 0 100 150 200

 in ai r

 in vacuum

Channel number

2000

4000

6000

8000

10000

12000

14000
C

ou
n

ts

0

16000

Figure 15. Doppler broadened gamma ray spectra of a ZnS sample
of nanoparticles with average size 2 nm when the measurements
were carried out in a vacuum and in air. The spectra are normalized
for equal area under the curves.

radius of Mn2+ and is verified by measurements on samples
synthesized at different temperatures. At higher concentrations
of doping clusters of Mn are formed, which also trapped
positrons. The results were also confirmed from coincidence
Doppler broadening measurements, which has the virtue of
identifying the elemental surroundings of positron trapping
sites and therefore vividly displaying the annihilation with
core electrons of manganese thereby implying the formation
of clusters of neighboring vacancies during increased doping.
Further it should be noted that, unlike the case of nanometer-
sized grains of metals where almost all the positrons within the
grains diffuse out to the surfaces before annihilation, there can
be finite trapping probabilities for positrons within the grains of
semiconductor nanomaterials owing to the presence of inherent
non-stoichiometric defects in the crystalline structure. The
presence of positron trapping defects within the nanoparticles
and the diffusion of a fraction of positrons to the nanoparticle
surfaces are verified by carrying out measurements in samples
kept in a vacuum and air. While the lifetimes and
intensities of positrons annihilating within the nanoparticles
remained unchanged, those of positronium atoms formed in the
intergranular region were significantly reduced, as indicated by

a substantial drop in the sharpness of the Doppler broadened
positron annihilation gamma ray spectrum as well.
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