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ABSTRACT: We report a systematic computational study of the
structural and optoelectronic properties of unsaturated ZnO and
ZnS nanoclusters with hexagonal prism structure, as a function of
length and diameter. We computed the fundamental gap using
density functional theory (DFT) in the framework of the ΔSCF
scheme and the optical gap by means of time-dependent DFT
(TDDFT). We found that all ZnO nanostructures transform
from wurtzite to graphitic phase. On the contrary, ZnS
nanocrystals with diameters above ∼1 nm are found to transform
to a zeolite BCT phase. These different structural properties
reflect in a very different size dependence of the electronic and
optical properties, with a strong discontinuity for ZnS particles.
The correlation between morphology and optoelectronic proper-
ties is demonstrated by considering models of saturated clusters preserving the wurtzite phase. We additionally compared DFT/
TDDFT results with many-body perturbation theory methods showing a general good agreement among the two techniques for
this class of nanocrystals of the two materials.

1. INTRODUCTION
Since the discovery of fullerenes1 and carbon nanotubes,2 the
search for new nanoscaled materials based on elements other
than carbon has received much attention. II−VI semi-
conductors attract intense interest in both nanoscale science
and nanotechnology because of their unique electronic and
optical properties. Zinc oxide (ZnO) and zinc sulphide (ZnS),
in particular, are probably the most studied materials in the II−
VI family owing to their high abundance and stability, high
transparency, large exciton binding energy, piezoelectricity, and
biocompatibility.3

ZnO and ZnS share two types of crystal structures: hexagonal
wurtzite and cubic zinc blende. Under ambient conditions, ZnO
crystallizes in wurtzite form, whereas the most stable
polymorph of ZnS is zinc blende. A large variety of ZnO and
ZnS nanostructures with different morphologies (rods, wires,
tubes, belts, ribbons, sheets, etc.),4−10 as well as ZnO-ZnS
heterostructures,11,12 have been synthesized. These nanoscaled
materials have emerged as promising candidates in a wide
number of applications, ranging from optoelectronics and gas-
sensing to catalysis and photovoltaics. In the field of
photovoltaic energy production, in particular, ZnO is
considered to be a good alternative to TiO2, in both dye-
sensitized13−16 and quantum-dot sensitized17−19 exciton solar
cells.

On the nanoscale, because of the reduced sizes of the
particles, new phenomena that are not present in the bulk
phase become important. Quantum confinement, for example,
gives rise to a size dependence of the electronic and optical
properties; in particular, the energy gap increases as the size
decreases. At the same time, as a consequence of the large
surface/volume ratio, surface effects come into play: atoms on
the surface have dangling bonds and tend to rearrange their
position. The associated surface energy may favor a particular
crystalline structure over another, but the energy balance is,
however, strongly dependent on the synthesis conditions
(temperature, solvent, saturation, etc.).
Over the years, along with the remarkable amount of

experimental work, a large number of theoretical studies
devoted to ZnO20−35 and ZnS36−49 clusters have been
published. These studies have greatly contributed to our
knowledge of the structural properties of nanosized ZnO and
ZnS particles. For example, ZnO nanostructures are known to
transform from wurtzite to graphitic phase below specific
critical dimensions.24,50,51 For the medium-sized clusters
(number of dimers n in the range 10−50), hollow structures
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with cage and tube-like configuration are found to be the
preferred motif, whereas onion-like and wurtzite-like structures
become more and more favorable with increasing size.28,30 For
large ZnS clusters, a crystalline phase characterized by the
presence of four and six rings has been theoretically predicted
by using classical model potentials.41,45,46 This crystalline phase,
analogous to the zeolite structure BCT, has not yet been
confirmed experimentally, and the electronic and optical
properties of BCT particles are largely unknown to date.
Because of computational limitations, elucidating the

electronic and optical properties of realistic (ZnX)n (X =
O,S) nanoparticles with sizes comparable to the experiments is
a difficult task. Recent computational work reported models of
prismatic (ZnX)n nanostructures with n = 111 and size ∼1.5
nm.49 These particle models have been obtained by starting
from the bulk wurtzite structure and by saturating the polar Zn-
and X-terminated surfaces.
In this Article, we contribute to the modeling of (ZnX)n

nanostructures by performing a systematic comparative study of
the structural and optoelectronic properties of unsaturated
nanoclusters with hexagonal prism structure as a function of
length and diameter. Ground-state structural relaxations
performed in the framework of all-electrons density functional
theory (DFT)52 were complemented by the evaluation of the
fundamental energy gap in the so-called ΔSCF scheme53 and
the optical gap by means of time-dependent DFT (TDDFT).54

For all unsaturated clusters, as expected, we found that surface
effects give rise to significant structural rearrangements so as to
enhance bonding and minimize the net dipole of the system. In
particular, after geometry optimization, all unsaturated ZnO
nanostructures are found to transform to a graphitic phase, in
agreement with previous computational studies.24,50,51 In the
case of ZnS, on the contrary, for diameters above ≃1 nm, we
observe a structural transformation to the zeolite BCT phase
predicted for large ZnS particles.41,45,46 The correlation
between morphology and optoelectronic properties is demon-
strated by considering additional models of saturated clusters
preserving the wurtzite phase.49 From the methodological side,
we additionally presented a comparison between DFT/
TDDFT and many-body theories showing for both materials
a general good agreement between the two techniques for this
class of nanocrystals.

2. COMPUTATIONAL DETAILS

DFT calculations have been performed by using the quantum
chemistry program package TURBOMOLE. We used the
gradient-corrected BP86 exchange-correlation functional55,56 in
conjunction with a TZVP basis set. Additional details of the
calculations can be found in the Supporting Information.
The (ZnO)n nanocrystals were cut out from a bulk wurtzite

crystal (a = 3.258 Å, c = 5.220 Å, u = 0.382 Å57) and fully
relaxed in vacuo. (ZnS)n nanocrystals were relaxed by starting
from the geometry of the corresponding optimized (ZnO)n
clusters. We then used the ΔSCF scheme52 by evaluating total-
energy differences between the self-consistent field calculations
performed for the neutral and charged systems (±1) to obtain
the vertical electron affinity (EAv) and the first ionization
energy (IEv). This enabled the calculation of the fundamental
gap, which is rigorously defined within the ΔSCF scheme52 as

= − = + −+ −E E E EIE EA 2N N Ngap v v 1 1 (1)

where EN is the total energy of the N-electron system.

Optical excited states are properly described for finite
systems by time-dependent DFT (TDDFT).54 To compute
the excitation energies and electronic absorption spectra, we
used two different approaches within TDDFT in conjunction
with different representations of the wave functions: (i) the
frequency-space implementation58 based on the linear combi-
nation of localized orbitals, which is limited to the low-energy
part of the spectrum, and (ii) the real-time propagation scheme
using a grid in real space,59 yielding the complete absorption
spectrum. For (i) and (ii) calculations, we used the
TURBOMOLE60 and OCTOPUS packages,61 respectively.
The difference between the fundamental gap computed via
eq 1 and the optical gap given by TDDFT enabled a rough
estimate of the excitonic effects occurring in these systems.
For the smallest clusters, we additionally made use of many-

body perturbation theory (MBPT) to validate the above
computational methodology. More specifically, we computed
the GW electronic gap within Hedin’s GW approxima-
tion53,62,63 and the optical absorption by directly solving the
Bethe Salpeter equation. All MBPT calculations have been
performed using the YAMBO code.64 The comparison between
DFT/TDDFT and MBPT has been previously reported for
inorganic nanocrystals.65−67 This is the first application to ZnO
and ZnS clusters.

3. RESULTS AND DISCUSSION
We considered two families of unsaturated rod-shaped [0001]
hexagonal nanocrystals with diameters D1 0.5 nm and D2 1
nm, respectively, and length L in the range ∼0.2 to 2.0 nm. The
total number of dimers n forming the clusters (ZnX)n (X =
O,S) ranges from 6 to 72. The initial ideal wurtzite structures
and the final optimized geometries for selected examples of D1
and D2 nanocrystals are compared in Figures 1 and 2. Similar
relaxed structures are found in all cases.

As clearly shown in Figures 1 and 2, after geometry
optimization all of the systems considered maintain an almost
unchanged hexagonal cross-section but loose completely the
original wurtzite conformation along the [0001] direction. In
particular, as a consequence of surface reconstruction, each
cluster reaches a final configuration with inversion symmetry
and thus has no net dipole moment. Interestingly, a very
different behavior is observed for the two materials. ZnO
wurtzite nanocrystals, both D1 and D2, transform into a

Figure 1. Orthogonal perspectives of an example of D1 nanocrystal
(D1 ≈ 0.5 nm, length L ≈ 1.8 nm, and n = 30). Left panel is the ideal
prismatic wurtzite geometry and middle and right panels are the
relaxed structures for ZnO and ZnS, respectively.
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graphitic-like crystalline structure displaying a shortening along
the [0001] direction as a direct consequence of the merging of
Zn−O double layers. The planes of these graphitic systems,
separated by an interlayer distance of ∼2.0 Å, are slightly
distorted only at the top and bottom boundaries where side
effects become dominant. These results, related to the polar
(0001) surfaces in the ideal starting geometry, have been
already reported in the literature24,50,51 for ZnO nanostructures.
In the case of ZnS, whereas small diameter D1 clusters undergo
the same structural transformation to a graphitic phase as for
the corresponding ZnO systems, D2 nanocrystals are found to
reach a minimum energy configuration belonging to a
completely different crystalline phase. Their geometry appears
to be highly distorted along [0001] and can be viewed as
composed of repeating units of (ZnS)24 clusters placed at the
average distance of ∼2.5 Å. The hexagonal cross-section
together with the contemporary presence of four and six rings
(Figure 2, right panel) reveals the occurrence of a zeolite BCT
crystalline phase. The BCT phase has been predicted for large
BCT particles on the basis of classical model potentials
simulations.41,45,46

For each cluster, we computed the cohesive energy per
dimer, E, as the difference between the total energy per dimer
and the sum of the total energies of isolated atomic species
(Zn(1S) and O(3P) or S(3P)). This quantity, reported in Figure
3 as a function of n, gives a measure of the relative stability of
the system: more negative values correspond to more stable
clusters. For all families considered, we found that the stability
increases with n. For both materials, as expected, D2 clusters

are more stable than D1. In addition, ZnO nanocrystals have
larger cohesive energy than the corresponding ZnS systems, a
result consistent with the larger cohesive energy measured for
crystalline ZnO with respect to ZnS (−7.5 eV68 vs −3.269). The
energy dependence on n can be explained by taking into
account the energy cost associated with surface effects. This can
be roughly estimated as 2γNd, where Nd is the number of
dangling bonds in the cluster and 2γ is an effective surface
energy with units of energy per dangling bond. Accordingly, we
can propose a simple model for the energy E

= + γE E N n2 /bulk
d (2)

where Ebulk is the cohesive energy in the corresponding
crystalline material. Nd can be explicitly expressed as a function
of n for the D1 and D2 clusters as Nd = (2n + 6) and Nd = (n +
24), respectively. By using Ebulk and 2γ as adjustable parameters,
we can fit the atomistic data by the above model (lines in
Figure 3). The calculated Ebulk and 2γ, as well as the limiting
value E∞, are reported in Table 1. Because 2γ is an effective

value (that includes, for example, the strain energy due to
curvature), it is not expected to correspond to the surface
energy of an infinite planar surface. In fact, for both materials,
we found that the calculated values for D1 are two times those
for D2; that is, γ is proportional to the curvature of the
nanocrystal (γ ≈ 1/D). Interestingly, we found that the effective
surface energy of ZnO clusters is four times that of ZnS (for
both D1 and D2). This difference is consistent with the larger
(101 ̅0) surface energy calculated for ZnO as compared with
ZnS.70

Figure 4 displays, as a function of n, the fundamental gap
computed via eq 1 (top), the optical gap as given by frequency
space TDDFT (middle), and the exciton binding energy
estimated through the difference between the fundamental gap
and the optical gap (bottom). All of these quantities decrease at

Figure 2. Orthogonal perspectives of an example of D2 nanocrystal (D2 ≈ 1.0 nm, length L ≈ 1.0 nm, and n = 72). Left panel is the ideal prismatic
wurtzite geometry and middle and right panels are the relaxed structures for ZnO and ZnS, respectively.

Figure 3. Cohesive energies as a function of n for ZnO (red) and ZnS
(blue) nanocrystals with diameters D1 (small open circles) and D2
(big filled circles).

Table 1. Parameters Obtained by Fitting the Computed
Cohesive Energies through Equation 2 (see Figure 3)a

material diameter 2γ Ebulk E∞

ZnO D1 0.8 −7.9 −6.3
D2 0.4 −7.0 −6.6

ZnS D1 0.2 −3.9 −3.5
D2 0.1 −3.9 −3.8

aEbulk and E∞ are given in eV/dimer and 2γ is expressed in units of
eV/number of dangling bonds.
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increasing n, as expected due to a reduction of quantum
confinement. By comparing ZnO and ZnS, we found a general
behavior that reflects the different structural transformations
experienced by the two materials at increasing diameter. In the
case of ZnO, the fundamental gap and the optical gap decrease
almost monotonically when going from D1 to D2, which is
related to the same structural transformation to a graphitic
phase experienced by the two families. For ZnS, on the
contrary, we found a strong discontinuity for these quantities as
a consequence of the different crystalline phases, graphitic for
D1 and BCT for D2. The exciton binding energy, estimated
through the difference between the fundamental and optical
gaps, results in the contrary insensitive to the crystalline
rearrangement in ZnS, being much more affected by confine-
ment effects. We found in all cases appreciable excitonic effects
due to both quantum confinement and reduction of screening.
The exciton binding energy values for ZnO nanocrystals are
always larger than those for the ZnS counterparts, which agrees
with the differences measured for the same quantity in the bulk
materials (about 60 meV vs 40 meV).
To estimate quantitatively the differences of the electronic

properties between the BCT and wurtzite phases in ZnS
nanocrystals, we additionally considered an intermediate-size
D2 model particle (n = 48), saturated according to the
prescriptions given in ref 49. In detail, we saturated the cluster
by dissociating six H2X molecules, adsorbing H+ and HX− ions
on the polar X and Zn surfaces, respectively. For completeness,
we considered also the corresponding model for ZnO. The
saturated model particles, for both ZnS and ZnO, preserve the
wurtzite crystalline phase according to previous results.49 We
found that the saturated wurtzite and unsaturated graphitic
ZnO particles have similar well-opened energy gaps (∼1.7 eV)
without surface intraband-gap states. The spatial distribution of
the frontier orbitals is similar, and the LUMO state, in
particular, is delocalized in the entire cluster for both saturated
and unsaturated models. The main effect of saturation is to
upshift rigidly the electronic levels (by ∼0.3 eV). In the case of
the saturated ZnS wurtzite particle, a major energy upshift is
observed only for the HOMO state so that the HOMO−
LUMO gap for the unsaturated BCT particle (2.9 eV) is much
larger than that in the wurtzite case (2.3 eV). This result further
confirms that the discontinuity in the size-dependent
optoelectronic properties of ZnS D1 and D2 nanocrystals is
related to the occurrence of a BCT phase.

4. MANY-BODY CALCULATIONS AND
PHOTOABSORPTION SPECTRA

From the methodological point of view, we additionally made
use of MBPT to validate the DFT/TDDFT results. The
fundamental gaps of 6.32 and 6.26 eV for (ZnO)6 and (ZnS)6
calculated via eq 1 can be compared with the corresponding
G0W0 results of 6.9 and 6.6 eV. The agreement is reasonable,
taking into account the fact that the two methods usually give
differences of some tenths of electronvolts for clusters.65−67

The absorption spectra of (ZnO)6 and (ZnS)6 from BSE and
TDDFT calculations are reported in Figure 5. The spectra

display similar shapes, indicating that optical transitions are
described in the same way by the two methods, the very
accurate GW+BSE method and the less computationally
demanding TDDFT approach; the small shift is due to the
inclusion of the GW gap opening in the MBPT calculations.
Note that for inorganic compounds this is not always the case
because there are several cases reported in the literature for
which TDDFT does not take fully into account the interactions
involved in optical transitions and gives therefore only a
qualitative picture.65−67 The application of TDDFT to the
whole set of nanocrystals considered as done in the previous
section is therefore justified. From the analysis of excitonic
energies and contributions, we find that for both materials the
first two transitions (HOMO→LUMO and HOMO-1→
LUMO) are optically dark. The first optically active transition,
at 2.57 eV with oscillator strength 0.030 for (ZnO)6 and 2.90
eV with oscillator strength 0.016 for (ZnS)6, is given by
HOMO-2→LUMO states and is polarized along the [0001]
axis of the cluster. The exciton binding energies, calculated
from MBPT are 3.6 and 3.4 eV for (ZnO)6 and (ZnS)6,
respectively, which compare fairly well with the estimates of

Figure 4. Fundamental gap (top), optical gap (middle), and exciton
binding energy (bottom) as a function of n for ZnO (red) and ZnS
(blue) nanocrystals with diameters D1 (small open circles) and D2
(big filled circles).

Figure 5. Comparison between the absorption spectra of (ZnO)6
(top) and (ZnS)6 (bottom) as obtained from BSE and TDDFT. The
BSE spectrum for (ZnS)6 is in good quantitative agreement with the
B3LYP spectrum reported in ref 47.
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3.75 and 3.36 eV obtained through the difference between the
fundamental DFT gap and the TDDFT optical gap. The good
agreement validates the application of TDDFT to the whole set
of nanocrystals considered, for which GW and BSE calculations
are prohibitively expensive.
Figure 6 displays the complete absorption spectra of ZnO

and ZnS D1 nanocrystals as obtained through the real-time

real-space TDDFT implementation of the OCTOPUS code.
To ease the comparison, we normalized the spectra to the total
number of dimers n. At increasing sizes, both compounds
display a continuous red shift of the main peaks in the
absorption spectrum. This behavior was expected as a
consequence of the continuous decrease in the optical gap
already observed from the frequency space TDDFT results (cf.
Figure 4). In the case of ZnO D1 nanocrystals our results are
consistent with those reported in ref 35 for saturated model
particles in the low-energy range up to 4.0 eV. At fixed n, the
absorption cross sections are always found to be larger for ZnS
clusters.

5. CONCLUSIONS
We reported a systematic theoretical study of the structural and
size-dependent optoelectronic properties of unsaturated ZnO
and ZnS nanoclusters with hexagonal prism structure. We used
DFT in the gradient-corrected approximation to perform
structural relaxations. The fundamental gap and the optical gap
have been computed in the framework of the ΔSCF scheme
and TDDFT, respectively. The difference between the
fundamental gap and the optical gap enabled a rough estimate
of the excitonic effects occurring in the systems studied. We
compared our results for two distinct families of nanocrystals,
D1 and D2, with different surface-to-volume ratios, diameters of
about 0.5 and 1.0 nm, respectively, and increasing length along
the [0001] direction from 0.2 to 2.0 nm for D1 and from 0.2 to
1.0 nm for D2. We found in all cases significant structural
rearrangements as a consequence of surface effects. Ground-
state structural relaxations reveal that ZnO systems transform
from wurtzite to a graphitic phase. ZnS D2 nanocrystals on the
contrary, while preserving the hexagonal cross-section, are
highly distorted along the [0001] direction and transform to a
zeolite BCT crystalline phase. These different crystal structure
rearrangements are reflected in very different energetic,

electronic, and optical properties. To correlate the morpho-
logical and optoelectronic properties, we additionally consid-
ered models of saturated clusters preserving the wurtzite phase.
We found that the properties of ZnO graphitic and wurtzite
clusters are relatively similar, whereas those of ZnS BCT
particles differ sizeably from those of the corresponding
wurtzite-like clusters. From the methodological side, we made
use of MBPT for the smallest clusters of the two materials. We
found good agreement between DFT/TDDFT results and
MBPT methods. In particular, TDDFT and BSE give the same
description, confirming the absence of charge transfer
phenomena in these nanostructures and the possibility of
applying TDDFT to nanosystems that cannot be afforded by
MBPT methods.
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