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ABSTRACT: Mn doping in ZnS nanoplatelets has been shown to induce a structural () Y a—
transition from the wurtzite to the zinc blende phase. We trace the origin of this transition to
quantum confinement effects, which shift the valence band maximum of the wurtzite and zinc ~Zn o-H

blende polymorphs of ZnS at different rates as a function of the nanocrystal size, arising from
different effective hole masses in the two structures. This modifies the covalency associated

with Mn incorporation and is reflected in the size-dependent binding energy difference for the o é?ﬂ

two structures. ,O", .,

Woaurtzite Zinc blende
<0001> <110>
SECTION: Physical Processes in Nanomaterials and Nanostructures

mong binary semiconductors, formed by elements of the formation of ZnS nanoplatelets that cannot be understood in

II-V and II-VI groups, one finds that the more ionic terms of such relatively simple energy considerations because,
members favor the wurtzite structure, while the covalent ones among other reasons, it is reported to be triggered by the
are found to favor the zinc blende form," with the other form smallest level of reversible doping of Mn in the host.” We
(zinc blende and wurtzite, respectively) being available as a summarize below the essential and striking aspects of the
metastable state with an energy only a few meV per atom experimental observations reported in ref 8.
higher than the ground state.” Because physical and chemical It is found® that different sizes of the undoped ZnS
properties of any material depend critically on the specific nanoplatelets could be formed under certain synthesis
crystal structure, such a low-lying metastable state holds out the conditions of carrying out the reaction in a solvent at an
interesting possibility of tilting the energy balance in favor of elevated temperature of 300 °C. These nanoplatelets invariably
the metastable phase even under small perturbations, thereby formed in the wurtzite structure independent of any subsequent
drastically altering material properties. The strong interplay temperature cycling of the reaction mixture or of the extracted
between the structure of binary semiconductors and its nanocrystals redispersed in the solvent. Surprisingly, however,
consequential properties has been actively investigated for in the presence of a low concentration of Mn** ions in the
bulk materials over several decades now, using external solvent with redispersed ZnS nanoplatelets, it was found that
parameters such as pressure and temperature.3 At the nano the ZnS nanoplatelets transformed to the zinc blende structure
regime, the large surface to volume ratio provides additional at an elevated temperature of the solvent (>180 °C)
control parameters that have been effectively used in recent accompanied by the insertion of Mn®* ions into the host Zn$S
times to tune the structure of such binary semiconductor matrix, as evidenced from the appearance of the characteristic
nanocrystals; such crystal structure transformations have been intense Mn®* photoluminescence emission upon exciting the
achieved by tuning growth conditions,* the choice of surface ZnS host and from electron paramagnetic resonance (EPR)
hgands, or even just the size of the nanoparticles.” These studies.® Curiously, this transformation is found to be reversible
results are easily understood in terms of the large contribution with respect to a cycling of the temperature, with Mn>* ions
of the surface energy to the total energy of a nanoparticle in the being ejected from the host ZnS nanoplatelet and the crystal
small size regime. For example, the binding energy of a ligand structure of the host reverting back to the wurtzite one upon
attachment on the surface of a nanoparticle can be significantly lowering the temperature below 180 °C. It is also reported in
different depending on its crystal structure;® thus, attaching ref 8 that similar effects were not observed either for spherical
ligands to most of the surface sites can significantly alter the
total energy of a nanoparticle depending on its structure. Received: February 6, 2013
Interestingly, there has been a recent report of a different class Accepted: March 6, 2013
of structural transitions, namely reversible structural trans- Published: March 6, 2013
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ZnS$ nanoparticles or ZnS nanoplatelets with sizes larger than
14 nm in diameter.

It is to be noted that there was no evidence of stacking faults
in these nanocrystals in either of the two crystallographic forms,
though transformations between wurtzite and zinc blende
structures are known’ to be usually driven by such stacking
faults. Though a wurtzite to zinc blende transformation
involving carrier doping has been suggested on the basis of
theoretical investigations in certain bulk semiconductors, !
such a mechanism cannot be invoked here because Mn>* ions
substitute the Zn ions isovalently without involving any carrier
doping. In order to understand the microscopic origin of such
an unusual phase transformation, we use first-principles
electronic structure calculations carried out within the frame-
work of density functional theory. Our results show that at a
fundamental level, quantum confinement effects at the
nanoscale are responsible for the observed phenomenon, the
two structure types being discriminated by Mn incorporation/
ejection essentially due to significantly different hole effective
masses in the zinc blende and wurtzite phases. Our results also
explain the absence of any such structural transformation above
a certain size of the nanocrystal.

Nanoplatelets are constructed in the present investigation in
accordance with the experimental observations® as follows: The
growth direction for the wurtzite nanoplatelet has been taken as
(0001), as observed experimentally, while both directions (110)
and (111) were studied for the zinc blende nanoplatelet. Two
different nanoplatelets with diameters of 0.75 and 1.5 nm have
been investigated in the present study; both of these platelets
have four monolayer thickness. The results are compared with
corresponding results for the bulk. The bulk lattice constants of
a = 5.41 A for the zinc blende case'” as well as a = 3.82 A and ¢
= 6.24 A for the wurtzite case'” were used for constructing the
supercells corresponding to nanoplatelets of a given size. Along
the x, y, and z directions, 12 A of vacuum was used to ensure
negligible interactions between the sugercell units. We used
projected augmented wave potentials'> within a plane wave
pseudopotential implementation of density functional theory in
VASP code'* with the LDA approximation'® for the exchange—
correlation functional. A plane wave cutoft energy for the basis
sets of 280 eV has been used for the electronic structure
calculations, which were performed at the Gamma point only.
Besides two different sized nanoplatelets for each structure type
and two differently oriented platelets for the zinc blende, we
had to carry out a large number of calculations for each such
constructed nanoplatelet, placing a Mn>" ion at each of the
nonequivalent Zn** sites to study the impact of Mn
incorporation in these nanoplatelets. However, we have not
attempted calculations with multiple Zn sites being simulta-
neously replaced by Mn ions because experimental findings
indicated® that even a very dilute presence of Mn is sufficient to
cause the structural transformation; moreover, the number of
symmetry-inequivalent positions for incorporating even two
Mn ions in a given nanoplatelet will make the number of
calculations hopelessly large. It is to be noted that a complete
optimization of all internal coordinates within the supercell for
every doped and undoped nanoplatelet was carried out until the
force on each atom was less than 0.05 eV/A. As usual, the
surface Zn and S atoms were passivated with pseudohydrogens.
Spheres of radii 1 A were constructed about each atom to
calculate the atom and orbital-projected density of states.

We first calculated the formation energy of nanoplatelets as
well as that for bulk ZnS in the two crystallographic forms.
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Calculated results are found to be in agreement with
experimental observations. For example, the nanoplatelet of
0.75 nm diameter was found to be the most stable in the
wurtzite form compared to that in the zinc blende form by
about 100—200 meV per atom depending on the specific
orientation ((110) or (111)) of the zinc blende nanoplatelets.
In contrast, the zinc blende structure was found to be slightly
(by ~3 meV per atom) stabler compared to the wurtzite
structure for the bulk ZnS, thus establishing a structural
transition as a function of size for ZnS. With the correct
structure predicted for the undoped nanoplatelets, we probe
the implication of doping Mn in these systems. We note that
the formation energy for one Mn incorporation is given by
E.(ZnS/Mn) — E/(ZnS) — uz, + Hym, where p’s are the
chemical potentials for the corresponding atoms and E.(ZnS/
Mn) and E(ZnS) are the total energies of the nanoplatelets
with and without Mn doping in a given crystal structure,
indicated by the subscript c; we use ¢ = w or z to denote the
wurtzite or the zinc blende structures, respectively. Because fi,
and pg refer to the element and, therefore, are independent of
the structure, it suffices to compare the relative binding energy,
defined as AE. = E(ZnS/Mn) — E(ZnS), for different crystal
structures and orientations in order to understand the relative
stabilities of different forms of nanoplatelets. In order to obtain
important insights in the reactivity in each case, we also analyze
the wave function corresponding to the valence band maximum
(VBM) or the highest occupied molecular orbital. In the
absence of a common reference frame, the energy position of
the VBM for each case has been determined by referencing its
energy to the averaged electrostatic potential associated with
the central atom calculated assuming a unit charge within a
sphere of radius 1 A.

At the surface of these nanoplatelets, Zn sites are coordinated
to either one or two pseudohydrogens. Evaluating the binding
energy of Mn doping on the surface of the ZnS nanocrystals,
we find that Mn is much more likely to attach itself at a site that
has only one pseudohydrogen and three sulfur bonds
independent of the structure or the growth direction. In
order to understand the mechanism of Mn incorporation in the
experimentally observed zinc blende (110) oriented nano-
platelets, we have evaluated the relative binding energy of Mn
doping at different surface sites. The dopant sites for the 1.5 nm
sized nanoplatelet are shown in Figure 1. Our results show that
the relative binding energy is the highest for Mn incorporation
at a near-edge position. This would suggest that the Mn
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Figure 1. (a) Waurtzite (0001) and (b) zinc blende (110) ZnS
nanoplatelets of medium size. Magenta, cyan, and red atoms are the
Zn atoms which are 0-, 1-, and 2-fold coordinated with
pseudohydrogens.
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incorporation in ZnS nanoplatelets may begin with the
incorporation of Mn at a near-edge site as the preferred site.
This finds experimental support in the observation that the Mn-
doping-induced phase transformation begins near the edge of
the nanocrystal, as evidenced by transmission electron
micrograph of nanoplatelets with arrested, incomplete struc-
tural transformation reported in ref 8. However, experimental
evidence points to eventual incorporation of the Mn ion into a
subsurface tetrahedrally coordinated site in the ground state, as
deduced on the basis of EPR results.® In order to understand
this result specifically and the relative binding energy of Mn at
various sites of different nanoplatelets in general, we have
carried out a large number of calculations with Mn at different
inequivalent sites of the different nanoplatelets. We have
tabulated the largest binding energy found in each size, namely,
the small and medium nanoplatelets and the bulk, for different
crystal structures, as shown in Table 1; for each size, we give the

Table 1. Relative Binding Energy of Mn at the Most Stable
Sites for Different Sizes of ZnS Nanoplatelets with Respect
to the Corresponding Wurtzite Phase

platelet size AE,, (meV) AE, (119 (meV) AE, 1) (meV)
small 0 —40 -8
medium 0 -15 +11
bulk 0 +5

results with respect to the wurtzite case. Table 1 shows that Mn
incorporation lowers the energy the most for zinc blende
nanoplatelets with the (110) orientation, representing a
stability of 40 and 15 meV over the wurtzite phase for the
small and the medium sized nanoplatelets, respectively. This
reflects accurately the experimentally observed conversion of
the undoped wurtzite nanoplatelet to the zinc blende (110)
oriented nanoplatelets upon being doped by Mn; the strongest
binding site for Mn in all of these cases is invariably found to be
a subsurface site, in agreement with the EPR evidence.
Interestingly, the energy stability associated with the
formation of the zinc blende structure upon Mn doping is
obviously size-dependent, with the smallest sized nanoplatelet
exhibiting the maximum stability of 40 meV over the wurtzite
nanoplatelet. With an increase in the size to a 1.5 nm diameter
platelet, the energy stability of the zinc blende phase over the

wurtzite one decreases rapidly to 15 meV. While it proved
impossible to carry out similar calculations for larger sized
nanoplatelets due to computational limitations, we find that for
a bulk ZnS system, Mn incorporation stabilizes the wurtzite
structure, reversing the trend observed for the small nano-
platelets of ZnS. This systematic trend with the size is
consistent with the experimental observation that the crystallo-
graphic phase transformation from the wurtzite to the zinc
blende phase does not take place for large sized nanoplatelets.
We have further carried out exploratory investigations on
spherical nanoparticles of ZnS; our results indicate that Mn-
doped ZnS in the zinc blende form is not stabilized over the
wurtzite form for spherical nanoparticles, once again consistent
with the experimental report.®

Encouraged by the above-mentioned close correspondence
between experimental observations and our results in every
aspect, we have attempted to obtain a microscopic under-
standing of this size-dependent doping-induced structural
transition, driven apparently by certain size-dependent
quantum confinement effects. We first analyze the bonding of
Mn at the substitutional site by investigating Mn charge density
along the Mn—S bond direction for various cases. We focus on
changes in the charge density distribution in the zinc blende
structure compared to the corresponding wurtzite charge
density distribution. Figure 2a shows the results for the smallest
nanoplatelets considered here. This figure shows that the
charge density for the zinc blende case is substantially depleted
near the Mn site, being pushed out toward the S site along the
bond length compared to the wurtzite case. This clearly
establishes a more covalent Mn—S bond in the zinc blende
(110) nanoplatelet compared to that for the same sized
wurtzite (0001) nanoplatelet. The larger sized nanoplatelets
show a similar effect, though less pronounced compared to the
case of the smaller sized nanoplatelet. Looking at the bulk case,
we find that one has a reversal of the trend, with the charge
density being more localized on the Mn in the zinc blende case,
as shown in Figure 2b. Thus, the enhanced binding energy of
Mn incorporation in the zinc blende (110) nanoplatelet (see
Table 1), responsible for the structural transformation observed
experimentally, is driven by a change in the covalency of the
Mn—S bond in the two crystallographic forms as a function of
the nanoplatelet size. The systematic enhancement of the
covalency of the Mn—S bond for the zinc blende structure with
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Figure 2. Charge density of Mn majority spin antibonding levels with t, symmetry for (a) wurtzite (0001) (wz) and zinc blende (110) (zb110)
nanoplatelets and (b) wurtzite (wz) and zinc blende (zb) of bulk Zn$ as a function of the distance from Mn along the Mn—S bond length. In the
inset, the difference of the wz and zb charge density of the respective graph is shown. It should be noted that the charge conservation is not apparent
in the figure, because the charge density is given only along the bond. Integrated charge density over the entire space is naturally conserved in all

such calculations.
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the decreasing size is responsible for the doped nanoplatelet
favoring the zinc blende structure in the small size regime.

The covalency of any given bond is controlled by two
parameters, namely, the energy difference and the hopping or
the hybridization strength between the two orbitals participat-
ing in the bonding. The hybridization strength is a function of
the interatomic distance or the bond length, the functional form
depending on the nature of the orbitals involved. In this specific
case, our calculations show that Mn—S bond lengths do not
change perceptibly between the bulk and various nanoplatelets;
consequently, we do not expect any significant change in the
Mn d—S p hybridization strength. Therefore, the reversal of the
Mn binding energy trend between the bulk and nanoplatelets
shown in Table 1 cannot be associated with any change in the
hopping strength leading to a change in the covalency. In order
to understand the effect of the size on the remaining parameter,
which is the energy difference between the Mn d and S p states,
it is important to note here that Mn d levels, being essentially
localized in nature, will not be affected significantly by the size
of the cluster.’*™* Therefore, we may consider the energy of
Mn d levels to be practically constant for all cases considered
here. In contrast, the S p levels are expected to be strongly
influenced by the quantum confinement effect increasingly for
smaller sized clusters.” > We find direct evidence of this
quantum confinement effect in the energy position of the VBM
with dominantly S p character.

VBM referenced to the average electrostatic potential at the
central Zn site for different cases are given in Table 2,

Table 2. Positions of VBM of Different Sizes of
Nanoplatelets of ZnS As Well As That of Bulk ZnS“

platelet VBM-WZ(0001) VBM-ZB (110) VBM-ZB(111)
size (ev) e eV)
small 38.480 38.530 38.446
(0.908) (0.845) (0.929)
medium 38.905 38.967 38.872
(0.483) (0.408) (0.503)
bulk 39.388 39.375
(0.000) (0.000)

“The relative shifts of the VBM in the case of the wurtzite and zinc
blende nanodisks with respect to the bulk values for the same structure
are provided in parentheses.

exhibiting a pronounced dependence on the size for both
crystallographic forms. Each type of system, be it wurtzite, zinc
blende (110), or zinc blende (111), shows a systematic
decrease of the energy of the VBM with a decrease in size. This
can be ascribed to quantum confinement effects, as has already
been observed for both the VBM and the conduction band
minimum®*~?* for a wide variety of semiconductor materials.
However, it is important to notice that the stabilization of the
VBM compared to the bulk VBM, shown in brackets in Table
2, is more rapid for the wurtzite structure and the zinc blende
nanoplatelet with (111) orientation compared to that for the
zinc blende (110) oriented nanoplatelet. As a consequence, the
VBM has the highest energy for the zinc blende (110)
nanoplatelets (e.g., 38.530 eV for the small size) compared to
those with the wurtzite structure (38.480 eV for the small size)
and the zinc blende (111) one (38.446 eV for the small size) at
any given size. Because the Mn d level lies above the VBM, a
decreasing size implies that the energy separation between the
two will increase more rapidly for the wurtzite and the zinc
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blende (111) nanoplatelets, making the Mn—S bond more
ionic when compared to the relatively more covalently bonded
Mn—S in the zinc blende (110) nanoplatelet due to the
smallest Mn d—VBM energy separation in the latter. This is
exactly what is reflected in the difference charge density plot in
Figure 2, underlining the enhanced stability of Mn-doped zinc
blende nanoplatelets with (110) orientation. Thus, we only
need to understand the microscopic origin of the trend of
quantum confinement effects on the position of the VBM given
in Table 2, to obtain a complete understanding of the puzzling
phenomenon.

In order to understand the origin of this more pronounced
quantum confinement effect of the VBM for the wurtzite and
zinc blende (111) nanoplatelets compared to that of the zinc
blende (110) nanoplatelets, we first note that the shift in
energies in such confined systems is inversely related to the
relevant effective hole mass. Thus, we have computed the
effective hole mass in several directions for the bulk zinc blende
and wurtzite unit cells. However, the confinement in nano-
platelets is primarily determined by the effective hole mass in
the growth direction because we have just four monolayers in
thickness defining the smallest dimension in the problem. The
effective hole masses along the (0001) direction in the wurtzite
structure and those along the (111) and (110) directions in the
zinc blende structure are 1.2, 1.5, and 3.5 m,, respectively. As
the hole effective mass (1.2 m,) for wurtzite along the {0001)
direction and that (1.5 m,) for the zinc blende along the (111)
direction are smaller than that (3.5 m,) for zinc blende in the
(110) direction; the VBMs get pushed down more rapidly for
the wurtzite and the zinc blende (111) cases compared to that
for the zinc blende (110) case, providing the final microscopic
explanation of the observed unusual structural transition in ZnS$
nanoplatelets induced by Mn doping.

Thus, it appears that differences in the relevant effective
masses in the bulk semiconductor control the Mn-dopant-
induced crystal structure transformation in ZnS nanoplatelets
via quantum confinement effects. This fact, though rarely
appreciated in the past, must be operational in a large number
of other contexts, besides such structural transformations,
because changing covalency of chemical bonds influences a
wide range of chemical properties.
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