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ABSTRACT

We present a bottom-up synthesis, spectroscopic characterization, and ab initio simulations of star-shaped
hexagonal zinc oxide (ZnO) nanowires. The ZnO nanostructures were synthesized by a low-temperature
hydrothermal growth method. The cross-section of the ZnO nanowires transformed from a hexagon to a
hexagram when sulfur dopants from thiourea [SC(NH,),] were added into the growth solution, but no
transformation occurred when urea (OC(NH,),) was added. Comparison of the X-ray photoemission and
photoluminescence spectra of undoped and sulfur-doped ZnO confirmed that sulfur is responsible for the
novel morphology. Large-scale theoretical calculations were conducted to understand the role of sulfur doping
in the growth process. The ab initio simulations demonstrated that the addition of sulfur causes a local change
in charge distribution that is stronger at the vertices than at the edges, leading to the observed transformation
from hexagon to hexagram nanostructures.
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1. Introduction

Zinc oxide (ZnO) is a wide bandgap (3.37 eV), I-VI
semiconductor of great interest for optoelectronic
applications [1-3]. Its advantages over other wide band
gap materials include eco-friendliness, resistance to
oxidation, low cost, and a large exciton binding energy
(60 meV) [4]. In terms of optical properties, ZnO
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has two well-documented emission bands of varying
strengths: the band edge ultraviolet (UV) emission and
a broad, defect-mediated green emission [1, 3]. The
microscopic origin of the emission in the green spectral
band has been attributed to intrinsic defects, such as
oxygen vacancies and zinc interstitials, that serve as
trap centers for the electron-hole recombination, or
to external dopants such as sulfur, and is broadened
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by the emission of multiple longitudinal-optical (LO)
phonons [1, 2, 4, 5]. Variously shaped ZnO nanowires
and nanoparticles are routinely synthesized, and their
electrical and optical properties have been exploited
for many exciting applications including nanolasers,
phosphors, light emitting diodes, biosensors, solar cells,
and electrical generators [1, 6-11]. ZnO nanostructures
offer new and enhanced properties that differ from
the bulk powder due to their high surface-to-volume
ratio [1, 12] and can be prepared using chemical vapor
deposition (CVD) or solution-based methods. For large-
scale applications, the solution-based method is more
attractive than CVD since no expensive equipment is
required [13, 14].

When ZnO nanostructures are synthesized, the polar
nature of the wurtzitic ZnO lattice causes preferential
growth along certain crystal facets [15], leading to a
wide range of nanostructure morphologies depending
on the details of the growth conditions [16-21].
Although various ZnO nanostructures have been
discovered [16-21], there have been no systematic
studies combining experimental measurements with ab
initio theoretical calculations to explore why complex
ZnO nanostructures evolve the way they do during
growth. Understanding the detailed growth dynamics
may allow a more controlled manipulation of nano-
structure shape, guiding the fabrication of unique
nanostructures with tailored or unusual properties [22].

In this article, we report the synthesis of hexagram-
shaped ZnO nanostructures (“nanostars”) by sulfur-
doping hexagonal ZnO nanowires with thiourea
(SC(NH,),) in a low-temperature solution-based
process. Scanning electron microscopy (SEM) reveals
that the cross-sectional shape of the nanostructure
strongly depends on sulfur doping levels. Density
functional theory calculations suggest that the evolution
from hexagonal nanowires to nanostars during growth
occurs because sulfur atoms preferentially attach to
the hexagonal vertices. The resulting change in the
local chemical environment is the likely origin of the
observed hexagram structure. The presence of sulfur
in the nanostars was confirmed using X-ray photo-
electron spectroscopy (XPS) and photoluminescence
(PL) spectroscopy. Control experiments replacing
thiourea with its sulfur-free analog urea (OC(NH,),)
confirmed the role of sulfur in the growth of nanostars.

2. Experimental

The ZnO nanowires were synthesized in solution
according to the procedures of Greene and Pacholski
[13, 23]. In this approach, solutions of 0.01 mol/L
zinc acetate dihydrate [(CH;CO,),Zn2H,O (Fluka,
assay > 99.5%)] and 0.03 mol/L sodium hydroxide
[NaOH (Fisher Chemical, assay = 98.6%)] in methanol
were first prepared. Then, 26.32 mL of 0.01 mol/L
(CH5CO,),Zn-2H,0 solution and 13.68 mL of 0.03 mol/L
NaOH solution were combined and stirred for 2 h at
60 °C. The resulting solution was used to create ZnO
seed crystals by drop-coating onto a silicon substrate,
rinsing with methanol, and blow-drying with air.
This drop-coating process was repeated several times.
The ZnO seed crystals were then formed by annealing
the substrate at 350 °C for 20 min.

Hydrothermal growth of the ZnO nanowires was
achieved by placing the substrate in an aqueous solution
containing 0.025 mol/L zinc nitrate [Zn(NO;),xH,O
(Alfa Aesar, assay =99%)] and 0.025 mol/L hexamine
(hexamethylenetetramine) [(CH,)¢N, (Alfa Aesar,
assay = 98%)] and heating this solution to 90-95 °C for
2 h. The ZnO nanostars studied in this report were
obtained by adding various concentrations of a thiourea
[SC(NH,), (Alfa Aesar, assay = 99%)] doping solution
to the hydrothermal growth process. The thiourea
concentration was varied (0.025 mol/L, 0.05 mol/L,
0.1 mol/L, 0.2 mol/L, and 0.5 mol/L), and a control
experiment was also performed with 0.1 mol/L urea
[OC(NH,), (Acros Organics, assay =99%)]. In each
experiment 10 mL of each reactant solution was used.
For each of the thiourea-doped growth solutions
the total volume was 30 mL. All products were
characterized by SEM (FEI XL 30), PL, and XPS (Kratos
Analytical Axis Ultra). PL measurements were per-
formed at room temperature using the 325 nm line of
a HeCd laser and a HORIBA Jobin Yvon LabRAM
ARAMIS grating spectrometer.

3. Results and discussion

A systematic evolution from hexagon- to hexagram-
shaped nanostructures was observed as the con-
centration of thiourea was increased in the growth
solution. Figure 1 shows SEM images of the resulting
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nanowires as the concentration of thiourea was
increased. Without the addition of thiourea, undoped
ZnO nanowires showed a typical hexagonal cross-
section in their top surfaces (Fig. 1(a)). Addition of a
low concentration [0.025 mol/L] of thiourea led to
the growth of material on the outside edges of the
nanowires and resulted in a circular cross-section
(Fig. 1(b)). As the concentration of thiourea was
increased to 0.05 mol/L (ratio of zinc nitrate, hexamine,
and thiourea =1:1:2), the cylindrical cross-section
evolved into a flower-like cross-section (Fig. 1(c)).
Upon increasing the concentration of thiourea further
to 0.1 mol/L and 0.2 mol/L (ratios of zinc nitrate,
hexamine, and thiourea = 1:1:4 and 1:1:8, respectively),
ZnO nanostars with hexagram cross-sections were
generated (Figs. 1(d) and 1(e)). It is noteworthy that
the nanowire diameters depend on the growth para-
meters such as seed coating conditions, initial seed

Figure 1 SEM images of ZnO nanostructures synthesized from
the mixed aqueous solutions of 0.025 mol/L zinc nitrate and
0.025 mol/L hexamine with (a) no thiourea, (b) 0.025 mol/L thiourea,
(c) 0.05 mol/L  thiourea, (d) 0.1 mol/L thiourea, (e)0.2 mol/L
thiourea, and (f) 0.1 mol/L urea as a control sample

size, growth temperature, and kinetics. Increasing the
thiourea concentration beyond 0.2 mol/L did not lead
to the creation of ZnO nanostars, but rather to circular-
shaped aggregates (see Fig.S-1 in the Electronic
Supplementary Material (ESM)). This suggests that
there is an optimum molar ratio of original nutrient
component to thiourea for the growth of the hexagram
structures.

To verify the role of sulfur in the formation of the
hexogram nanostars, a control experiment was per-
formed by replacing thiourea with urea (OC(NH,),.
The molecular structure of urea is identical to thiourea,
except that the sulfur atom is replaced by an oxygen
atom. Addition of 0.1 mol/L urea solution did not lead
to any deviation from the hexagonal cross-section of
standard ZnO (Fig. 1(f)), confirming the importance
of sulfur in the structural change.

XPS was also performed on these samples to detect
the presence of sulfur at the surface of the nano-
structures directly. Figure 2(a) shows the averaged
atomic concentrations of sulfur obtained by XPS for the
samples in Figs. 1(b)-1(e). As thiourea concentration
was increased, the average sulfur concentration
increased accordingly. In addition, Fig. 2(b) shows that
the averaged core-level spectra of the sulfur 2p peak
gradually increases with increasing sulfur concentration
as the morphology varies as shown in Figs. 1(a)-1(e).

The correlation between the cross-sectional shape
of the nanostructures and presence of sulfur suggests
that sulfur is responsible for creating the sharp points
of the hexagram structure. To confirm this, we per-
formed an additional experiment to correlate the sharp
points of the hexagram with presence of sulfur. First,
standard hexagonal ZnO nanowires were grown in
the original growth solution of 0.025 mol/L zinc nitrate
and 0.025 mol/L hexamine. Then, these hexagonal
nanowires were either re-grown in an identical growth
solution (Fig. 3(a)) or in a mixed growth solution with
0.1 mol/L thiourea (Fig. 3(b)). The re-grown sulfur-free
ZnO nanowires (Fig. 3(a)) show hexagonal cross-
sections identical to the original nanowires in Fig. 1(a).
However, the re-growth of hexagonal nanowires with
thiourea produced the hexagram cross-sectional shape
as shown in Fig. 3(b), suggesting that the sharp points
have been “added” to the hexagonal cross-section.
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Figure 2 (a) Averaged sulfur concentrations obtained by XPS of
various thiourea-doped ZnO nanostructures; (b) averaged core-level
XPS corresponding to the sulfur 2p peak for ZnO nanostructures
with various concentrations of thiourea. Black, red, blue, green, and
pink lines indicate undoped, 0.025 mol/L, 0.050 mol/L, 0.1 mol/L,
and 0.2 mol/L thiourea doped samples, respectively

In order to understand the role of sulfur in the
formation of the nanostars, the energy configurations
corresponding to two distinct types of nanowire
structure were calculated. First, the ZnO nanowires
were modeled as hexagonal wurtzite structures (space
group Cémc) with lattice parameters a = 0.3296 nm and
¢ =0.52065 nm. Then, in one scenario, sulfur atoms
replace the oxygen atoms at the corners of the nanowire
surface (Fig. 4(a)), while in the other scenario, sulfur
atoms replace the oxygen atoms at the edges of the
nanowire surface (Fig. 4(b)). The binding energy for
each scenario was calculated using the Vienna ab initio
simulation package (VASP) [24, 25], which is based on

(b)

Figure 3 (a) SEM images of re-grown nanowires in the absence of
thiourea dopant and (b) after re-growth in a mixture of 0.025 mol/L
zinc nitrate, 0.025 mol/L hexamine, and 0.1 mol/L thiourea

the density functional theory in the plane-wave basis
and the projector augmented wave (PAW) repre-
sentation. The exchange and correlation energies were
described by the generalized gradient approximation
(GGA) of Perdew et al. [26]. Brillouin-zone integrations
were approximated by using the special 1 x 1 x 30 grid
k-point sampling of the Monkhorst-Pack scheme [27]
for the nanowire (the z-direction is chosen as the
nanowire axis), in conjunction with the Gaussian-
smearing method with o =0.01 eV. The cutoff for the
plane-wave kinetic energy in this calculation was
chosen to be 400 eV. The convergence of the total energy
with respect to k-point sampling (Table 1) and the
plane-wave energy cut-off were both examined.

The calculations indicated that the sulfur-replacement
binding energy is 0.04 eV higher per atom with corner
replacement than with edge replacement. In other
words, the corner replacement of oxygen by sulfur is
significantly more favorable, suggesting a preferred
pathway for the growth of sulfur-doped nanostructures.
Sulfur atoms provided by thermally decomposed
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Table 1 Calculated total energy of the supercell as a function of
the number of k-points used

E\ (eV) —453.884765 —445.646002 —445.648226
E; (eV) —453.256291 —445.405713 —445.407931
E,—E; (eV) 0.628474 0.240289 0.240295

E/: The total energy of the supercell with corner replacement by
six S atoms per plane.

E,: The total energy of the supercell with edge replacement by
six S atoms per plane.

thiourea prefer to bind at the stable corner sites,
thereby hindering growth from the corners. Wedge-
shaped growth of the S-doped material from the edges
leads to the observed hexagram-shaped structures. This
wedge-shaped growth occurs because of differences
in the Zn-S bonds between the corner and edge
replacement configurations. In edge replacement, one
of the three zinc ions bonded with a sulfur ion has a
dangling bond, whereas in corner replacement, two
of the three zinc ions have a dangling bond. These
different bond configurations are caused by differences
in the charge density distribution that ultimately affect
the structural stability. This can be seen in Fig. 4(c),
which shows a plot of the calculated charge density
difference Ap = p, — p; in the plane of the Zn atoms
in units of /A%, where p, is the charge density after
edge replacement, and p, is the charge density after

corner replacement in plane {OIT%} but shifted to the

same replacement position to enable direct subtraction.
The white areas represent regions in the plane of Zn
atoms with (unplotted) large charge density variations
(>0.015 /A% of little interest because they are far
removed from the region of the S atom. Small but
important charge density differences are revealed in
Fig. 4(c) near the region of the sulfur atom. Specifically,
the blue region in the plane beneath the position of
the sulfur nucleus, where Ap=-0.01 e/A3 shows that
electrons are concentrated more tightly near the sulfur
atom in the corner replacement geometry. This con-
firms the stronger bond strength that makes corner
replacement more stable.

The optical properties of the nanostars were studied
by PL spectroscopy using a 325 nm HeCd laser as a
pump source at room temperature. Figure 5 shows
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Figure 4 (a) O (red) is replaced by S (yellow) at the corners of
the nanowire surface; (b) O (red) is replaced by S (yellow) at the
edges of the nanowire surface; (c) a spatial contour plot of the
charge density difference (units of e/A”) between edge and corner

replacement of S calculated in the {Olilﬁ} plane of Zn atoms in

the surface. The yellow letter “S” indicates the position of the S
nucleus above this plane
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Figure 5 Superimposed PL spectra of samples of ZnO nanostars
fabricated from a mixed aqueous solution of 0.025 mol/L zinc nitrate,
0.025 mol/L hexamine, and various concentrations of thiourea,
compared with undoped and 0.1 mol/L urea reference samples.
Back, yellow, red, blue, green, and pink lines indicate undoped,
0.1 mol/L urea doped, 0.025 mol/L, 0.050 mol/L, 0.1 mol/L, and
0.2 mol/L thiourea doped samples, respectively

the normalized PL spectra of the ZnO nanowires
doped with various thiourea concentrations. Undoped
nanowires feature strong UV emission at the band
edge (~375nm) and weak visible emission centered
near 557 nm. As the concentration of thiourea was
increased, the visible emission was enhanced relative
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to the UV emission, and the emission peak was blue-
shifted to near 517 nm as expected for sulfur-doped
ZnO [28]. No significant enhancement or blue-shift
of the visible emission was observed in urea-doped
samples.

4. Conclusions

We have developed a simple hydrothermal growth
process for preparing sulfur-doped ZnO nanowires. As
the doping level of sulfur was increased, the hexagonal
nanowires developed into nanostars with a hexagram
cross-section. The role of sulfur in the transformation
of the cross-sectional morphology has been verified
by various experiments and calculations. Sulfur-doped
nanostar structures feature enhanced, slightly blue-
shifted visible light emission, which might be of interest
in visible light emitting device applications.
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